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SUNDAY, SEPTEMBER 1, 1991 MONDAY, SEPTEMBER 2, 1991-Continued

PALMERSTON FOYER/BAR-Fisher Building 10:00 am
MA3 Qualitative dynamics of modulated soliton pulse

6:00 pm-8:00 pm REGISTRATION trains, J. M. Arnold, U. Glasgow. U.K. The stability and long-
distance evolution of modulated soliton pulse trains are ana-
lysed by linearization about an equilibrium. The stable linear-

CHAPEL COURTYARD (next to Second Court) ized soliton channel exhibits a greatly enhanced range.
(p. 10)

6:00 pm-8:00 pm OUTDOOR INFORMAL RECEPTION (for
Meeting attendees) 10:15 am

MA4 4 x 5 Gbitlsec optical time division multiplexed non-
linear transmission over 205 km, D. M. Spirit. G. E. Wickens.

THE GREAT HALL (between First & Second Court) L. C. Blank. British Telecom Laboratories, U.K. Full BER char-
acterization is presented of a 4 x 5 Gbit/sec optical time

7:30 pm-9:00 pm DINNER (for St. John's residents only) division multiplexed system over a 205-km transmission link
in the presence of optical fiber nonlinearities. (p. 14)

10:30 am
MA5 Ultralong nonlinear fiber optics data transmission us-

MONDAY, SEPTEMBER 2, 1991 ing dual-frequency laser sources, P. V. Mamyshev, S. V. Cher-
nikov, A. M. Prokhorov. General Physics Institute of the
Academy of Sciences of the U.S.S.R. We suggest a new

BUTTERY DINING ROOM-Second Court method for high-bit-rate ultralong nonlinear data transmis-
sion. The system uses a dual-frequency cw laser source and

8:00 am-9:00 am BREAKFAST (for St. John's residents has all the advantages of soliton transmission. (p. 18)
only)

PALMERSTON FOYER/BAR- Fisher BuildingPALMERSTON FOYER/BAR-Fisher Building
10:45 am-11:15 am COFFEE AND BISCUITS

8:00 am-5:30 pm REGISTRATION. SPEAKER AND
PRESIDER CHECKIN

PALMERSTON ROOM-Fisher Building

PALMERSTON ROOM-Fisher Building 11:15 am-12:45 pm
MB, RAMAN EFFECTS IN FIBERS

8:50 am-9:00 am OPENING REMARKS K. Blow. British Telecom Laboratories, U.K.. Presider
N J. Doran. British Telecom Laboratories. U.K.

11:15 am (Invited)
9:00 am-10:45 am MB1 Modulational instability and Raman scattering in op-
MA, SOLITON TRANSMISSION tical fibers, Ekaterina A. Golovchenko. General Physics In-
N. J. Doran. British Telecom Laboratories, U.K.. Presider stitute. U.S.S.R. We have investigated gain coefficients and

output spectra shapes resulting from combined action of
9.00 am modulational instability and Raman scattering in single-
MA1 Ultralong distance soliton transmission using erbium mode fibers, including high birefringent fibers. (p. 24)
fiber amplifiers, L. F. Mollenauer, AT&T Bell Laboratories.
USA. We report soliton transmission through a chain of dis- 11:45 am
persion shifted fiber segments and low gain erbium ampli- MB2 Stimulated Raman scattering in optical fibers: spon-
fiers. with measured bit error rate - 10 " over transoceanic taneous initiation and spatial propagation, Raymond J. Haw-
paths at 2.5 Gbits/sec. (p. 2) kins. Lawrence Livermore National Laboratory: R. H. Stolen,

AT&T Bell Laboratories, USA. We show that the Raman re-
9:45 am sponse function is related directly to the strength of the
MA2 Constraints on the design of long-haul soliton sys- polarization fluctuations in optical fibers and. thus, provides
tems, J V. Wright. S. F. Carter, British Telecom Laboratories. a way of calculating the seed for stimulated Raman scatter-
UK. Constraints on the operation of single- and two-channel ing. (p. 28)
soliton systems are considered with reference to a 6000-km
system operating at 5 Gbit/sec. (p. 6) 12:00 m

MB3 Negative contribution to n2 in silica fibers, R. H.
Stolen. AT&T Bell Laboratories W. J. Tomlinson. Bellcore.
USA. The Raman part of the nonlinear index of silica is nega-
tive for pulse widths less than 30 fsec. This negative n,
comes from the time delay in the Raman response. (p. 32)
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MONDAY, SEPTEMBER 2, 1991-Continued MONDAY, SEPTEMBER 2, 1991-Continued

12:15 pm 2:45 pm
MB4 Soliton self-frequency shift in telecommunications MC4 Pulse amplification and shaping using a nonlinear
fiber, J. K. Lucek, K. J. Blow, British Telecom Laboratories, amplifying loop mirror, E. J. Greer, Imperial College. U.K.: K.
U.K. The effects of fiber length and launched power on the Smith, N. J. Doran, D. M. Bird, K. H. Cameron. British Tele-
soliton self-frequency shift are investigated and compared corn Laboratories U.K. We describe a nonlinear amplifying
with results obtained from exact computer calculations. loop mirror comprising an 8.8-km length of dispersion shifted
(p. 36) fiber and a lumped erbium fiber amplifier The low switching

powers (< 1 mW peak) afforded by the high gain (=30 dB)
12:30 pm and long loop length permit the efficient amplification ( 20
MB5 Generation of spatiotemporal patterns and all-optical dB) and filtering of mode-locked semiconductor laser pulses.
switching based on coherently induced modulational insta- (p. 56)
bility in fibers, S. Trillo, S. Wabnitz, Fondazione Ugo Bordoni,
Rome. Italy. We investigate the characteristics of the 3.00 pm
spatiotemporal patterns generated by coherently induced MC5 Soliton formation and propagation in a high gain fiber
modulational instability in either isotropic or birefringent laser, S. M. J. Kelly. Imperial College, U.K.: K. Smith. K. J.
fibers. Novel applications to all-optical signal processing are Blow. N. J. Doran, British Telecom Laboratories. U.K. The
discussed. (p. 40) stability of solitons propagating in the presence of a large

periodic energy variation is considered. The results are ap-

THE GREAT HALL (between First & Second Court) plied to mode-locked erbium fiber lasers. (p. 60)

3:15 pm
12.45 pm-2:00 pm LUNCH BUFFET (for St. John's MC6 Quantum propagation in optical fibers, K. J. Blow, S.

residents only) J. D. Phoenix. British Telecom Laboratories. U.K.. R. Loudon.
U. Essex. U.K. Self-phase modulation is shown to give quad-
rature squeezing at low power. At high power this is destroy-

PALMERSTON ROOM-Fisher Building ed indicating number state generation. (p. 64)

2:00 pm-3:30 pm
MC, ERBIUM LASERS PALMERSTON FOYERIBAR-Fisher Building
Roy Taylor, Imperial College. U.K. Presider

3:30 PM-4:00 PM TEA AND BISCUITS
2:00 pm
MCI Pulse repetition rates in a passive self-starting femto-
second soliton fiber laser, D. J. Richardson, R. I. Laming. D. PALMERSTON ROOM-Fisher Building
N. Payne, V. J. Matsas. M. W. Phillips. Southampton U.. U.K
Several unusual pulsing modes are observed in a self- 4:00 PM-5:30 pm
starting passively mode-locked erbium fiber soliton laser MD, NONLINEAR OPTICAL POLYMERS
capable of generating pulses with durations as short as 320 George Stegeman, U. Central Florida. Presider
fsec. (p. 46)

4.00 pm
2:15 pm MD1 Nonlinear optical polymers: waveguide devices based
MC2 Interacting solitons in an erbium fiber laser, R. P. on second-order effects, Winfried H. G. Horsthuis. Gustaaf
Davey, N. Langford. A. I. Ferguson, U. Strathclyde. U.K. We R. Mohlmann. Hans W. Mertens. AKZO Research Labora-
report novel behavior from a mode-locked erbium fiber laser. tories Arnhem, The Netherlands. Progress in second-order
Self-sustaining 2.5 psec duration solitons have been polymeric integrated-optic devices is reviewed. Realization
generated, which seem to experience soliton interactions, issues. device performance. and the stability of the devices
causing complex pulse trains. (p. 50) are discussed. (p. 70)

2:30 pm 4:30 pm
MC3 Noise in a passively mode-locked fiber laser, M. H. MD2 Large nonlinear phase shifts in a nitrobenzene-cored
Ober. M Hofer, F. Haberl, M. E Fermann. Technische U. single-mode fiber, Raman Kashyap. Neil Finlayson. British
Vienna, Austria. The noise performance of a passively mode- Telecom Laboratories. U.K. Nonlinear polarization effects
locked fiber laser is characterized. In a 300 Hz-10 kHz fre- are demonstrated in a 10-cm length of single-mode nitro-
quency band rms amplitude fluctuations of 0.070,o and a tim- benzene-cored optical fiber. An optically induced phase shift
ing jitter of 200 fsec are measured (p. 52) of at least 12r has been measured at a peak power level of

14 W. (p. 74)

Vi



MONDAY, SEPTEMBER 2, 1991-Continued MONDAY, SEPTEMBER Z 1991-Continued

4:45 pm ME4 Poster Paper
MD3 Electrooptic waveguide grating using the new non- TE waves propagating in a nonlinear planar asymmetric con-
linear-optic polymer p-NAn-PVA, S. Ura, R. Ohyama. T. Su- verging waveguide Y-junction, Sien Chi, Tian-Tsorng Shi, Na-
hara. H. Nishihara, Osaka U., Japan. Electrooptic switching tional Chiao Tung U., China. It is found that the nonlinear TE
was demonstrated by using new nonlinear-optic polymer wave injected into the thinner branch with appropriate power
waveguide and interdigital electrodes. The eiectrooptic co- wilt evolve into the fundamental mode of the stem. (p. 104)
efficient induced by electric-field poling was 14 pmN.
(p. 78) ME5 Poster Paper

Spatial soliton propagation through a periodically modulated
5:00 pm layer in a nonlinear medium, F. Kh. Abdullaev, A. A. Ab-
MD4 New polymers for nonlinear optics, Manabu dumalikov, Uzbek Academy of Sciences, U.S.S.R. Propaga-
Kishimoto. Dechun Zou, Iwao Seo, Mitsubishi Petrochemical tion of self-focused channel incident to a periodically modu-
Co. Ltd., Japan. Vinylidene cyanide copolymers bearing lated thin film in a nonlinear medium is investigated. Non-
NLO-active dyes on side chains were synthesized. Poled linear resonances and chaotic behavior appearing at beam
films of the copolymers have exhibited large and stable propagation along the film are found. (p. 108)
second-order optical nonlinearities. (p. 82)

ME6 Poster Paper
5:15 pm Amplification of nonlinear waves in a symmetric planar
MD5 Second harmonic generation from a polyurethane waveguide, Nail N. Akhmediev. N. V. Mitskevich, F. V. Lukin
waveguide on a silver grating coupler, M. Kull. J.-L. Coutaz, Research & Development Institute of Physical Problems,
G. Vitrant. R. Reinisch. ENSERG, France; R. Meyrueix. U.S.S.R.; N. N. Nabiev, P. N. Lebedev Physical Institute of the
Flamel Technologies. France. Experimental results of se- Academy of Sciences of the U.S.S.R. The gain process of
cond-harmonic generation by excitation of guided modes modes of a nonlinear symmetric planar waveguide is investi-
and the surface plasmon in a polyurethane coated silver gated. It is shown using numerical simulations that the gain
grating are presented. (p. 86) process is adiabatic at low values of gain. (p. 112)

ME7 Poster Paper
DIRAC ROOM-Fisher Building (First Level) Four-wave mixing limitation in multichannel coherent optical

communication, Johan Nilsson. Royal Institute of Technol-
5:30 pm-7:00 pm ogy, Sweden; Milan Dado, U. Transport & Communication,
ME, POSTER SESSION: 1 Czechoslovakia; Bozena Jaskorzynska, Institute of Optical

Research, Sweden. We simulate multichannel coherent
ME1 Poster Paper transmission influenced by four-wave mixing and the result-
Efficient finite element scheme for highly nonlinear wave- ing degradation of signal detectability dependent on system
guides, H. E. Hernandez-Figueroa. Imperial College, U.K. A parameters. Our model accurately reproduces available ex-
novel numerical approach is presented-the split-step finite perimental results. (p. 115)
element method-and compared with the split-step finite dif-
ference method. As an example. multisoliton emission from
a highly nonlinear slab is adopted. (p. 92) CASTLEREAGH ROOM-Fisher Building (Second

Level)
ME2 Poster Paper
Finite element analysis of two-transverse-dimensional bi- 5:30 pm-7:00 pm
stable nonlinear integrated-optical waveguides, B. M. A. Rah- MF, POSTER SESSION: 2
man, City U.. U.K.: F. A. Fernandez, R. D. Ettinger, J. B.
Davies. University College London, U.K. A rigorous two-trans- MF1 Poster Paper
verse-dimensional finite element solution of nonlinear strip- Mixed states of optical solitons on different carrying fre-
loaded optical waveguides confirms the existence of two quencies, L. M. Kovachev. Bulgarian Academy of Sciences.
stable states with the same total power. (p. 96) Self-confinement of wave packets on different carrying fre-

quencies in single-mode optical fiber is investigated. Spec-
ME3 Poster Paper tral bandwidths for experimental observation of this phe-
Analysis of TM-polarized nonlinear guided waves based on nomenon are determined. (p. 120)
conservation laws, K. Gniadek, M. Rusek. Warsaw U. Tech-
no/ogy. Poland. We investigate the properties and the rela- MF2 Poster Paper
tionship between two electric field components of TM-polar- Pulse propagation in nonlinear optical fibers with spatial in-
ized guided waves in the linear thin film sandwiched be- homogeneities, E. Ryder, D. F. Parker. A. P. Mayer, U. Edin-
tween two nonlinear Kerr type media. (p. 100) burgh, U.K. The propagation of envelope pulses in nonlinear

optical fibers with carrier wave frequency in the monomode
regime is described by a pair of nonlinearly coupled non-
linear Schrodinger equations. (p. 124)

Vii



MONDAY, SEPTEMBER 2, 1991 -Continued MONDAY, SEPTEMBER 2, 1991-Continued

MF3 Poster Paper MG3 Poster Paper
Interactions between solitons in a single-mode fiber, Boris A. Distortion of a broadband-intensity signal during its trans-
Malomed. P. P. Shirshov Institute for Oceanology of the mission through a chain of lumped amplifiers due to their
Academy of Sciences of the U.S.S.R. Interactions between saturation, A. V. Luchnikov. A. N. Pilipetskii. General Physics
well separated solitons and a collision between solitons with Institute of the Academy of Sciences of the U.S.S.R. The
a large frequency difference are studied by perturbation SNR decrease of a broadband-intensity signal from satura-
theory. Stable bound states are discovered, and the collision- tion in lumped erbium-doped fiber amplifiers applying to soli-
induced energy exchange is calculated. (p. 128) ton communication systems is theoretically analyzed.

(p. 153)
MF4 Poster Paper
Cross-phase-modulation-induced nonelastic collisions of op- MG4 Poster Paper
tical solitons, A. Hook. M. Lisak. D. Anderson, Chalmers U. Gain saturation by the random pulse train and noise charac-
Technology. Sweden: V. N. Serkin. Institute for General teristics of a long-distance soliton-based system, A. N. Sta-
Physics of the Academy of Sciences of the U.S.S.R. Condi- rodumov. General Physics Institute of the Academy of Sci-
tions for nonelastic, incoherent collisions of solitons at dif- ences of the U.S.S.R. The effect of random gain saturation in
ferent wavelengths and the generation of symbiotic soliton optical amplifiers caused by information bearing sclitons is
pairs are investigated. A new nonlinear effect is also pre- investigated. The degradation of the SNR at the output of the
dicted (p. 132) communication line is evaluated. (p. 157)

MF5 Poster Paper MG5 Poster Paper
Erbium fiber soliton laser pumped by a laser diode, K. Smith, Influence of self-phase modulation on ultralong-span optical
R. Wyatt. N. J. Doran, British Telecom Laboratories. U.K.: E. transmission at zero dispersion, S. F. Carter. E. G. Bryant. J.
J. Greer. Imperial College. U.K.: R. Davey, U. Strathclyde. U.K. V. Wright. British Telecom Laboratories. U.K. Computer
We describe the generation of picosecond pulses around modeling is used to evaluate a long-span optically amplified
1.55 pm from a totally integrated mode-locked erbium-doped transmission system. The combined effects of dispersion,
fiber laser Temporal. spectral, and power characteristics of Kerr effect. and amplifier noise are considered. (p. 161)
the laser output are consistent with fundamental soliton
pulses. (p. 136) MG6 Poster Paper

Electrostrictional interaction of optical pulses in long-
MF6 Poster Paper distance soliton communication systems, E. M. Dianov. A. V.
Ultrashort pulse amplification in erbium-doped fiber ampli- Luchnikov. A. N. Pilipet3kii. A. M. Prokhorov. General Physics
tiers, D V Korobkin, Jr., I. Yu Khrushchev. A. B. Grudinin. E. Institute of the Academy of Sciences of the U.S.S.R. We con-
M. Dianov. General Physics Institute of the Academy of sider the influence of the optical soliton electrostrictional
Sciences of the U.S.S.R. Pulses of 34-fsec duration have long-range interaction on the bit error rate in long distance
been obtained from an erbium-doped fiber amplifier by communication systems. (p. 165)
injecting pulses of 80-fsec duration. It has been found that
the erbium ions influence the Raman gain. (p. 140)

THE GREAT HALL (between First & Second Court)

BOYS SMITH ROOM-Fisher Building (Lower Level) 7:00 pm-9:00 pm RECEPTION & BANQUET DINNER (for
Meeting attendees and guests with

5:30 pm-7:00 pm tickets)
MG, POSTER SESSION: 3

MG1 Poster Paper
Proposal of high capacity all-optical TDMA networks, F.
Matera. M Romagnoli. M. Settembre. M. Tamrurrini. Fonda-
zione Ugo Bordoni. Italy. Two scheme of all opticalTDMA
networks are proposed with the demultiplexed processing
obtained by means of an optical gate based on the second
harmonic generation process. The maximum throughput is
obtained when solitons are used and is equal to 125 Gbits/s.
(p. 146)

MG2 Poster Paper
Optical fiber transmission scheme with ultrahigh bit rate ca-
pability. G R. Boyer. M A Franco. M K. Jackson. A. Mysy-
rowicz. Ecole Polvtechnique-Ecole Nationale Superieure de
Techniques Avancees. France. An optical fiber transmission
scheme with 500 Gbit'sec rate is demonstrated experimen
tally Limitations of the system due to optical nonlinearities
are observed and discussed. (p. 150)

Viii



TUESDAY, SEPTEMBER 3, 1991 TUESDAY, SEPTEMBER 3,1991-Continued

BUTrERY DINING ROOM-Second Court 10:15 am
TuA5 Theory of femtosecond soliton amplification in rare-

8:00 am-9:00 am BREAKFAST (for St. John's residents earth-doped fibers, V. V. Afanasjev. V. N. Serkin. General
only) Physics Institute of the Academy of Sciences of the U.S.S.R..

V. A. Vysloukh, Moscow State U., U.S.S.R. The influence of
dispersion, nonlinearity effects, and Raman self-irequency

PALMERSTON FOYER/BAR-Fisher Building shift on dynamics of soliton amplification and compression
in rarr-earth-doped fibers are investigated. Utmost degrees

8:00 am-5:30 pm REGISTRATION, SPEAKER AND of femtosecond soliton amplification and compression are
PRESIDER CHECKIN discussed. (p. 186)

PALMERSTON ROOM-Fisher Building PALMERSTON FOYERBAR- Fisher Building

9:00 am-10:30 am 10:30 am-11:00 am COFFEE AND BISCUITS
TuA, ERBIUM-DOPED FIBERS AND AMPLIFIERS
Roger Stolen, AT&T Bell Laboratories. Presider PALMERSTON ROOM-Fisher Building
9:00 am (Invited Paper)
TuAl Coherent effects in Er-doped fibers: photon echo TuB, SEMICONDUCTORS
with femtosecond pulses, Y. Silberberg. V. L. da Silva. J. P. Allan D. Boardman, U. Salford. U.K., Presider
Heritage. E. W. Chase. M A. Saifi. M. J. Andrejco. Bellcore
USA. We report the observation of photon-echo in Er-doped 11:00 am (Invited Paper)
fibers. We demonstrate time-reversal and autoconvolution of TuB1 Nonlinear guided waves in semiconductors: induced
femtoseond pulses, suggesting that Er-doped fibers are a focusing and directional coupling, H. M. Gibbs. G. Khitrova.
promising medium for femtosecond time-domain optical sig- R. Jin. C. L. Chuang. Jiajin Xu. U. Arizona. Two-transverse-
nal processing. (p. 170) dimension plasma-theory computations are in good agree-

ment with observations in GaAs/AIGaAs waveguides of non-
9:30 am linear directional coupling and the recently predicted in-
TuA2 Soliton frequency stabilization and Raman self-fre- duced focusing in a self-defocusing medium. (p. 192)
quency shift suppression in fibers doped with Er and Tm
ions, E. M. Dianov, K. K. Konstantinov. A. N. Pilipetskii. A. N. 11:30 am
Starodumov. General Physics Institute of the Academy of TuB2 Ultratast optical Kerr effect in active semiconduclo.
Sciences of the U S.S.R. Soliton frequency stabilization oc- waveguides, C. T. Hultgren. E. P. Ippen. Massachusetts Insti-
curs only for determined input soliton energy and wave- tute of Technology. USA. Studies of index dynamics in active
length. When parameters differ from the optimum an un- AIGaAs waveguides reveal a large, apparently instantaneous
usual effect takes place: soliton energy and wavelength os- optical Kerr effect in addition to changes related to carrier
cillations along the fiber. (p. 174) temperature and number. (p. 196)

9:45 am 11:45 am
TuA3 Soliton self-frequency shift in the amplification of TuB3 All-optical modulation by interaction between inter-
femtosecond fundamental solitons using Er-doped fibers, W. band and intraband light in an n-doped quantum well struc-
Hodel. J Schutz. H. P. Weber. U. Bern. Switzerland. Numeri- ture, Susumu Noda. Tetsuro Okuda. Takao Yamashita. Akio
cal calculations demonstrate that amplification of ultrashort Sasaki. Kyoto U.. Japan. All-optical modulation using
fundamental solitons leads to a gain enhanced soliton self- n-doped quantum wells is demonstrated. The modulation is
frequency shift that severely limits the amplification ef- made by the nonlinear third-order interaction between inter-
ficiency. (p. 178) band and intraband light through a guided-wave structure.

(p. 200)
10:00 am
TuA4 Theory of ultrashort soliton amplification in erbium- 12:00 m
doped fibers, I. R. Gabitov. L. D. Landau Institute for Theo- TuB4 Nonlinear refraction and absorption of an InGaAs
retical Physics. US.SR: M. Romagnoli. S. Wabnitz. Fonda- single quantum well in an InGaAsP waveguide. J. E. Ehrlich.
zione Ugo Bordoni. Italy. Coherent effects and self-Raman D. J. Goodwill, D. T. Neilson, A. C. Walker. Heriot-Watt U.,
scattering in erbium-doped fiber amplifiers lead to ultrashort UK.; C. I. Johnston. W. Sibbett. U. St. Andrews. U.K. We re-
soliton collapse. pulse train generation, and soliton colli- port absorptive and refractive-index changes from optically
sions. (p. 182) induced electronic excitation of a single quantum well of In-

GaAs within a linear InGaAsP waveguide under quasi-cw ex-
citation. (p. 204)

ix
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12:15 pm 3.00 pm
TuB5 Nonlinear optical properties of a single quantum well TuC4 Quasi-phase-matched second-harmonic generation
waveguide and a nonlinear asymmetric interferometer, K. Al in lithium tantalate waveguides: experiments and simula-
Hemyari, C. N. Ironside, U. Glasgow. U.K.: B. S. Bhumbra. tions, Henrik Ahlfeldt. Gunnar Arvidsson. Bozcia Jaskorzyn-
STC Technology, Ltd.. U.K. The nonlinear optical properties ska, Institute of Optical Research, Sweden. We report gen-
of a single quantum well waveguide are investigated to gain eration of blue light by quasi-phase-matched SHG in LiTaO,
an understanding of the operation of an '3grateoi nonlinear waveguides, and calculations on the design of such
interferometer. (p. 208) waveguides in LiTaO, compared with LiNbO3 . (p. 230)

12:30 pm 3:15 pm
TuB6 Nonlinear directional coupler based on Rb:KTP TuC5 Grating couplers for Kerr-type nonlinear waveguides:
waveguides, K. S. Buritskii, E. M. Dianov, V. A. Maslov. V. A. a simplified theory, R. Reinisch. G. Vitrant, LEMO-ENSERG.
Chernykh. E. 0. Shcherbakov. General Physics Institute of France- P. Vincent. M. Neviere. U. Marseille-St Jerome
the Academy of Sciences of the U.S.S.R. The passing of sub- France. We present a simplified theory of nonlinear grating
nanosecond light pulses through a nonlinear directional couplers, whose accuracy can be easily checked, which
coupler, fabricated in KTP crystal, was investigated. Non- gives the guided wave and the radiated diffracted order in-
linear switching of 40%. of light power from one channel to tensities. (p. 234)
another was observed at 5-kW input power. (p. 212)

PALMERSTON FOYER/BAR-Fisher Builuing
THE GREAT HALL (between First & Second Court)

3:30 pm-4:00 pm TEA AND BISCUITS
12:45 pm-2:00 pm LUNCH BUFFET (for St. John's

residents only)
PALMERSTON ROOM-Fisher Building

PALMERSTON ROOM-Fisher Building 4:00 pm-5:00 pm
TuD, NOVEL EFFECTS

2:00 pm-3:30 pm Yaron Silberberg. Bellcore. Presider
TuC, MULTIPHOTON EFFECTS
G. Arviddson. Royal Institute of Technology, Sweden. 4:00 pm (Invited Paper)
Presider TuDi Remote nonlinear switching and large nonlinear ef-

fects in resonant optical waveguides, Falk Lederer. U. Trut-
2:00 pm (Invited Paper) schel, M. Mann. C. Wachter. Jena Friedrich-Schiller U.. Ger-
TuCl Prospects for nonlinear organics in guided wave op- many. We investigate nonlinear effects in resonant wave-
tics. George I Stegeman. U Central Florida. USA. We dis- guides. where the guiding mechanism relies on Fabry-Perot
cuss the use of organic materials with second and third action or Bragg reflection. We discuss the action of non-
order nonlinearities in guided wave geometries. (p. 218) linear cut-off modulators as well as a remote nonlinear direc-

tional coupler. (p. 240)
2:30 pm
TuC2 Nonlinear absorption processes at half the band gap 4:30 pm
in GaAs-based semiconductors. A. Villeneuve. G. I. Stege- TuD2 Photonic Bloch waves and field microstructure in
man, U Central Florida. USA: G. Scelsi. Columbia U.. USA: C. nonlinear gratings: an intuitive approach, P. St. J. Russell. U.
N. Ironside. J S Aitchison. U. of Glasgow, U.K.: J. T Boyd. U. Southampton. U.K. The field microstructure of photonic
Cincinnati. USA We have measured the two-photon absorp- Bloch waves is used to explain the physical origins of bi-
tion coefficient versus wavelength in GaAs waveguides near stable. oscillatory, and unstable Bragg reflections from a
one half the band gap using both single beam and pump- nonlinear grating half-space. (p. 244)
probe techniques (p. 222)

4:45 pm
2:45 pm TuD3 Experimental observation of picosecond dark soliton
TuC3 Measurement of high frequency electrooptic coef- propagation over 1 km fiber in the near infrared, P. Emplit.
ficients in ferroelectric liquid crystal materials, J. Y. Liu. J.-P. Hamaide. M. Haelterman. Universite L;bre de Bruxelles.
Sharp Laboratories of Europe, UK: M, G. Robinson. K. M Belgium. We investigate nonlinear propagation of picose-
Johnson. D. Doroski. U. Colorado The high frequency elec- cond dark pulses over 1-km single-mode fiber in the near in-
trooptic effect in ferroelectric liquid crystal is presented by frared. Odd-symmetry dark pulses are shown to propagate
using prism coupling and Fabry-Perot techniques. Results without distortion at the power corresponding to the NLSE
indicate r,2  03 pm/V for SCE9 (p. 226) fundamental dark soliton. Our results constitute a first

evidence of dark soliton propagation over fiber length com-
patible with optical telecommunication systems. (p. 248)

x
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5-00 pm TuE4 Poster Paper
TuD4 HEm self-guided modes: vector solutions and sta- Flowing afterglow synthesis of polythiophene films, Peter

bility, J.-L. Archambault. S. Lacroix. Ecole Polytechnique de Haaland, James Targove, U.S. Air Force Institute of Technol-

Montreal. Canada: A. W. Snyder. Australian National U. ogy, USA. Dense uniform films of polythiophene have been

HE,, self-guided modes in a Kerr-law medium are shown to synthesized in a flowing afterglow reactor and characterized

be stable solutions of the vector equation. Accurate ana- by spectroscopic ellipsometry. atomic force microscopy. and

lytical expressions are derived using a first-order Gaussian optical waveguiding. (p. 274)
approximation. (p. 252)

TuE5 Poster Paper
5:15 pm Instabilities of a dispersive nonlinear all-fiber ring cavity,

TuD5 Limitation for transmission capacity in soliton-based Real Vallee, Michel Piche. U. Laval, Canada. The dynamical

optical fiber communications due to stimulated Brillouin instabilities at the output of an all-fiber ring cavity synchro-

scattering, Carlos Montes. U. Nice-Sophia Antipolis, France: nously pumped by a train of 1-psec pulses at 858 nm are con-

Alexander M. Rubshchik. Institute of Automation & Elec- sidered. The combination of the intrinsic instabilities and the

trometry, U.S.S.R. We show that for nonshifted-dispersion group velocity dispersion is analyzed via a numerical simula-

single-mode fibers the soliton information may be perturbed tion of the nonlinear Schrodinger equation. (p. 278)
above some power threshold for currently high bit rates (fbit
= 20 GHz). (p. 256) TuE6 Poster Paper

Doubly nonlinear fiber loop lasers, P. E. Langridge. W. J.
Firth. U. Strathclyde. U.K. We consider a novel-passively

DIRAC ROOM-Fisher Building (First Level) mode-locked fiber laser in the form of a loop resonator with
NL coupling to and from the active medium. (p. 281)

5:30 pm-7.00 pm
TuE, POSTER SESSION: 4 TuE7 Poster Paper

Fiber optical element for ultrashort pulse control and switch-

TuE1 Poster Paper ing, D. V. Khaidarov, Uzbek Academy of Sciences. U.S.S.R. A

Nonlinearity enhancement in a four-layer GaAs/GaAIAs fiber-optical loop is investigated as an element for femtosec-

waveguide, Shaomei Chen, Changjun Liao. Huaichen Jin, ond fundamental soliton self-switching and conversion. In-

Zhaohong Huang, South China Normal U.. China. Ionization teraction between soliton and cw radiation in the loop leads

of deep level defects at a twin-layer core offers fixed positive to formation of ultrashort pulses with a linear chirp. (p. 283)

charged centers and free electrons diffused to one side. re-
sulting in enhanced nonlinearity. (p. 262)

CASTLEREAGH ROOM-Fisher Building (Second

TuE2 Poster Paper Level)
Large nonresonant nonlinearifies in DANS-based polymer
waveguides: role of microscopic cascading, G. Assanto. G. I. 5:30 pm-7:00 pm
Stegeman. U. Central Florida: M. B. Marques. U. Porto, Por- TuF POSTER SESSION: 5
tugal: W. E. Torruellas. Raytheon Research Division: W. H. G.
Horsthuis. G. R. Mohlmann. E. W. P. Erdhuiseii, AKZO Re- TuF1 Poster Paper
search Laboratories, The Netherlands. Nonlinear grating Spatio-temporal dynamics of light pulses in nonlinear weak-
coupling and third-harmonic generation measurements of guiding optical waveguides, L. A. Melnikov, R. G. Bauer.

DANS groups on side-chain polymers show large non- Chernyshevsky State U., U.S.S.R. We have investigated the

resonant nonlinearities dominated by cascading of the local pulse-envelope evolution in parabolic graded-index optical

second-order nonlinearity. (p. 266) fiber including self-focusing. group velocity dispersion. and
self-phase modulation simultaneously. (p. 288)

TuE3 Poster Paper
Characteristics of annealed proton exchanged waveguides TuF2 Poster Paper
for quasi-phase-matched frequency conversion in periodi- Soliton propagation in media with noncentral symmetry, Qi
cally poled LiNbO3 waveguides, M. M. Fejer. M. L. Bortz. E. J. Guo. Chang-Jun Liao. Shong-Hao Liu. South China Normal

Lim, Stanford U., USA. We discuss the dependence of \ r", in- U., China. It is theoretically demonstrated. we believe for the

dex of refraction, diffusion coefficients, and ferroelectric do- first time. that solitons described by the nonlinear Schrod-

mains on proton concentration. and their effect on visible inger equation can exist in waveguides made of media with

and infrared frequency conversion in proton exchanged LiN- noncentral symmetry. (p. 292)
bO,. (p. 270)

xi
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TuF3 Poster Paper TuG3 Poster Paper
Mechanisms of the coherent photovoltaic effect for second- Ideal switching in an active coupler, A. W. Snyder. Y. Chen.
harmonic generation in glass fibers, V. 0. Sokolov. V. B. Australian National U: D. N. Payne. U. Southampton. U.K. An
Sulimov. Institute of General Physics of the Academy of unconventional use of material gain is advanced for fast
Sciences of the U.S.S.R. Mechanisms of the direct current switching at low power in short twin-core couplers. creating
creation under coherent pump and second-harmonic waves a resonance mismatch. (p. 317)
due to electron excitation from defects in the conduction
band are discussed. Defect models and current estimates TuG4 Poster Paper
are presented. (p. 296) Nonlinear bent directional couplers with asymmetrical distri-

bution of nonlinearity, Miroslaw A. Karpierz. Warsaw U.TuF4 Poster Paper Technology, Poland. The nonlinear directional coupler with
Correlation of UV radiation with the process of second har- bending waveguides is analyzed in the presence of asym-
monic generation in Ge-doped optical fibers, F. B. Baika- metrical distribution of nonlinearity. It is shown that the
bulov. P. V. Chernov. S. K. Isaev. L. S. Kornienko. A. 0. Ribal- asymmetrical configuration requires lower critical power
tovsky. Yu. P. Yatsenko. Moscow State U., U.S.S.R. We have than the symmetrical configuration. (p. 321)
found that the seeding process is accompanied by para-
metric third- and fourth-harmonic generation and 400-nm TuG5 Poster Paper
fluorescence. Correlation is revealed between UV radiation Directional couplers with varying placement of nonlinearity
and seeding time. (p. 300) in quaternary semiconductors, C. P. Hussell. R. Srivastava.

R. V. Ramaswamy. U. Florida: M. Bloemer. P. Ashley. U.S.
TuF5 Poster Paper Army Missile Command, USA. We demonstrate that the per-
Theory of photoinduced second-harmonic generation caus- formance of nonlinear directional couplers in compound
ed by phase transition in defects in silica glass, E. M. Dianov. semiconductors can be optimized by placing the multiple
V. 0. Sokolov. V. B. Sulimov. General Physics Institute of the quantum well nonlinearity in the coupling region only.
Academy of Sciences of the U.S.S.R. A theory of photoinduc- (p. 325)
ed second-harmonic generation in doped silica is proposed,
The collective pseudo-Jahn Teller phase transition in a Sys- TuG6 Poster Paper
tem of defects results in nonzero second-order macroscopic Nonlinear directional coupler switched by the external wave,
susceptibility. (p. 304) Ewa Weinert-Raczka. Technical U. Szczecin. Poland Jan

Petykiewicz, Warsaw U. Technology Poland. A new mode of
TuF6 Poster Paper operation for traditional nonlinear directional couplers is pro-
Distributed out-coupling of second harmonic generation in a posed that relies on a power exchange between weak modes
waveguide, Z. Weissman. A. Hardy. E. Marom. Tel Aviv U. controlled by a strong external wave. (p. 329)
Israel. We show that the conversion efficiency of waveguide
with strong dispersion and second-harmonic absorption can TuG7 Poster Paper
be significantly increased by distributed out-coupling Nonlinear switching characteristic of an ARROW-based di-
through a nonresonant first-order corrugation. (p. 308) rectional coupler, U. Trutschel. M, Mann. C. Wachter. F. Led-

erer, L. Leine. Jena Friedrich-Schiller U., GermanyA non-
linear directional coupler consisting of two coupled AR-

BOYS SMITH ROOM-Fisher Building (Lower ROWs is presented. The coupling and switching charac-
Level) teristic between the far removed ARROWs is investigated in

detail. (p. 333)

5:30 pm-7:00 pm
TuG POSTER SESSION: 6 THE GREAT HALL (between First & Second Court)

TuGi Poster Paper 7:30 pm-9:00 pm DINNER (for St. John's residents only)
Nonlinear CdS grating coupler: cw and pulsed operation, M.
Bertolotti. F. Michelotti. C. Nisio. E. Fazio, U. Rome. Italy G.
Assanto. U Central Florida. USA: C. Cali. U. Palermo, Italy. PALMERSTON ROOM -Fisher Building
The nonlinear coupling properties of a CdS grating realized a
200- \ thin layer on a glass waveguide buried between a 9:00 pm-10:30 pm
linear guide and the substrate are experimentally in- POSTDEADLINE PAPER SESSION
vestigated Input grating efficiency vs incident power is William J Stewart, Plessey. U.K.. Presider
studied in both cw and pulsed regimes. (p. 312)

TuG2 Poster Paper
Polarization-induced switching and bisfability in a nonlinear
prism coupler, Jan Danckaert. Brussels Free U. Belgium.
Guy Vitrant. Raymond Reiisch. LEMO-ENSBERG. France.
Using a modal theory for nonlinear planar resonators. we
study polarization-induced irradiance switching and polariza-
tion bistability in waveguides with a diffusive third-order non-
linearity (p. 313)

xii
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Continued

BUTTERY DINING ROOM-Second Court
10:15 am

8:00 am-9:00 am BREAKFAST (for St. John's residents WA5 Observation of polarization switching and pulse
only) break-up in spun fiber, P. Ferro, M. Haelterman, S. Trillo. S.

Wabnitz, B. Daino, Fondazione Ugo Bordoni, Italy. We have
observed the complete self-switching of the polarization

CASTLEREAGH ROOM-Fisher Building (Second state along the profile of picosecond pulses in a 200-m long
Level) spun birefringent fiber. (p. 353)

800 am-9:00 am LUGGAGE ROOM (Residents of St. 10:30 am
Johns's College must vacate sleeping WA6 Nonlinear polarization effects in self-switching non-
rooms by 9:00 am) linear fiber loop mirror devices, B. K. Nayar, N. Finlayson, N.

J. Doran, British Telecom Laboratories. UK. The polarization
sensitivity of a nonlinear fiber loop mirror fabricated using

PALMERSTON FOYER/BAR- Fisher Building standard telecommunication fiber and operating in reflec-
tion. transmission, and intermediate modes is presented.

8:00 am-4.-00 pm REGISTRATION, SPEAKER AND (p. 357)
PRESIDER CHECKIN

PALMERSTON FOYER/BAR- Fisher BuildingPALMERSTON ROOM-Fisher Building

10:45 am-11:15 am COFFEE AND BISCUITS
9.00 am-10:45 am
WA, FIBER SWITCHES: 1
Philip Russell. U. Southampton, U.K., Presider PALMERSTON ROOM-Fisher Building

9.00 am (Invited Paper) 11:15 am-12:30 pm
WA1 All-optical switching in optical fiber devices, K. J. WB, FIBER SWITCHES: 2
Blow, British Telecom Laboratories, U.K. In the last few years Andrew C. Walker. Heriot-Watt U., U.K., Presider
a number of fiber based devices have demonstrated all-op-
tical switching and are reviewed briefly. Recent results on 11:15 am (Invited Paper)
long Mach-Zehnder and fiber loop devices are discussed. WB1 Billiard ball soliton interaction gates, M. N. Islam, C.
(p. 338) E. Soccolich, AT&T Bell Laboratories. USA. We demonstrate

a cascadable, phase-independent, conservative-logic inter-
9:30 am action gate that has two identical frequency inputs and that
WA2 All-optical gigabit switching in a nonlinear loop mirror is based on elastic collisions between temporal solitons in
using semiconductor lasers, B. P. Nelson, K. J. Blow, P. D. optical fibers. (p. 362)
Constantine. N. J. Doran, J. K. Lucek. I. W. Marshall, K.
Smith, British Telecom Laboratories, U.K. We have demon- 11:45 am
strated switching of a 20-Gbit pulse train at 2.5 Gbit in an all- WB2 Application of ultrafast gates to a soliton ring net-
fiber NOLM. An entirely semiconductor powered configura- work, C. E. Soccolich. M. N. Islam, B. J. Hong. M. Chbat, J. R.
tion was used with a long loop (6.4 kin) ensuring low power Sauer, AT&TBell Laboratories, USA. We describe the system
(10 mW) for the switching pulses. (p. 342) architecture for a 100-Gbit/sec self-routing, soliton ring net-

work that uses ultrafast soliton dragging and trapping logic
9:45 am gates to select and decode packet headers. (p. 366)
WA3 All-optical logic gates based on cross-phase modula-
tion in a nonlinear fiber interferometer, J.-M. Jeong. M. E. 12:00 m
Marhic. Northwestern U., USA. Eight two-input Boolean func- WB3 All-optical routing switch with tolerance to timing jif-
tions are demonstrated in a versatile nonlinear interfer- ter at 2.5 Gbittsec, P. M. W. French. M. C. Gabriel, H. Avramo-
ometer with a 400-m long single-mode fiber loop using cross- poulos, D. J. Di Giovanni, R. E. LaMarche, H. M. Presby. N. A.
phase modulation. (p. 345) Whitaker, Jr.. AT&T Bell Laboratories, USA. All-optical rout-

ing/demultiplexing has been demonstrated at 2.5 Gbit/sec.
1000 am Complete switching of arbitrary pulse patterns has been
WA4 Ultrafast multibeatlength all-optical fiber switch, N. achieved in spite of timing errors as large as 380 psec.
Finlayson, B. K. Nayar. N. J. Doran. British Telecom Labora- (p. 370)
tories, U.K. We have fabricated a simple and stable all-op-
tical polarization switch from a 1.1-km length of fiber. To our
knowledge this is the first all-optical switch to operate suc-
cessfully in the multibeatlength regime. Low switching
power occurs as a result. (p. 349)

xiii
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12:15 pm 3:15 pm
WB4 Ultrafast, dual-path optical Kerr demultiplexer utiliz- WC5 Steering one spatial solitary beam by another, A. W.
ing a polarization rotating mirror, T. Morioka, H. Takara, M. Snyder. L. Poladian. D. J. Mitchell, Australian National U. We
Saruwatari, NTT Transmission Systems Laboratories, Japan, report on the curious interaction of bright and dark spatial
All-optical Kerr switching in a reflective, dual-path configura- solitary waves of both planar and circular symmetry in both
tion is proposed and its stable 50 Gbitlsec operation has Kerr and threshold nonlinearities. ((p. 395)
been demonstrated. The scheme utilizes polarization rota-
tion upon reflection that compensates for birefringence and 3:30 pm
phase turbulence in the Kerr media. (p. 374) WC6 Spatial solitons in planar waveguides, R. A. Sammut.

C. Pask, 0. Y. Li, U. New South Wales. Australia. We develop
methods for interpreting beam propagation in planar wave-

THE GREAT HALL (between First & Second Court) guides in terms of 2-D spatial solitons and we examine tran-
sitions to 3-D self-trapping. (p. 399)

12:30 pm-2:00 pm LUNCH BUFFET (for St. John's
residents only) 3:45 pm

WC7 Dynamic effects of Kerr nonlinearity and spatial dif-
fraction on self-phase modulation of optical pulses, M. Karls-

PALMERSTON ROOM-Fisher Building son. D. Anderson. M. Desaix. M. Lisak, Chalmers U.
Technology, Sweden. The nonlinear self-phase modulation

2:00 pm-4:00 pm characteristics of optical pulses are shown to be qualita-
WC, SPATIAL SOLITONS tively unaffected by diffraction effects, contrary to recent
Frank P. Payne, U. Cambridge, U.K., Presider claims. (p. 403)

2:00 pm (Invited Paper)
WC1 Soliton self-trapping of light beams, A. Barthelemy, C.
Froehly, 0. Guy. M. Shalaby. D. F. Reynaud, U. Limoges,
France: R. de la Fuente, U. Santiago de Compostela, Spain.
Spatial solitons are monochromatic patterns exhibiting
stable self-trapping above their self-focusing threshold. Self-
trapping stability requires the two-dimensionality of the
propagating fields. We describe the generation and prop-
erties of such beams in two and three dimensions. (p. 380)

2:30 pm
WC2 Spatial dark solitons, G. A. Swartzlander. Jr.. A. E.
Kaplan, Johns Hopkins U.: D. R. Andersen, U. Iowa, USA.
Spatial dark solitons are experimentally found (and verified
by numerical simulations and anlytical solutions) in a laser
beam propagating in various self-defocusing nonlinear ma-
terials. (p. 384)

2:45 pm
WC3 Spatial solitons: mutual interactions and magneto-
optic surfaces, A. D. Boardman, Xie Kang, U. Salford, U.K.
Critical interactions between differently polarized spatial
solitons are calculated analytically. Numerical investiga-
tions. including diffusion and saturation, are reported. Mag-
netooptic reflection of solitons is analyzed. (p. 288)

3:00 pm
WC4 Transverse solitary waves: observation and computa-
tion. G. Khitrova. J. W. Grantham, Jialin Xu. H. M. Gibbs, U.
Arizona: J. F. Valley. Lockheed Palo Alto Research
Laboratories. USA. The cell-exit transverse profile for
cavityless propagation through sodium vapor forms a sta-
tionary pattern of spots that bifurcates with input power or
detuning in agreement with computations. (p. 391)

xiv
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N. J. Doran, Presider
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ULTRALONG DISTANCE SOLITON TRANSMISSION
USING ERBIUM FIBER AMPLIFIERS

L. F. Mollenauer
Rm 4C-306

AT&T Bell Laboratories
Holmdel, NJ 07733

Summary

Long distance transmission using a chain of optical amplifiers is potentially much

cheaper and faster than with conventional electronic regenerators. Erbium doped fiber

amplifiers, with their low pump-power requirements, lack of pulse chirping, indepen-

dence of gain on polarization, built in automatic gain control, and perfect compatibility

with transmission fibers, have done much to make this "all-optical" approach truly practi-

cal. It can be shown, however, that the full capacity of such a system can be realized only

by using solitons.

Solitons can be transmitted perfectly well through a chain of low gain amplifiers

and dispersion shifted fiber segments, as long as the characteristic dispersion distance,

(2/it) z 0 , is great enough with respect to the amplifier spacing [1]. For such transmis-

sion, it is necessary only to make the path-average power over each amplification period

equal to the usual soliton power i, lossless fiber. We have verified this point experimen-

tally [2,31 over paths as great as 12,000 km and at pulse rates to 2.5 Gbits/s by using the

recirculating loop shown in Fig. 1. In all cases, broadening of the -50 ps pulse train can

be explained almost entirely by a modest jitter in pulse arrival times from the Gordon-

Haus effect [4]; furthermore, at about 5000 or 6000 km, the pulse shapes look more

nearly text book perfect than they do at the beginning. Thus there is no significant

broadening or other distortion of the individual pulses. Our experiments [2] have also

shown no significant interaction between soliton pairs spaced 5 or more pulse widths

apart, and a complete absence of the long distance interaction discovered earlier in exper-

iments using high dispersion fiber [5].
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Fig. 1: Schematic of the recirculating loop. The 25 km lengths of AT&T dispersion shifted fiber had

D= 1.38 ps/nm/km. A,ff = 35 I±m2, 0.25 dBflcm loss at t,= 1532 nm, and a polarization dispersion
parameter less than 0.2 ps/km"/2. The acousto-optic modulator is used for its ability to reject the signal
pulse stream >80 dB once the loop has been filled.

The ultimate test, however, lies in direct bit error rate measurements. Recently, we
have devised a novel technique to facilitate such measurements in a recirculating loop.
First, with an electro-opric modulator, we impose a 212 bit pseudo random word, fol-

lowed by its logical complement, onto the stream of pulses emerging from a mode-
locked external cavity diode laser, and fill the loop with that repeated pattern. We then

split the loop output into two parts, delay one part by exactly one word length, and then

detect and regenerate each part. The two sets of complementary, regenerated data are

then compared in an ultrafast exclusive nor gate, whose output goes high only when an

error is present. Finally, those errors corresponding to the final round trip are gated out

with an and gate and sent to a counter. Figure 2 shows the best results we have obtained
to date at 2.5 Gbits/s. Note that we have achieved essentially "error-free" transmission
(error rate 1 t0-h0) over 7500 kin, the undersea distance between New Jersey and Eng-

land.
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Fig. 2: Measured bit ernor rate for soliton transmission at 2.5 Gbits/s as a function of the total path

traversed.

While that error free distance is a good beginning, it is considerably less than
predicted by the simplest theory [6]. We speculate that the difference can be explained in
terms of a less than 100% amplitude margin of the regenerators, and in terms of excess
noise at the signal frequency created by dispersive wave radiation shed by the initially
imperfect pulses fed into the transmission line. Nevertheless, with improved fiber
(Aff = 50, Im 2. loss rate 0.21 dB/kn, as opposed to the parameters cited above in the
caption to Fig. 1), and with the lower np possible with operation at 1550 nm rather than
at 1532 nm, we expect soon to be able to extend error free transmission to well beyond
the trans-Pacific undersea distance of 9000-10000 km.

Finally, we believe that the 2.5 Gbit/s rate can be at least doubled through a novel
technique [7] involving combined polarization and time division multiplexing, as we
have shown, both theoretically and experimentally, that solitons maintain a nearly com-
plete degree of polarization over trans- oceanic distances. Furthermore, the interaction
between adjacent, orthogonally polarized pulses is greatly reduced. That single channel
rate can then be further multiplied by wavelength division multiplexing. That is, we have
shown [8] that the well-known transparency of solitons to each other in collisions can be
maintained, as long as the collision length (the distance solitons of different channels
must travel down the fiber in order to pass through each other) is greater than two or
more times the amplifier spacing.
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1. Introduction 2 Soliton Design Diagram

Erbium doped fibre amplifiers now allow the The basic problems can be discussed with respect to
possibility of deploying optically transparent systems Figure 1 which shows a typical operating window [1]
over trans-oceanic and trans-continental distances. for a soliton based system using fibre whose mean
However it is now well established that fibre non- chromatic dispersion D is lps/(km nm) and with
linearities cannot be ignored in such systems. For amplifiers whose gains are set to exactly compensate
example, when a single channel system is operated for the fibre loss of 0.22dB/km. The two axes show
in the anomalous dispersion rdgime, ie. with A > A0  the amplifier spacing Lamp and the soliton FWHM
where AO is the wavelength of zero chromatic pulse width. This is equal to 1.763r where r is the
dispersion, self phase modulation (SPM) may lead characteristic width of a soliton described by the
to pulse compression or pulse break up. When amplitude function sech(t/ r). The Figure shows
operated with A < A0, SPM leads to increased four curves labelled a - d which delimit the borders
dispersion and pulse broadening. A choice may be between safe and unsafe operating regions. These
made to avoid the non-linearities as far as possible; will be discussed further in the following sections.
for example by minimising the amplifier spacing, by The useful operating region lies below the dashed
using the minimum optical power consistent with curves and above the solid curves. The operating
the required electrical signal-to-noise ratio (SNR) window therefore consists of the half-eye which is
and by careful choice of the operating wavelength centred around 20ps on the vertical axis and
with respect to 40. Alternatively, one may choose to extending out to 50km on the horizontal axis.
use actively the fibre non-linearity to design a 2.1 Soliton-soliton interactions
soliton based system operating in the anomalous
dispersion r6gime. This paper attempts to consider A pair of adjacent solitons must be kept sufficiently
some of the design constraints for such a system. In far apart to prevent mutual interaction, otherwise
particular it considers a system operating at 5Gbit/s they will undergo a periodic collapse with a period
over a total distance L, 5 of 6000km. given approximately by

zp = z 0 exp(T/2r) (1)

__ _where z0 is the soliton period and T is the bit

interval 12]. The collapse occurs fairly suddenly so it
....... .... ..... ..... ....... " .. is sufficient to ensure that L., is less than zp/4,

a 0 hence the maximum bit rate is determined by

T >2rln(4L ./Zo) (2)

4 'This inequality is shown as curve (a) in Figure 1, the
safe region lying below the curve.

-- . 2.2 Fibre perturbations
2 20 - bThe fibre attenuation will cause the power of the

- d -. soliton to decay between each amplifier. However
____------ this does not unduly affect the soliton provided that_-P to " 3' 4'0 5o So - Wb 90 i the period of the perturbation, ie. the amplifier

r ,l.7' .....3~ spacing Lamp is short compared to the full soliton

Figure I. Soliton design diagram for a 6000km system operating period 8z 0 131. That is when
at 5Cbit/s, D = lps/(km nm).

Lap !5 8zO/10 (3)

where a factor of ten has been included for safety.
This inequality is shown as curve (b) in Figure 1, the
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safe region lying above the curve. We have
examined the accuracy of this by using numerical .

simulation. A 63 bit pseudo random sequence of
20ps FWHM solitons was propagated over a total -4

distance of 6000km using lumped amplifiers
positioned every 40km to exactly compensate for the o -

fibre loss of 0.22dB/km, but without introducing any
noise at this stage. This combination of &idth and
amplifier spacing lies just on the boundary of the 1 -

operating window.
M -IG

20 .

-20

0.e5 0.10 . . 15 0.20

normaised jitter

Figure 3. Error floor as a function of normalised jitter
<&, > 112/T

Figure 2. Eye diagram without noise: L, = 6000km, L., = very rapidly with increased jitter and we have used
40km, D = lps/(km nm), r',, = 20ps. the criterion that the normalised jitter should be less

Figure 2 shows the resultant eye diagram which has than 0.06 to provide a BER floor at an acceptable

been generated by superimposing every bit within level. Using this criterion and assuming an ideal

one bit interval of 200ps. The fluctuations in peak amplifier with 1A = 1, (5) is shown in Figure 1 as

intensity between each bit are only just discernible, curve (c). The safe region lies above this curve.

amounting to less than ± 2%, even before applying a
post detector filter.

2.3 Amplifier noise and Gordon-Haus jitter

Each amplifier in the chain generates amplified
spontaneous emission (ASE) noise whose optical
power per polarisation mode within a bandwidth B
centred on the optical frequency v is given by

(G -1)iphwB (4) _

Figure 4. Eye diagram with ASE: L,. = 6000km, L. = 40km.

where G is the power gain and u is the inversion D = Ips/(km nm). r, - 20ps.

factor of the amplifier (1A = I in an ideal amplifier). Figure 4 is an eye diagram s..owing the effect of
The ASE induces a random shift in the carrier Gordon-Haus jitter. This is the result of a
frequency of the soliton which interacts with the numerical simulation that is identical with that used
fibre dispersion to produce a random timing jitter for Figure 2 but with the addition of random noise
(Gordon-Haus jitter 141) whose variance is given by at each amplifier corresponding to a noise figure of

2 = _ (G - 1)p h n 2 DL 3  7dB (yi = 2.5). In addition the gain of the amplifier
<692 > (5) was increased by an extra 6dB to allow for extra

losses immediately before and after each amplifier

where n2 = 3.2x10-20 m2/W is the non-linear that would be required in a practical system to allow
coefficient and Aff = 40pom 2 is the effective area of for optical isolators, optical filters, pump
the fibre. In order to maintain an acceptable bit redundancy and wdm couplers etc. We can see that
error ratio (BER), the rms jitter must be kept small the solitons are now severely distorted from their
compared to the bit interval. Figure 3 shows the sech profiles, there is a large variation in their
expected error floor as a function of the normalised amplitudes and significant jitter has been
jitter <62 >1 2/T. This has been derived by introduced, in this case amounting to an rms value
assuming that the convolution of the soliton with the of 18ps, ie. a normalised jitter of 0.09. With a 200ps
receiver response gives a raised cosine of FWHM bit interval, this would give rise to a BER floor at
equal to one bit period. The error floor degrades
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about 4x10 "4 . Note that the error is larger than that 2.4 Resultant SNR
expected from Figure 1 because of the increased The system must be designed to achieve an
ASE in the simulation resulting from the higher acceptable SNR at the detector where the dominant
noise figure and the excess loss. This underlines the noise effect is likely to be the beating between the
importance of minimising excess loss particularly at optical signal frequencies and the ASE frequencies
the input of the amplifier. (sig-spon beat noise). The SNR is then given by 16]

However the derivation of (5) assumes linear <i2 g > (e Pou/h v)2
propagation once the ASE has perturbed the soliton <i V_2_p..' (6)
frequency at each amplifier. We should therefore <iig -spon> (2e/h v) 2 Pou Fo (6

ask what effect does the fibre non-linearity have on where Fo, = N (G - 1), sh v B is the total ASE
the propagation of the ASE and its interaction with power at the output of the N'th amplifier in a
the soliton? For example, Marcuse has shown that bandwidth B (N z Lsys/Lap) and where Pou is the
ASE has a very significant effect on the propagation average optical signal power at the output of the
of NRZ format pulses when operating close to A0  amplifier. This may be expressed in terms of the
[5]. To investigate this, we have examined the peak power P0 required to support a first order
accumulation of jitter as a function of system length soliton using the path averaged soliton prescription
using the same parameters as for Figure 4. [1,3]

Po rG in(G)
zo T' T T 1m Po- - T(G -1) (7)

The SNR requirements are shown on Figure 1 as
15 - curve (d), the safe region lying below the curve.

This has used (6) with B = 0.8/T to set a 23dB SNR
which will provide a 7.4dB margin above the 10"9

(U error ratio level.

2.5 Discussion

-, LThe design diagram shown in Figure 1 is ideal in the
5 "sense that it has been based on an ideal amplifier

that only compensates for the fibre loss. A more
realistic diagram would have to accommodate
rait diga woul have to acc

s 10o z 00 3000 4U%3 5o OO additional ASE which would produce increased
", tem gth km jitter and also reduce the SNR. Hence curves (c)

Figure S. Jitter accumulation at 5Gbit/s: dashed curves show and (d) would close up and severely limit the
numerical simulations with different noise seeds, solid curve maximum amplifier separation. Perhaps the biggest
shows theoretical value from (5). Ls = 40km, D = problem is curve (d) which represents the SNR.
lps/(km nm), r*,. = 20ps. This could be opened up by a number of techniques;

This is shown in Figure 5 as a series of dashed lines for example by using multiple solitons per bit
for seven different noise distributions (differing only interval 111, )-y using higher dispersion fibre which
in the seed value for the random variable gives a higher soliton peak power or by sacrificing
generator). The theoretical curve derived from (5) some of the margin on the BER requirements.
but with suitable modification to account for the
excess loss before and after the amplifier is also 3. Wavelength Division Mudtiplexing
shown as a solid line. The agreement between the Solitons at one wavelength are trnsparent to those
numerical simulations and the theoretical curve is at a different wavelength and will pass through eachvery good, both show an S length dependence other (collide) with their shapes preserved. This is
with the numerical values on average showing an attractive feature which allows the possibility of
slightly smaller jitter. This shows that the non- wavelength division multiplexing (WDM).
linearity has had a minimal effect on the However, following a soliton collision, the slower
propagation of the ASE when using soliton soliton will be retarded and the faster one will be
parameters close to those required by the operating advanced by an amount bt = 1/(r (rAf) 2 ) where Af
window. Hence curve (c) in Figure 1 should is the difference in optical frequencies [7]. Since the
represent a good estimate of the limitations imposed maximum number of collisions that can occur is
by Gordon-Haus jitter.
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D ALy 5/T, the maximum jitter that a soliton may
experience is given by

DAALSYS A2DLSS (8)
r (r Af) 2 T 7 C r T Af

In order to maximise the number of channels, Af /

should be made as small as possible but this will
maximise the collision jitter. As an example,
consider a two channel system with Af = 60GHz
and keeping the other parameters as before, then Figure 7. Eye diagram for one channel from a two channel

the spread in bit arrival times could be up to 37ps. system after 6000km without noise: Af = 60GHz, Lt, = 40km,
wihedn tae au untouD = lps/(km nm), 1w,, = 20ps, channels initially separated by

This maximum can only occur with an unbounded T/2.
data sequence since this makes it possible for one
data bit to pass through a complete string of O's in Figure 7 shows the resultant eye diagram, now after

the other channel whilst another bit could collide 6000km, when the data was initially separated by

with a complete string of l's. However this problem half a bit interval. The normalised jitter is about

can be minimised by using suitable coding schemes. 0.052 -ind would not cause any problems following
the post detector filter. The majority of the jitter
arises from the collision shifts described by (8) and

caused by unbalanced data in the two channels.

4. Conclusions

This paper has looked at some constraints on the
operation of a soliton system at 5Gbit/s over

___6000km and identified Gordon-Haus jitter and
provision of an adequate SNR as the limiting

Figure 6. Eye diagram for one channel from a two channel factors, particularly when there is excess loss before
system after 800km without noise: Af = 60GY1z, L... = 40km, D the amplifiers. With repeater spacings in the range
= lps/(km nm). %',, = 20ps, channels initially superimposed, from 30-40km, the system should also be capable of

Figure 6 shows an eye diagram for one channel supporting WDM with at least two channels

selected after 800km from a two channel system separated by as little as 60GHz, provided that the
where Af = 60GHz. Each channel contains 63 bit data in each channel is initially interleaved. Coding

sequences of uncorrelated data. It can be seen that to provide a balanced sequence of l's and O's may

the data is bunched with two distinct arrival times. also be desirable.

The data continues to separate beyond 800km and
eventually overspills into adjacent bit intervals 5. References

rendering the system inoperable. This problem is [11 K J Blow and N Doran, OFC 91, San Diego.

caused by having the data in the two channels
initially superimposed. This is understandable [2] J P Gordon, Opt Lett, vol 8, p596, 1983.

because the frequencies of the two solitons involved 131 L F Mollenauer, J P Gordon and M N Islam,
in a collision change as they approach each other. IEEE J Quantum Electron, QJE 22, p157,
The maximum change occurs when they overlap and 1986.
the frequencies then return to their original values
as they separate. So here some bits are initially in [41 J P Gordon and H A Haus, Opt Lett, vol 11,
the middle of a collision (when both channels have p665, 1986.

data l's in that bit interval) but others are not (when [5] D Marcuse, J Lightwave Tech, vol 9, p356,
either channel has a data 0 in that bit interval). 1991.
Therefore those bits that were initially in collision
will now suffer an unbalanced frequency shift as they [61 A Yariv, Opt Lett, vol 15, p1064, 1990.

separate. This is converted by the product of fibre [7] L F Mollenauer, S G Evangelides and J P
dispersion and distance into the temporal shift Gordon, J Lightwave Tech, vol 9, p362 , 1991.
observed in Figure 6. It therefore is important to

avoid an initial overlap of data.
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1. Introduction

The recent advances in the technology of passive optical amplification have brought closer the

realisation of optical fibre communication systems using soliton pulses which are not limited by
dispersion. This in turn creates a new generation of theoretical problems concerned With the

evolution of information-bearing pulse trains along a nonlinear channel. Previously, these

theoretical models have been constructed primarily on the basis of the behaviour of isolated I - or 2-

soliton phenomena, as deduced by perturbation theory carried out on the Inverse Scattering

Theory (IST) for the exactly-integrable Nonlinear Schrodinger Equation (NLSE) [ 1 -41 or by direct

numerical solution of the NLSE [5,61. However, there are many circumstances in which the

behaviour of a small number of isolated solitons may not properly represent the behaviour of a

very long pulse train with neighbouring pulses coupled by a weak nonlinear intersoliton

interaction; for example, two isolated solitons in the repulsive phase of the intersoliton interaction

will diverge apart indefinitely, but this cannot happen when those two pulses form part of a long

train of pulses, since the diverging pulses must eventually meet and interact with other pulses in the

same train. Although the IST method is extremely useful for predicting the evolution of initial

conditions consisting of a small number of solitons in the absence of an IST continuum, the

presence of a large number of solitons or IST continuum in the initial conditions renders the

method intractable. Even the simplest case of an infinitely long pulse train of periodically repeated

identical solitons involves much more difficult analytical techniques than the conventional IST

method and the true physical case of a modulated pulse train containing an infinite number of

solitons is not tractable by any known analytical method, despite preserving the integrability of the

NLSE.

It is therefore clear that the new applications in communications theory of soliton-bearing

channels will require the development of new mathematical tools for their understanding. In this

paper we describe methods which view the modulated soliton pulse train as a dynamical system,

following a reduction of the number of variables required to describe the field. The new variables

are 'quasiparticle' parameters, such as the position, energy or momentum of each solilon, which
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are subjected to interactions through various types of potential. Using this description it is
relatively easy to show that infinitely long periodic soliton pulse trains can be classified according

to their stability under modulation of the parameters in the initial conditions; here we show that
position and phase modulations are stable for solitons in the repulsive phase, and unstable in the

attractive phase. These predictions, obtained from a qualitative reduced quasiparticle description,

can be checked against rigorous results from a full linearised perturbation theory of the NLSE,

with exact agreement [7]. Furthermore, it transpires that the equations for positional modulation are

those of the Toda lattice [8], which is an integrable system with its own solitonic solutions.

2. Qualitative theory of soliton interactions

The behaviour of the wave envelope i) for a single mode optical fibre is described by the NLSE
4<x + 2 '+1 2¢ 0(1

where x and t are the fibre length and time in a coordinate moving at the linear group velocity, both

in normalised units f 9]. This equation has normalised I -soliton solutions
4 = eix 1 2 sec h(t) (2)

from which other solutions are derivable by scaling operations such as 4)-- rl4), t-- 11t., x-- n2x

with an arbitrary scale factor q. Using the IST method, Gordon [1] has shown that the 2-soliton

state with degenerate velocities can be approximated by

t= ei '2 la e 'i sech(t-t)+a2e sech(t - t 2) (3)

where the soliton phases an and positions 1, evolve with x according to

d = " - ) 4e rcosa
d2 )n4
dxaC 2 ( - 1) 14 sin a (4)

and T=t2-tI>0, a=02-0(i>0, with initial cotiditions ox=O, dxr=O, al=a2=1 at x=O. When =O or

it it can be shown that ax is a constant ot the motion, in which case (4) reduces to
d2t, = + ( - l)"4c X ri)'l C T(5)

where the upper sign represents the repulsive phase r=z and the lower sign represents the

attractive phase ao=O. These equations were also derived in a wider context without the IST method

by Anderson and Lisak [2]. Equation (5) represents Newton's Law for a 'force' between two
'particles' of unit mass placed at 'positions' ti and t2 as 'time' x evolves.

Suppose now that the initial conditions consist of an infinite number of solitons placed at points

t,=-nT+q, and the exponentially decreasing force on the right-hand-side of (5) is assumed to act

linearly between nearest neighbours only: then (5) is modified heuristically to

d q 4e T Ie (q l q - e (q., q (6)
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Equation (6) with the upper sign is the standard expression of the Toda lattice equation [8], and as
such (6) is completely integrable by the IST method.

3. Stability of the soliton lattice

When all the q are zero, the intersoliton forces all balance and there is no net force; the soliton
train is then periodic with period T (a=O) or quasiperiodic with quasiperiod T and full period 2T

(a=r). Equation (6) may be linearised about qn=O, with the result

d 2 +4e T q _ +q - 2qn}X - { n n- I nj(7)

Equation (7) has solutions which are real-valued superpositions of the separated Fourier

components

qn=einei~x (8)

with
X2=+8e-T(l-cosp). (9)

The soliton lattice is stable if Xk2 is positve or zero; if ;2 is negative the lattice is unstable. These

classifications apply (for all 0*O) to the upper and lower signs respectively in (9), corresponding

to stable repulsive and unstable attractive interactions, respectively. The length scale L over which
these effects become manifest is 1X, -1, which for the worst case f3=ir is L=(l/4)eT/2 in normalised
soliton units. This is comparable with the length (7r/4)e "'/2 for the collapse of an isolated 2-soliton

pair, initially T units apart at x=O, in the attractive phase [I].

The results obtained above are exactly verified by a rigorous linearised perturbation theory
applied to the quasiperiodic stationary solutions of the NLSE, which is too complicated to

reproduce here [7]. They are interpreted as follows. In the unstable (attractive) phase small
perturbations of soliton position grow exponentially with propagation distance x, with largest

growth in the frequency component 0=:r. In the stable (repulsive) case small perturbations of
position disperse due to the 0-dependence of X. Thus in either case if the soliton position is the

carrier of information (PPM) the intersoliton interaction modifies the spectral distribution of the

information, leading to intersymbol interference in the stable case and preferential dominance of the

[=r component in the unstable case. On the other hand, if additive noise is present at x=0 this is
gradually worked into the positions of the pulses through the nonlinear interaction as x increases.

The intersoliton interaction effect must be added to the Gordon-Haus effect [10] in assessing the
limitations due to noise, and it is clear that these will be qualitatively and quantitatively different for

the two cases of stable or unstable pulse trains.
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4. Information dispersion in the stable case

We consider now the case of a stable periodic soliton train (a=ir) subjected to small

perturbations of the soliton positions, given by the quantities (qn). These may be regarded as

samples taken at periodic intervals of a bandlimited function with spectrum Q(P):
' f .[BP)e "do,

q - fn Q(P"d (10)

The behaviour of small perturbations is essentially linear. Each Fourier component of frequency 0

evolves with propagation distance according to (8), so that after propagation a distance x the

displacements change to
qn(x) = 2 .Q(Me e (ll

where we recall that X is a function of 0. For example, when Q= l, corresponding to qn(0)=8no,

then as x increases qn(x) acquires nonzero values on the lattice points n40. This phenomenon is

essentially intersymbol interference; information initially placed on the node n=O disperses onto

other nodes as propagation distance increases, However, this dispersion takes place on much

longer distance scales than the ordinary linear dispersion of the fibre (on the order eT/2 times as

far). Therefore an effective linear channel can be produced using solitons which achieves greatly

enhanced propagation lengths before dispersion limits channel capacity. The example treated here

is that of PPM (pulse position modulation), but an identical treatment of soliton phase modulation

produces the same stability exponents and the same enhancement of the linear channel capacity; the

case of amplitude modulation is rather more complicated, but has the same qualitative features.
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Introduction

In order to fulfil the demand for increasingly sophisticated and bandwidth intensive
services, telecommunications operators will require flexible optical transmission
networks which will operate at higher data rates than those installed to date. At present,
the maximum data capacity of installed optical systems is limited by the bandwidth of the
electronics in the terminal and repeater equipment (currently around 2.5Gbit/s).
Optical wavelength [11 or time [2] division multiplexing techniques may be used to
access data rates substantially over 10Gbit/s, offering a substantial increase in capacity.
Both multiplexing techniques could be used in conjunction with switching in either the
wavelength or time domains to allow increased network flexibility through, for example,
the drop-and-insert function. Discrete erbium-doped fibre amplification is an excellent
method of compensating for the loss of the transmission link, providing bit-rate
independent amplification. However, the regenerative function of conventional
opto-electronic repeaters is no longer available in fibre amplifiers: linear dispersion of
the optical pulses now becomes a major system constraint. The availability of fibre
amplifiers with excellent performance in the 1550nm window restricts the signal
wavelength of optically multiplexed systems to this wavelength range, implying the use of
dispersion-shifted transmission fibre. The operation of wavelength division multiplexed
transmission with more than a few channels over fibre with low dispersion can lead to
significant system penalties due to four wave mixing, even over fibre spans of less than
100km [3]. An alternative approach to ultra-high speed transmission is to use time
division multiplexing, requiring a transmitter configuration based on short (=ps)
optical pulses. In this instance, nonlinear optical pulse compression in the transmission
fibre may be used to advantage to significantly reduce (or even balance completely [4])
the linear dispersion of the optical pulses, permitting transmission well beyond the usual
dispersion limit.

In this paper, we present the results of optical time division multiplexed transmission
with the signal wavelength 1nm and 6nm above the fibre dispersion zero. Close to the
wavelength of zero dispersion, signal power levels were maintained at a relatively low
level in order to avoid detrimental optical nonlinearities. In this case, full BER
measurements indicate error-free transmission over 205km with a receiver penalty due
!o noise accumulation of only 0.8dB. At wavelengths significantly above the dispersion
zero, signal power levels were increased in order to provide suitable nonlinear pulse
compression to compensate for linear fibre dispersion. The system is based on four
5Gbit/s electrical channels, providing a total optical data rate of 20Gbit/s. All the
electronic components in the transmitter and receiver have no more bandwidth than
would be required for a 5Gbit/s system.
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System description

The system has been described in detail elsewhere [5] and so only a brief summary will
be given here. The optical source is a mode-locked semiconductor laser which produces a
continuous pulse train at a repetition rate of 5GHz. The pulses have a full width half
maximum (FWHM) of 14ps, and are close to transform limited (time-bandwidth product
= 0.4). The output from the laser is split into 4 channels by a passive 1x4 fused fibre
device and each of the 5GHz repetition rate optical pulse trains is externally modulated by
NRZ data from a 5Gbit/s pseudorandom generator to produce four distinct 5Gbit/s optical
RZ data streams. Each modulator is followed by a variable fibre delay line to allow
interleaving of the four channels in a 4x passive coupler to produce a single 20Gbit/s
RZ data stream. The mean output power from the interleaver is -14dBm, which can be
boosted as high as +13dBm in an erbium-doped fibre power amplifier.

The receiver consists of an erbium-doped fibre pre-amplifier, an optical demultiplexer
to retrieve a single optical 5Gbit/s data stream, and a wideband receiver. The receiver
electronics convert the RZ optical data into 5Gbit/s NRZ electrical data which is used as
the input to an error detector and a 5GHz clock recovery circuit. The output from the
clock recovery circuit drives both the optical demultiplexer and the error detector. The
demultiplexer consists of two lithium niobate Mach-Zehnder modulators in tandem, both
driven with 5GHz sine waves [6]. Hence both the transmitter and receiver in the
20Gbit/s system operate using electronic components appropriate for operation at only
5Gbit/s.

The transmission link comprises of four 51.2km lengths of dispersion-shifted fibre with
three intermediate erbium-doped fibre amplifiers. The mean wavelength of zero
dispersion of the 205km of fibre is 1554.2nm. The mean loss of each fibre span is 11dB
and the anomalous group delay dispersion at the two signal wavelenqths is
0.085ps/nm/km at 1555.4nm and 0.4ps/nm/km at 1560.5nm. However, in order to
reduce detrimental nonlinear optical effects (observed as pulse breakup and spectral
spreading), the mean power launched into each fibre span was limited to a maximum of
+7dBm.

System results

Operating 1.2nm above the wavelength of zero dispersion of the optical fibre, optical
nonlinearity led to a broadening of the optical signal spectrum from 0.28nm at the
transmitter to 0.36nm after transmission through 205km. In the time domain, this
corresponds to a measured pulsewidth of 14ps directly after the transmitter and 11ps at
the receiver input. Figure 1 shows the bit error ratio curves for a single demultiplexed
5Gbit/s data streams for the transmitter and receiver running back-to-back and also
after transmission through 205km of fibre. Operating back-to-back, the receiver
sensitivity for 20Gbit/s data was -20.5dBm as measured at the input to the
pre-amplifier. After transmission through 205km of fibre, the sensitivity was degraded
by only 0.8dB. To separate fibre effects (linear dispersion and optical nonlinearity)
from amplifier effects (noise accumulation) the system was operated using optical
attenuators of appropriate values to replace each fibre span. In this instance, a system
penalty of 0.7dB was obtained, which is within 0.1dB of that of the fibre system. The
discrepancy is within the accuracy of the power measurements and implies that the
measured system penalty was almost entirely due to the spontaneous emssion of the fibre
amplifiers.

At the higher signal wavelength of 1560.5nm. the linear fibre group delay dispersion of
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0.4ps/nm/km is sufficient to broaden the transmitter pulses to approximately 30ps
FWHM after transmission through 205km of fibre. This is illustrated in figure 2a,
which shows part (...110101110101...) of a 20Gbit/s data pattern after propagation
through the fibre link. In this case, the launch power into each 51.2km fibre span is less
than +3dBm. It is clear that whilst isolated pulses (...010...) are still distinct, pulse
broadening causes a lack of contrast between adjacent pulses which are not separated by
zeros (...01110...). This would introduce a dispersion penalty into a system operated
under these conditions. Increasing the signal launch power into each 51.2km fibre span to
= +7dBm causes nonlinear pulse compression which restores the contrast between
adjacent pulses (figure 2b). Further increase of the signal power over-compensates for
linear dispersion, causing pulses to interact with each other and become severely
distorted (see figure 2c for launch powers of = +10dBm).

Conclusions

We have demonstrated a 4x5Gbit/s time division multiplexed transmission system over
205km based on a mode-locked laser transmitter. Full BER measurements on a system
operated l nm above the wavelength of zero dispersion indicate negligible penalty
associated with fibre nonlinearities. At longer wavelengths, fibre nonlinearities can be
used to advantage to significantly reduce pulse broadening and should permit the
operation at wavelengths where linear dispersion would normally be sufficient to prevent
this system from operating at all. Full BER measurements on the nonlinear system
operating under the conditions of figure 2b (and others) will be presented at the
conference.
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In previous papers [1-31 we have shown that it is possible to ge-

nerate high-repetition-rate (GHz-THz) trains of uninteracting so-

litons from a dual-frequency signal by using a weak amplifica tion

of the signal in fibers. The length of the fiber necessary for

the soliton train generation grows quadratically with increase of

the generated solitons pulse width. The fiber length varies from

10-300 m for the soliton pulsewidth of about 100 fsec to thousands

of km for the case of relatively long (about 50 psec) solitons 13].

At the present state of fiber optics technology there are reasons

that relatively long soLitons are required for ultra long distance

transmission [4.5]. But the discussed method requires too long

fibers for generation of such solitons.

We suggest here a modification of such a method for high-bit-

rate ultra long data transmission. Our analysis is based on a

well- -known nonlinear Schrodinger equation for the electric field

envelope:

i - '1 ) + Oh(, )I2 0( -i (1, ) 0
2 d 2

Here the electric field E(t,z)=A(t,z)exp(ik z-iW) t); z is the
0 0

axial fiber coordinate; k is the propagation constant; t is
0

time; 0 is the light frequency; 1(Q,T)=A(z,t)/A 0
A 2 0 k )oN ); N is the nonlinear refractive index;
0 12 0 22

,z/z ; z = t2  / k (0)I; t=( t - k z)/t k : ,§'k/',j), _0 0 0 2 1 0 1 J " -- 0

Now the dual-frequency radiation (',O)=a sin(IT/T) (see Fig.la) is

coded before coupling into the fiber (Fig.lb). The fiber, where

the signal is reshaped into a stream of soliton-like pulses, plays

also a role of a transmission fiber (Fig.lc). One can see that

prctically all the signal energy contains in the solitons at the

fiber output.

Note that adjacent pulses in the input signal have opposite signs
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of electric field, and so the adjacent pules repulse from each

other during the propagation. This feature is very important for

the formation of soliton pulses [31. On the other hand the repul-

sion is rather weak and does not lead to temporal shifts of the

pulses on more than 5-7% of T, despite the fact that ratio of the

period to soliton duration is rather low at the fiber output

T/(S (FWHM)) 4. Note also that the system can work as in theso I

case of the fiber with a weak net amplification (a>O) as well as

in the case of the fiber without amplification (c=O, this

situation is considered in Figs.1, 2).

We show that this nonlinear communication line has all the

advantages of the soliton transmission:

- dispersive compensation of nonlinear effects;

- stability against perturbations of the fiber parameters (dis-

persion, mode area, etc. ) along the fiber length;

- stability of data streams in a chain of lumped amplifiers;

- potential for multi-channel wavelength division multiplexing (see

Fig.2).

The long distance transmission system should incorporate linear

optical amplifiers which offset the signal loss in the fiber.

These emit amplified spontaneous emission (ASE) noise. ASE noise

is the source of error, because it leads to the energy fluctuati-

ons and to the expected Gaussian distribution of pulse arrival

times [6]. Our estimations show that error caused by these

effects in the proposed data transmission system should be not

higher than that for the case of soliton transmission system

discussed earlier 15].
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Figure 1.(a) The dual-frequency signal before data coding.
Temporal and spectral intensities are shown. The dimensionless
parameters are: a=2.5; T=2.
(b). The signal (a) coded by data.
(c) The signal (b) after transmission through the fiber, l=0;
=1.15. The dimensional parameters can be as follows: 4 GBits/sec

data transmission, fiber dispersion D=1.38 ps/nm/km, X=1.55 pjm,
fiber length L=10,000 km, T=250 psec.
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Figure 2. Numerical simulations of wavelength division multiplexing
10,000 km long system employing three channels of 4 GBits/sec each.
Parameters of each channel are the same as in Fig.1, spectral se-
paration between the channels are 2.7 cmI and 2 cmI.
Left side - total spectrum of three channels at the fiber output.
Right side - data streams in the channels after spectral filtering
at the fiber output.
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Modulational Instability (MI) is one of the most beautiful
nonlinear effects in optical fibers. MI causes the exponential
amplification of small temporal perturbations of the cw pump
radiation . In spectral domain Stokes and anti-Stokes
components are exponentially amplified at the frequency shifts
determined by pump intensity [1]. Depending on the polarization
properties of optical fibers various types of MI can be
observed both in the regions of positive and negative fiber
group velocity dispersion (GVD) [2].

The effect of MI is developing side by side with another
nonlinear process - that is the process of stimulated Raman
scattering (SRS). SRS also results in exponential amplification
of spectral components. But in the case of SRS only Stokes
spectral components experience exponential amplification at the
frequency shift of about 440 cm . SRS in optical fibers is
characterized by a broad giin line which covers the spectral
band of more than 1000 cm [3]. The maximum value of the
resonant (nuclear) nonlinear Raman susceptibility is only 4
times smaller than that of electronic nonlinear susceptibility.
Thus Raman nonlinearity can considerably affect the MI gain
parameters and on the other hand the parametric effects (MI)
can result in change of Raman gain coefficient at Raman
frequency shift ( 440 cm-1).

However till lately the parametric effects and SRS in fibers
were discussed as the processes independent of each other. We
report now the results of theoretical investigations of the
interplay between the parametric effects (for various types of
MI) and SRS.

1. To begin with we shall discuss the scalar case, i. e. when
the pump wave is polarized along one of the fiber principle
axes and the Stokes-anti-Stokes sidebands are amplified in the
same polarization. We have derived the relation for the Stokes
and anti-Stokes components exponential amplification
coefficient which is describing both the effect of MI and SRS
[4]. The analysis showed that in the region of positive GVD
Raman gain coefficient for the small values of phase mismatch
is decreasing th-ough the parametric coupling between Stokes
and anti-Stokes ,.ves. Simultaneous generation of the first
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Raman Stokes and anti-Stokes occurs in such a regime of Raman
gain parametric suppression [4,6].The significance of a
single-mode fiber as a nonlinear medium is that phase-matching
can be achieved through increasing of the input pump power and
that it also depends on the value of fiber GVD [4,6]. Thus the
phase-matching regime can be easily obtained in an experiment.
The effect of Raman gain parametric suppression can be used to
increase the range of the ultrashort laser pulse frequency
chirping with corresponding increase of the degree of pulse
compression in fiber-grating compressors.

In the region of negative GVD of fibers Raman nonlinearity
influence on the MI gain line causes the decrease of the
maximum MI gain and of the frequency shift that corresponds to
the maximum of amplification. In addition Raman effect results
in the discontinuities in the dependence of the MI frequency
shift on pump intensity [5].

We also present a detail analysis of Raman and MT spectra
evolution in the field of cw pump which is based on numerical
simulation of the nonlinear Schrodinger equation (NSE) with an
additional term describing Raman scattering. We discuss the
features of Raman spectrum dynamics in the regime of phase-
matching ( i. e. in the regime of Raman gain parametric
suppression ) for the region of positive GVD. When pump is in
the region of negative GVD the MI spectrum at the frequency
shift determined by input pump intensity is originating before
SRS as the MI gain coefficient is 4 times greater than that of
SRS. In time domain MI spectrum represents a sequence of
solitons with the average durations of about the inverse MI
frequency shift. These solitons generated in the MI spectral
band are then experiencing the effect of Raman self-frequency
shift [6]. We discuss how the type of the output spectrum
depends on the initial pump intensity. For small initial pump
intensity the rate of MI soliton self-frequency shift is small
too. Thus the first Raman Stokes at the frequency shift 440-1
cm reaches saturation regime much earlier than any
considerable self-frequency shift of MI solitons takes place.
As a result a cascade generation of the discrete Raman Stokes
components is observed. For larger pump intensities Raman
continuum spectrum is formed from the MI band [7]. We also
demonstrate various regimes of the spectral continuum
generation and analyze their temporal structure.

2. The discussed above scalar description of nonlinear light
propagation through fiber is involving a single NSE. For this
case negative GVD is a necessary condition of MI. On the other
hand it was proved both theoretically [2,8-10] and
experimentally [9-11] that MI in birefringent fibers is
developing even in the region of positive GVD of fibers. We
present here a theoretical analysis of the Stokes-anti-Stokes
perturbations amplification based on the interplay between MI
and Raman effects in high-birefringent fibers. Light
propagation in fiber is described now by two uncoherently
coupled NSEs for the two principle polarization axes of fiber.
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The case under consideration is when the pump wave intensity is
split between the principle fiber axes. We have found the
relation for the exponential gain coefficient of the Stokes u

and anti-Stokes u spectral components:

((iA+p)' - B )((iA+p)' - B2 ) = C2  (I)

where A is the gain coefficient u s exp(Az), p=QA/2,

A=(1/vy-1/v×) is the fiber group velocity mismatch. Note that

functional form of Eq. (1) coincides with the dispersion
relation obtained in [9,10], but in our case the coefficients
B1 , B 2, C are the complicated functions of nonlinear Raman

susceptibilities xX (0) and x (f) [3]. The coefficientsxxxx xyxy

B1 , B2 , C also depend on the values of pump intensities in the

principle axes and fiber GVD. Thus Eq.(1) describes both the
effect of MI and Raman scattering. It should be underlined that
the main difference from the scalar case is that now there
aretwo positive values of gain coefficient A that correspond to
the different roots of characteristic Eq.(1). We have obtained
then the analytical solution that describes Stokes and
anti-Stokes perturbations spectrum evolution in the undepleted
cw pump field in each fiber principle axis.

a)region of positive GVD:
We show how depending on the initial pump intensity one can
observe either MI spectrum with the Stokes components in the
slow fiber axis and anti-Stokes components in the fast axis or
Raman spectrum, or both processes together. It turned out that
in this regime there is no decrease of exponential Raman gain.
This result is quite different from the scalar case. However
the calculated spectrum shape for large pump intensities
exhibited more intensive Raman Stokes components in
the slow axis in comparison with the fast one.

b)region of negative GVD:
We shall discuss various regimes of MI spectrum generation
depending on the value of pump intensity with and without Raman
nonlinearity influence. We show that for low pump intensities
there are two separate spectral regions of MI amplification:
one close to the zero frequency shifts and the other near the
frequency shift Q=A/(la 2k/a21 )and the peak MI gain value is
about 1/2 of pump intensity. With the increase of pump
intensity these two MI regions start to overlap. Under these
condition the dependence of the frequency shift corresponding
to the maximum of MI amplification on pump intensity experience
a discontinuity- like change from the small frequency shifts to
the frequency shifts larger than Q=A/(I 2k/821 ). In the limit
of large pump intensities MI amplification parameters coincide
with the regime of zero group velocity mismatch A [8], i. e.
the maximum MI gain value for the sidebands in the same
polarization with the pump is proportional to 5/3 of pump
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intensity, while the peak gain for the sidebands whose
polarization is orthogonal with respect to the pump is
proportional to 1/3 of pump intensity. The analysis of the
output spectrum shape showed that for small pump intensities
the Stokes-anti-Stokes spectral components are generated in
each fiber axis at the frequency shifts less than
phase-matching frequency Q=A/(Ia2 k/lw 2 1). The increase of pump
intensity results in the change of MI spectrum shape : Stokes
spectral components are now generated in the fast fiber axis,
anti- Stokes components are in the fast axis and their
frequency shift is larger than 0. There is also an intermediate
regime when there are two Stokes and two anti-Stokes sidebands
at different frequency shifts in each fiber axis. In the limit
of large pump intensities spectrum shape is similar to the case
of A=O [8].
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Stimulated Raman scattering can be treated in either the frequency domain or the time
domain. Traditionally, cw waves and long optical pulses have been treated in the frequency
domain where the problem can be reduced to a set of coupled wave equations which include
self and cross phase modulation as well as the Raman gain [1]. Frequency domain analysis,
however, becomes intractable for ultrashort optical pulses where spectral bandwidths become
comparable to the Raman frequency shift. Here a time domain approach is more appropriate.

In the time domain, the Raman gain spectrum is replaced by a Raman response function
[2]. In the time domain there is a single equation of motion: self and cross-phase modulation
and pulse walkoff are automatically included [2-4]. There is a price to pay for these advan-
tages because it is necessary to follow the pulse evolution on a time scale less than that of
the Raman response function (< 20 femtoseconds). A large number of computational grid
points are required once the pulse length is long compared to the ring-down time of the
Raman response function. The fine structure is not a problem for ultrashort pulses.

The Raman response computational approach was introduced, in part, as a method for
treating Raman scattering when the distinction between pump and Stokes broke down. This
happens, for example, in the case of feintosecond optical pulses whose bandwidth exceeds
the bandwidth of X3. The Raman response function has been used with considerable success
to predict the propagation properties of many pulses in the femtosecond regime [2,3]. In
these cases, the pulses were so short that they self-seeded the Raman process. Longer
pulses do not have enough bandwidth to self-seed, and a proper treatment of spontaneous
scattering is needed to describe the initiation of the Raman process. While the initiation
of Raman scattering from noise has been used before in the time domain [4], the present
work is, to the best of our knowledge, the first treatment in fiber optics to go beyond a
simply phenomenological use of noise and to develop a direct linkage to the Raman response
function.

The time-domain approach gives us the ability to study stimulated Raman scattering
for optical pulses of arbitrary length. Raman gain in optical fibers is much simpler in
the cw and ultra-short pulse limits. In the cw limit, the Raman gain spectrum can be
traced out by measuring the amplification of a weak tunable signal. Amplification of a
spontaneous noise background produces stimulated Raman scattering. In the opposite limit
of ultrashort optical pulses, there is no distinct Raman band. Raman gain downshifts the
average frequency and the pulse broadens spectrally by self-phase modulation. Our general
goal is to use numerical simulation to examine the transition between these two regimes and,
in particular, to understand the evolution of frequency chirp and of pulse shapes.

The propagation of pulses in single-mode optical fibers is described by the modified

nonlinear Schroedinger equation, which we write in the usual normalized form [2]

1AT&T Bell Laboratories, Holmdel, New Jersey 07733, (908)-949-7852
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.2 Ou 1 02u
7r O(z/zo) 20(t1t)2

ja t ~ ) [Iu(r)l' + F(-r) dr(1

where u is the (complex) amplitude envelope of the pulse, z is the distance along the fiber,
and the plus (minus) corresponds to positive (negative) group-velocity dispersion (GVD).
The time variable t is a retarded time measured in a reference frame moving along the fiber
at the group velocity. The normalizing length z. is defined by z, = 7r

2c t./(ID(Ao)Ao),
and the amplitude u is normalized such that Ju12 = 1 corresponds to an effective intensity
of I, = 10-ncAo/(16rn2zo) W/cm 2. In these expressions t, is a width parameter for the
input pulse (defined below), D(A) = A2d2n/dA2 is the GVD in dimensionless units, n is
the refractive index of the core material, n2 is its nonlinear coefficient in electrostatic units
(1.1 x 1013 esu for silica), c is the speed of light in centimeters per second, and A, is the
free-space wavelength. The term Iu2Iu in Eq. 1 is the instantaneous, 'electronic', portion of
the nonlinear optical polarization density. Following the theoretical development of Stolen
et al. [21, this has been extended to include the time-dependent 'nuclear' contribution [5,6] to
the nonlinear optical polarization density. The coefficient a is the fraction of n2 due to the
nuclear contribution (18% for fused silica [5,6]) and f(t - r) is the Raman response function
of silica-core fibers [2]. The response function is normalized such that its integral is unity.

Physically, the terms on the right hand side of Eq. 1 correspond (from left to right) to
GVD, self-phase modulation, and Raman amplification. The final term on the right hand side
of Eq. 1 corresponds to spontaneous Raman scattering due to polarizability fluctuations.
The response function formulation of the propagation problem given in Eq. 1 implies an
expression for the noise input via the fluctuation-dissipation theorum the results of which
[7] are:

<F(t)> = 0, (2)

< F(t)F(t') > = 2y < q2 > 6(t- t'), (3)
< q2 > = _1J f"(P) coth (2T) d2, (4)

= Im [j+ f(t)e"tdt]. (5)

The ensemble average of the fluctuations and the strength of the fluctuations are stated
in Eqs. 2 and 3. Equation 4 is a statement of the fluctuation-dissipation theorum that
relates the strength of the fluctuations to the susceptibility (aka Raman gain curve) and the
relaxation time -y. The usual relationship between the Raman response function and the
Raman susceptibility [2] is given in Eq. 5, and the relaxation time -f (= 2/T2 ;-, 220 cm- ')
is determined by exploiting the similarity between the Raman response function and the
response function for a harmonic oscillator. Thus, although stochastic, this is a completely
determined numerical problem: there are no adjustable parameters.

To test the use of this approach in predicting the propagation properties of picosecond
pulses in optical fibers, we have undertaken a numerical reproduction of the laboratory
experiments of Raman scattering reported by Stolen and Johnson [8]. In these numerical
experiments, we solved Eq. 1 using the split-step or beam-propagation method. The inital
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fields were of the form u(l/to, z/zo = 0) = A sech(t/to), having an intensity FWIIM of

1.76t, = 36ps, and the noise was of the form F(t/t) = GASDEV(t/to) x v/2 < x >,
GASDEV being a subroutine that generates Gaussian distributed deviates with zero mean
and unit variance [9]

The predicted spectrum of a 36 ps, 200 Watt peak-power pulse after 21 meters of prop-
agation in an optical fiber is shown below in Fig. 1. The pump portion of the spectrum
shown the broadening characteristic of self-phase modulation and the asymmetric distortion
characteristic of Raman scattering. The spectral development of the first Stokes pulse about
440 cm - 1 is clearly evident. The initial development of the second Stokes pulse is also seen
as the small bump about 880 cm - 1.
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Figure I

1it sunmmary, we have applied a time-domain response-function formalism that includes
the buildup of SlIS from spontaneous scattering to the numerical simulation of Raman scat-
tring by picosecond optical pulses in single-mode fibers. This parameter-free polychromatic
sigle-field approach is able to predict the experimentally observed impact of SRS on these

P111ses.

Shis work was performed, in part, tnder the auspices of the U.S. Department of Energy
bY L,wre'tie Llivrtorc National Laboratory tnder contract WV-7405-ENG-48.
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The Raman interaction contributes about 18% of the nonlinear refractive index

of silica optical fibers. By numerical simulation we previously demonstrated that this

Raman contribution to the nonlinear refractive index is substantially reduced when the

optical pulse width is less than the molecular resonance period.[1J A surprising result of

those simulations was that the Raman contribution to the nonlinear index was actually

negative for pulse widths less than 30 fsec. Here we show that the negative contribution

can be traced to the time delay inherent in the Raman response.

In the simulations we use, as a measure of the effective nonlinear index, the

pulse intensity necessary for the pulse to exhibit soliton-like propagation. The peak power

of this fundamental soliton, Po, depends on the pulse width, t0, the dispersion, D (h), the

effective core area of the fiber, A7ff, and the nonlinear index, n2, as:

n2 D(k)Affq (1)

16&3c n2t2

Thus a measurement of the soliton power is equivalent to measuring the nonlinear index

because all the other parameters can be measured independently.

The Raman effect is included in the nonlinear Schr6dinger equation by
replacing the usual nonlinear term with an electronic term which is effectively instantaneous

and a Raman term which is an integral over the Raman response function.[2]
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t

n 21(t) -. n 2(electronic)I(t) + n 2(Raman) f f Q- t')I(t')dt' , (2)

Our previous results for the Raman part of the effective nonlinear index are plotted in Fig.
1 as a function of input pulse width.[1] The Raman part of the nonlinear index shows not
only the expected drop-off as pulse width is reduced, but is also clearly negative for pulse
widths less than 30 fsec. The Raman interaction also introduces such features as self-
frequency shift and nonuniform chirp. Even so, it is a reasonable approximation to search

for a "best fit" soliton pulse.

The negative contribution to n 2 can be understood by looking at the phase as a
function of time. This is just the usual treatment of self-phase modulation (SPM) except
that the phase no longer depends instantaneously on the power of the pulse. The phase is
retarded with respect to the pulse and can be calculated using Eq.(2). An instantaneous
phase shift now appears only as the limit when the pulse is much longer than the Raman
response time.

To see what happens as the pulse width becomes comparable to the response
time, phase vs time was calculated for different pulse widths using only the Raman
contribution to n2. A Lorentzian response function was used with a resonant frequency
and damping term chosen to approximately match the silica response function.[3] The
response function is illustrated in Fig. 2a.

Figs. 2b-e show the pulse shape and calculated phase for several pulse widths.

The quantity actually calculated was the Raman part of Eq. (2). This is related to the
phase by the factor 27rL/k where L is the fiber effective length and X is the vacuum
wavelength. When the pulse is short, the phase is retarded with respect to the pulse. By
2e, the medium has only started to respond near the end of the pulse. To compare the
chirp in the different figures, we look at the phase near the peak of the pulse. On each
figure, the phase is approximately expanded as a sum of linear and quadratic contributions.

A linear change in phase with time is a uniform frequency shift. This is just the
Raman self-frequency shift. For an instantaneous response there is no uniform frequency
shift. When the phase is retarded as in 2c, a uniform shift appears and grows larger as the
pulse becomes shorter. When the pulse becomes extremely short the uniform shift
diminishes and disappears for pulses much shorter than the response time.
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It is this quadratic phase change which explains the negative n 2 for pulse widths
less than 30 fsec. The quadratic phase change is the frequency chirp, which for an

instantaneous response is the usual SPM chirp. We have defined an effective n2 which is
proportional to the frequency chirp. As the pulse gets shorter and the phase is retarded,
this quadratic part changes sign so that the effective n 2 becomes negative. Once the pulse
is much shorter than the response time, the quadratic part goes to zero.

The use of the phase-delay picture to explain the negative contribution to n 2

demonstrates the power of the time domain approach in dealing with ultrashort optical

pulses.
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The soliton self frequency shift in telecommunications fibre
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Pulses of duration 800 fs (sech2 FWHM) at 1550 nm are generated in an NaCI:OH laser

having an actively stabilised external non-linear cavity Ill. These are coupled into

lengths (several km) of standard telecommunications fibre (D=15 ps nm-'kr "', effective

area = 75 pm2 ). The spectral and time domain information about the pulses emerging

from the fibres is compared with the results of exact calculations. It has been shown

that the magnitude of the soliton self frequency shift 121 (SSFS) in a given length of fibre

is proportional to the inverse fourth power of the pulse width when a single soliton is

launched 11. However, the pulse-width(s) of the soliton(s) that form(s) from an arbitrary

launched pulse depends on the pulse power and shape. Consider a pulse launched in the

form A secht. The eigenvalues that describe the energies of the solitons that form are

given by

--A-j+0.5 i>O, j=positive integer (1)

The pulse-width associated with each soliton is TO, where ro is the pulse-width of the

launched pulse. Hence by altering the launched pulse power (proportional to A2 ), we

alter the pulse-width(s) of the soliton(s) that form(s) and hence the magnitude of the

SSFS that they undergo. Figures I and 2 show the experimental and calculated spectra

generated by pulses with initial values of A-1.4 and A=l.7 respectively in a 10.6 km

fibre. The features marked 'dispersive wave' represent the energy shed by the launched

pulse in order to form the soliton(s). The figures show that the A=l.4 pulse generates

one soliton () which undergoes a measurable SSFS and that the A=1.7 pulse generates

two solitons, one of which (Qj) undergoes a measurable SSFS and the other (Q2), being

relatively broad, does not. Figure 3 shows an example of the output from the fibre in
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the time domain, as measured by a fast photodiode and sampling oscilloscope, when

A>1.5. The l soliton, which undergoes an appreciable SSFS, is retarded by 1.25 ns with

respect to the 2 soliton and the dispersive wave. This is in line with theoretical

predictions and exact calculations given the sign and magnitude of the dispersion

parameter.

In order to determine the fibre length dependence of the SSFS, pulses were launched

into a fibre coupler that split the power equally between a 10.6 km length and another

length, z, of the same type of fibre. The ratio of the SSFS in length z to that in 10.6 km

is plotted in figure 4, along with results from a model I'l and exact calculations. The

model uses the result from perturbation theory that the soliton broadens by a factor e2
7z

after travelling distance z in a fibre of loss 'y. It yields the result that the ratio of the

1 -e
- M

SSFS at distance z, to that at z2 is given by le. , . The experimentally determined

ratios differ somewhat from those predicted, however measurements of the

autocorrelation widths of the fundamental soliton at 2.1 km and 10.6 km show that it has

undergone an excess broadening within the first 2.1 km corresponding to a loss of =30%

of the launched energy, but between 2.1 km and 10.6 km broadens by a factor close to

that expected from the fibre loss. This would have the effect of putting the measured

points above the theoretical curve in figure 4 as has occurred.
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Generation of Spatio-Temporal Patterns and All-Optical Switching

based on Coherently Induced Modulational Instability in Fibers

S. Trillo, S. Wabnitz

Fondazione Ugo Bordoni, Via B. Castiglione 59, 00142 Rome, Italy

1. INTRODUCTION
The appearance of niodulational sidebands building up from noise has been reported

when an intense cw or quasi-cw propagates in a fiber in the anomalous dispersion
regime [1]. The modulation transforms the input wave into a train of pulses with
ultra-high repetition rate. This process may be stimulated by seeding incoherently
(i.e., by means of a different weak detuned laser) the modulational instability (MI) [2].
However the experiments and the early theory on MI [3] have led to the difuse but
erroneous belief that in the presence of MI the input wave becomes a train of solitons.
On the contrary (temporally) periodic wave solutions of the nonlinear Schroedinger
(NLS) equation have shown that the propagation is periodic also in space (a phenomenon
known as Ferni-Pasta-Ulam recurrence [4]), leading to the formation of complex spatio-
temporal patterns [5-7]. We show here that the nonlinear dynamics of modulated waves,
which includes in principle the interaction of an infinite number of Fourier modes, is
essentially locked to the simple interaction between three modes: the pump and the
first symmetric sidebands. In this case a simple integrable one-dimensional equivalent
oscillator model [8-9] enables one to unfold the role of a coherent modulation at the input
in the generation of the spatio-temporal patterns. This suggests also the possibility of
new experiments in which the pulse train and switching among two logical state is
controlled by the input phase relation between the pump and the sidebands.

Moreover we succesfully apply the present model to deal with the case in which
the sidebands and the pump are linearly polarized along the ortho onal birefringence
axes of a birefringent fiber [10]. In this case the domain of MI can be extended to the
normal dispersion regime. We show that, in spite of the absence of analytical solutions
for the coupled NLS equations, the predictions of the truncated model are in excellent
agreement with numerical results.

2. TItEORY
We consider the coupled NLS equations that describe the evolution of the linearly

polarized envelope components u and v in a birefringent fiber, which read in dimension-
less units,

.(u 1 0 2u A +2 2 )u + =0
Z - -- -2 + -u + (u I 3

8v 1 0 2v A 2 2 2 1 (1)
+ 2 - -2 v + (I + u + 5v u= 0,

where A is the linear birefringence, the upper (lower) sign holds in the anomalous (nor-
mal) dispersion regime, whereas and t are the longitudinal and temporal coordinates.
Here we consider both the case of scalar or conventional MI, and the case of polarization
modulational instability (MPI) in a birefringent fiber.

1) Let us consider initial conditions such that
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u(C O't) =1 + b Cos (Qt), v(C O't) = , (2)

where b = Eexp(io/2), and eI < 1. In this case the propagation is governed by the
scalar NLS equation for the u component. By inserting eq.(2) in eqs.(1) and linearizing
it with respect to b, one obtains the usual condition for modulational instability (MI)
of the continuous wave solution Q < 2, whenever the propagation is in the regime
of anomalous dispersion of the fiber [11. Though in the regime of strong depletion
higher order sidebands may be generated, the three-wave interaction gives an excellent
description of the propagation whenever 1 < Q? < 2, so that higher order modes do
not experience an initial exponential amplification. In other words we investigate the
evolution of the initial conditions (2) over distances for which the approximation El < 1
fail. Let us consider the ansatz

u( ,t) = e0 2/ 4 (Ao(C) + v/AI( ) cos(Qt)). (3)

By substituting eq.(3) in eq.(1) and grouping terms vibrating with the same frequency
we obtain two coupled ordinary differential equations for A0 (C) and A, (C). It is conve-
nient here to represent the evolution of the modulated wave by introducing a geometric
representation based on a psedo-Stokes modulation vector S = (SI, S2, S 3), whose com-
ponents read by definition

S1 = (Ao1 2 - JAI1 2 )/SO; S2 = (A*A 1 + c.c.)So; S3 = (iA Al + c.c.)/So. (4)

Note that So = AO 12 + IAI 12 is a conserved quantity of eqs.(4), whereas So is generally
not conserved in the original system of eqs.(1). The evolution of the optical field in the
fiber may be graphically displayed as the motion of the tip of the vector S = (S], S2, 53)
on the sphere {S: S + S22 + S32 = S02}. We obtain

dS
= (fL + ONL(S)) X S, (5)

where ( = S0 , fL = (K/2,0,0), where K = Q2 /S 0 , is a dispersive contribution and
fNL = (- 7SI/4 + 3/4, -S2, S3 ) accounts for the nonlinearity.

Figure (1) shows the projection of the solutions of eqs.(1) on the sphere of unity
radius, with initial conditions (2), K = 1, and the choice of anomalous dispersion. Each
point on the sphere represents a different modulation state. For example, the points
Sp, = (±1,0,0) represent the ummodulated pump and the sidebands, respectively.
Points on the equator (i.e., on the S3 = 0 plane) represent pure amplitude modulations
(i.e., with 0 = 0), whereas points on the meridian with S2 = 0 correspond to pure
requency modulations (i.e., 0 = 7r). All the remaining points represent mixed AM-FM

modulation states. The vector S was evaluated from the first three Fourier components
of the full numerical solution. The agreement with the prediction of eq.(5). in particular
in the proximity of the separatrix trajectory that emanates from the unstable pump
mode is excellent.

The insets in figure (1) show the intensities in one temporal period T that corre-
spond to either an initial AM or FM wave (0(z = 0) = 0, 7r). As can be seen, in both
cases a strong AM modulation periodically develops in the fiber. However, whereas
the trajectory inqide the separatrix evolves around the same stable AM eigenmodula-
tion, the trajectory that lies out.ide the separatrix switches between the two stable AM
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cigennmodulations that are time-shifted by half a period. As a result, a change from FM
to AM of a weak initial modulation may result into orthogonal modulation states at the
fiber output. They may be discriminated by cross-correlation with a reference pattern
or by coherent detection. We anticipate that this effect has potential applications to
all-optical information processing devices.

AV S3

Figure 1: Modulational sphere and AM-FM switching in a dispersive nonlinear medium
based on modulational instability.

2) When we set the initial conditions for eqs.(1) to

u( = 0, t) = 1,v( = 0, t) = bcos(t), (6)

vqs.(1) describe the propagation of a modulated wave with sidebands orthogonally po-
larized with respect to the pump. With the ansatz

u(, t) =Ao(f) ea 4; v( , t) = V'2Ai(,)ef'fl C/4 cos(f)t). (7)

from eq.(2) one obtains by following a procedure similar to the one outlined for the scalar
case an integrable equation of the form (5) , with OlL = (K/2,0,0), K, = A/2 ± Q2 /4
;1nd fNL = (35 1 /4 - 5/4,-5 2 , S 3 ). In the present case AM/FM controlled switching
between two temporal shifted patterns is still possible, once a polarizer at 45 degrees
between the axes is placed at the output. However the output conversion may be
controlled also by inducing a separatrix crossing by minimal changes of the initial mod-
ulation depth. This is shown in fig.2, where we report the evolution of one period of
the modulation in the normal dispersion regime, for a pump along the slow axis, a
weak frequency-modulation at the input and slightly different modulation depths (left
aiid right). We anticipate that for other combination of pump orientation and sign of
dispersion we have found situations in which the three-wave model is no longer valid
and spatio-temporal chaos may result.
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Figure 2: Evolution of one period of the time-periodic pattern of the two components
of the field. Left: evolution in regime of strong coupling (inside the separatrix). Right:
evolution in regime of weak coupling (outside the separatrix).

3. CONCLUSIONS

We have shown that a truncation to three Fourier modes may well describe the
propagation of (both isotropic or polarized) modulated waves in the strong depletion
regime. The characteristics of the generated spatio-temporal patterns generated through
the coherently induced modulational instability lead to conceive novel schemes for all-
optical information processing and switching.

This work was carried out in the framework of the agreement between Fondazione
Ugo Bordoni and the Istituto Superiore Poste e Telecomunicazioni.
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Rare-earth doped optical fibres offer wide gain bandwidths and provide an
ideal medium for the generation of ultra-short optical pulses. To date research
in mode-locked fibre lasers has centered on active mode-locking schemes incorpo-
rating fast phase [1] and amplitude modulators [2]. However, the large non-linear
effects obtainable in optical fibres make passive mode-locking an attractive propo-
sition. A self-starting, passive mode-locking scheme based on the reflection prop-
erties of the Non-linear Amplifying Loop Mirror (NALM) [3] has recently been
reported [4,5]. The system is capable of both picosecond/nanosecond duration
square pulse operation [4] and ultra-short femtosecond soliton generation [5,6]. In
this paper we discuss the various modes of operation of the laser and present re-
sults on pulse repetition rates, an important characteristic for a practical source
of ultra-short solitons.

The laser configuration is illustrated in figure 1. The switching characteristic
of the NALM dictates that the minimum loss per cavity round-trip pulse forms are
either square pulses with a peak intensity determined by the switching power of the
loop, or solitons. Both of these pulse forms can propagate in a non-linear medium
with a constant phase across their entire envelope and this characteristic enables
complete switching by the NALM [7]. In order to self-start, noise is required at the
NALM input to enabie either the square or soliton pulse forms to develop. The
noise is provided by reducing the linear cavity loss to a level sufficient for the onset
of CW lasing. This is achieved either by applying a birefringence induced non-
reciprocal phase bias within the NALM or by arranging for asymmetric splitting at
the NALM coupler. This latter option would permit the system to be constructed
entirely of polarisation-maintaining fibre, thus improving system stability. Both
square pulses with durations in the pico/nano -second range [3] and femtosecond
soliton pulses [4,5] have been observed experimentally with the system operating
at 1.55 um. The shortest pulses so far generated had a duration of 320 fsec [4,5]
and a corresponding time bandwidth product of 0.32 (see figure 2).

As well as having two distinct modes of pulse generation, the system has
at least three distinct regimes of operation with regard to pulse repetition rates.
During square pulse operation (which constitutes the most stable operation of the
system), pulses are generated at the cavity round-trip frequency. In this regime
the repetition rate is stable with regard to changes in input pump power, provided
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that the pump power is not reduced to a level below which the pulsing cannot be
sustained. The peak power of the square pulses remains clamped to the switching
power of the NALM loop and, as the pump power to the system is increased,
the extra power circulating in the cavity is taken up by a corresponding increase
in pulse width. Square pulses generated with a 104m NALM at a variety of
input pump powers are shown in figure 3 and illustrate the pulse broadening with
increasing pump level.

The transition from the square pulse to the soliton regime of operation is
most readily induced by changing the NALM phase bias. Three distinct modes of
repetition rate behaviour have been observed. Firstly, as the NALM phase bias is
slowly altered the square pulse is seen to break up into tightly-packed bunches of
solitons, the bunches repeat at the cavity round-trip frequency. The situation is
illustrated in figure 4. As the phase bias is adjusted close to the point at which
the transition from square pulse to soliton behaviour occurs, large deviations from
the expected 2:1 aspect ratio of the coherent spike to the pulse shoulder in the
background free autocorrelation traces of the square pulses are observed. This
observation indicates that substructure on a femtosecond timescale develops within
the square pulse just prior to the transition to the soliton regime. Pulse repetition
rates as high as 100 GHz (as determined from autocorrelation scans) have been
observed within the pulse bunches.

Secondly the system can enter a soliton regime in which the solitons are no
longer bunched, but occur seemingly randomly distributed over the entire cavity
round-trip period, the pulse patterns repeating at the round-trip frequency. An
example of this random pulsing is shown in figure 5a, where, since the detector
response time (55 psec) is far longer than the pulse duration (500 fsec), the trace
effectively displays the pulse energy. The pulse with twice the amplitude of the
others is due to two pulses occuring within the detector response time and illus-
trates the quantisation of pulse energy associated with solitons being the preferred
switching unit for system operation. Note that because of this energy quantisa-
tion, more pulses must circulate in the cavity if the pump power is increased, i.e.
the average repetition rate must increase in order to obtain more output power.
Moreover, no discernible change in the output soliton autocorrelation traces and
spectra with input pump power have been observed with the system. This is in
contrast to the square pulse mode in which the pulse peak-intensity is clamped
and increased circulating energy is taken up by an increase in pulse duration.

By appropriate adjustment of input pump power and birefringence of the
NALM it is possible to enter the third pulse repetition rate regime and obtain
pure harmonic mode-locking as illustrated in figure 5b. However, in this mode the
system is very sensitive to slight changes in pump power. Exactly what factors
determine which of the three regimes of soliton generation is encountered are not
yet understood. One possibility is that cross-phase modulation between counter-
propagating pulse bunches within the NALM loop can play a significant role in its
switching operation. The effects of cross-phase modulation would be maximised
for tightly bunched pulse trains.
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In conclusion, the various pulsing regimes of operation of the femtosecond
soliton laser have been clarified. From a practical point of view, stabilisation of
pulse repetition rates is an important ,oal. We have recently obtained encouraging
results by incorporating within the system a pulse multiplier consisting of a re-
circulating fibre ring delay line. Results of these experiments will be presented at
the conference.
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Figure 3) Output pulse shapes for 104 m mode-locked fibre laser as a function of pump

power. Input 980 nm pump powers were (a)155 mW, (b)115 mW, (c)75 mW

and d)40 mW. The system self started at an input pump power of 80 mW.

Figure 4) (a) Soliton pulse bunches circulating around the cavity at the cavity round

trip frequency. (b Exploded view of an individual soliton bunch.

Figure 5) 450 fsec soliton pulse trains. (a) Pulses randomly spaced but well separated.

The pulse of apparently twice the amplitude of the others is due simply to

two pulses arriving within a time period less than the detector response time.

(b) Pure passive, harmonic mode-locking (f=67.2 Mhz, the 16 th harmonic of

the cavity round-trip frequency).
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Interacting solitons in an erbium fibre laser.
R.P. Davey, N. Langford and A.I. Ferguson

Dept. Physics & Applied Physics, Strathclyde University,
Glasgow, U.K.

Erbium doped fibres have become an important source and
amplifier of ultra-short pulses in the 1.5gm region where soliton
effects have important implications for long distance transmission
of optical data. We report on the observation of multiple soliton
interactions in a mode-locked erbium fibre laser. Complex
interactions including repulsive and attractive forces have been
observed over temporal separations of the order of 250ns
resulting in complex pulse-trains.

The cavity configuration is shown in figure 1, and is similar
to that described elsewhere." 2 The gain was provided by a 2.5
metre length of erbium doped fibre, which was fusion spliced onto
a 20 metre length of undoped fibre to ensure soliton pulse-shaping
in the cavity. The 528nm pump was coupled into the erbium fibre
through a cleaved facet which also acted as a 96% transmitting
output coupler. The cavity was completed by a highly reflecting
mirror and a bulk phase modulator provided modulation at 480 MHz.

Mechanical polarisation control discs were used to control
the polarisation state within each fibre and the pulses were very
sensitive to the alignment of these discs. The cavity length was
not a crucial parameter and could be detuned by hundreds of
microns with little effect on the pulses.

Two operating regimes were observed, neither of which gave
pulses at the modulation frequency of 480 MHz. In fact, the
modulator could often be turned off altogether and the pulses were
self-sustaining.

In the first regime, the pulses were at a frequency of 4.6 MHz
which corresponds to the cavity round trip time. Autocorrelations
showed a 3ps feature on a large,noisy pedestal.

By adjustment of the polarisation control discs, the second
regime could be obtained which gave pedestal-free
autocorrelations of 2.5ps duration. Observation of the output on a
fast photodiode showed complicated pulse-trains with periodicity
corresponding to the cavity round trip time, as can be seen in
figure 2, which also illurstrates the quantised nature of the pulse
heights.

In this regime the number of pulses within the cavity was a
linear function of output power. By reducing the pump level, pulses
could be made to vanish one at a time, until for output powers of 2
mW, single pulses at 4.6MHz were obtained. The autocorrelation
did not vary significantly during this process. The energy required
to support a pulse within the undoped fibre can be calculated to be
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Davey et al: Interacting solitons in an erbium fibre laser.
16pJ per pulse, which compares well with the corresponding
soliton energy of 18pJ. The pulses could form various complicated
patterns and often executed complex motions as if attractive and
repulsive forces existed between them. We believe this may be due
to soliton inter:'ctions.

In conclusion, we have observed novel behaviour from a
mode-locked erbium fibre laser. It is intriguing to speculate why
this system behaves so differently to others reported previously1 ,
and this will be the subject of further research.

References
1 K. Smith et al: Electron. Lett., 1990, 26, pp.1149-50
2 Davey et a: CLEO'91 CFE2

Undoped Erbium 528 nm
Fibre Fibre Pump

=~zZIO Splice
HR L P F 02 01

Figure 1. Cavity configuration. BS dichroic beam splitter, 01,02
microscope objectives, F filter to absorb residual pump, P
polariser, ML mode-locker, HR high reflector

Figure 2. Soliton pulse-train observed on a fast photo-diode.



52 / MC3-1

Noise in a passively mode-locked fiber laser
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Introduction
Passive modelocking of fiber lasers has recently been shown to be a viable technique for
the generation of ultra-short optical pulses[1 , 2]. In fact pulse-widths as short as 38fsec
have been generated with such lasers to date[3], which compares well with pulse-widths
obtainable with much more complex bulk laser systems[4-8]. However, for practical
applications not only the pulse-widths generated with a particular oscillator are impor-
tant, but also its radio frequency (RF) noise characteristics. From the RF-spectrum of
modelocked oscillators information about the amplitude-noise and timing jitter of the
generated pulses can be inferred[9- 12]. Here we choose to investigate the noise charac-
teristics of a fiber laser passively mode-locked by nonlinear polarization evolution[2,3
due to the simplicity of the involved experimental set-up and its superior performance
in short pulse generation compared to other fiber laser passive mode-locking schemes
involving a nonlinear amplifying loop mirror[1',13].

Experimental
We used essentially the same experimental set-up as in Fig. 1b) of ref. 2, which
consists of a Fabry-Perot cavity with an intra-cavity polarizer, a dispersive delay line
and an active fiber attached to on- of the two cavity mirrors. Polarization control
is achieved by pressing the f b-r with three piezoclectric cylinders. Here the output
coupler had a reflectivity at the 1'isi iL, wavelength of 54% and the dispersive delay line
design elliminated any spatial freq cy chirp at the fiber iaser output. The high output
coupling typically increases the --ig term stability of the mode-locked fiber laser, but
causes an increase in obtainable pulse widths. A weakly-linearly birefriLgent silica fiber
doped with 1700ppm Nd 3+ was employed in the experiments. The fiber length was
40cm, the core diameter was 51Lm and the cut-off wavelength of the first higher-order
mode 1pm. With an absorbed pump power of 350mW from a Krypton laser a mode-
locked laser power of 20mW was so obtained. Typical pulse-widths were 80fsec with
a time-bandwidth product within 10% of the bandwidth limit. The pulse repetiton
rate f0 was 45.7MHz. Under these conditions a stable mode-locking regime was found
when coupling the laser pulses (intra-cavity) at 5 450 to the fiber birefringence axes
with a round-trip phase delay between these two axes of 7r, i.e. the fiber was found
to operate linearly as a quarter-wave plate rotating the polarization state by 900 in
a double-pass. When modlocked the linear polarization rotation was cancelled by
nonlinear pulse propagation in the fiber, thus a passive amplitude modulation of nearly
100% was obtained in the fiber laser. The RF-spectra were measured with a Rhode-
Schwartz spectrum analyser with a 6Hz resolution bandwidth in a 100Hz - 2GHz span
and an 8GHz-bandwidth InGaAs photodiode.
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Results
The measured spectral noise density at the fundamental carrier frequency fo measured
with a 500Hz resolution in a lOOkHz span is shown in Fig. 1. Note that in this mea-
surement the noise floor level in the 1 - lOkHz range is slightly enhanced compared to

optimum mode-locking conditions. The single side-band total noise spectral density[11]
at the fundamental carrier frequency and its 30th harmonic LI(f) and L 30 (f) are dis-
played in Figs. 2 and 3. The noise spectral density for L 30 (f) for frequency offsets <
2kHz is seen to be higher than for Ll(f). This is due to the influence of phase noise
which is additive to the total noise spectral density (for small phase fluctuations) and
varies as n 2 with the order of the carrier harmonic frequency. From Figs. 2 and 3 it
may be inferred that the phase noise is negligible at the first harmonic and therefore
Ll(f) essentially corresponds to the single side-band amplitude noise spectral density
LA(f). The spectral feature in the frequency range from 2 - lOkHz stems from a noise
band of the Krypton laser. This amplitude noise also dominates the total noise spectral
density of L 30 (f) for frequency offsets larger than 2kHz. Note that the shot-noise spec-
tral density level (with respect to a photo-current of lmA) was at -158dBc. Thus at a
frequency offset of 1kHz we obtain an amplitude noise spectral density 51dB above the
shot noise level. The maximum sensitivity of our set-up was at ; 35dB above the shot
noise level and thus a higher measurement sensitivity is required to resolve the spectral
noise features at high frequency offsets. The single side-band phase noise Lj(f) was

inferred[9- 12] from L 1 (f) and L 30 (f) and is shown in Fig. 4. LA(f) and Lj(f) com-
pletely characterize the noise performance of the laser system and allow the calculation
of the root mean square (rms) timing jitter aj and the rms amplitude fluctuations a,
in a frequency band flow - Jhigh. In this oj is given by

I ( fhg h  ) 1/2

S- f 2Lj(f)df (1)oj 27r/ fo

and oa is calculated by substituting Lj(f) with LA(f) in eq. (1) and omitting the factor
(1/2rfo). In a 300Hz - lOkHz band a rms amplitude fluctuation of 0.07% and a rms
timing jitter of 200f sec are thus obtained. In a frequency band from 130Hz - 20kHz
the timing jitter was 300fsec. These noise figures are approximately one order of

magnitude lower than results obtained with colour center lasers[11,12]. We attribute the
superior noise performance of the fiber laser mainly to the low noise of the employed
Krypton pump laser and the stability of the polarization setting in the short fiber length
employed, which did not require any adjustments for time periods of hours. Note,
however, that a sharp rise in noise spectral density was observed for frequency-offsets
<100Hz and we are currently improving the measurement system to resolve these noise
features. The main sources of timing jitter were drifts of the laser round-trip frequency
due to low-frequency thermal variations in cavity length and thermal fiber vibrations
at the butt-coupled launch mirror onto which the pump-light was focussed. We expect
a further improvement in noise performance by employing laser diodes as the pump
source and resorting to all-fiber cavity designs with cavity mirrors directly coated onto
the fiber ends. Stable timing of the laser on a 1Hz scale would require active control of
the cavity length[' °], but could also be achieved by enclosing the fiber in a temperature
stable environment.
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Conclusions
In conclusion we have measured the noise performance of a modelocked fiber laser. The
laser produces sub 100fsec pulses with a superior noise performance compared to colour
center lasers. The results demonstrate that mode-locked fiber lasers are an attractive
source for precision measurements on a femto-second scale and have potential as highly
stable optical oscillators.

We are indebted to Prof. Seifert for lending us the RF spectrum analyser and
to F. Krausz and A.J. Schmidt for stimulating discussions. This work was supported
by the Fonds zur F6rderung der wissenschaflichen Forschung in Osterreich, project No.
P8024-TEC
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Summary

In recent work [1], we have studied the the shaping of picosecond-duration

optical pulses by the intensity-dependent transmission characteristics of a nonlinear

fibre loop mirror. We demonstrated both experimentally and theoretically the

advantages to be gained from this pulse shaping, in particular pulse compression and

pedestal suppression. In this paper, we report on a Nonlinear Amplifying Loop Mirror

(NALM) which performs both amplification and intensity filtering functions. We

believe that this work will be of significance to all-optical transmission systems [2] and

to some of the novel erbium fibre soliton laser configurations now being

investigated [3].

A schematic of the NALM configuration is shown in figure 1. The loop

was constructed from a 30 m long diode-pumped erbium doped fibre amplifier

(EDFA) and a length, L = 8.8 km of Corning dispersion shifted fibre. The dispersion

zero of this fibre was around 1.55 pm and was chosen such that pulse shaping due to

propagation effects would be negligible. Fibre polarisation controllers (PC) were also

included in the loop in order to adjust the device to the desired reflection or
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transmission mode.

It can easily be shown that for such a configuration the square pulse

transmissivity, T, is given by

T= =G 1-2a(1 a)I + - -

where 0 (= 2 rn2PiL/AAeff) is the nonlinear phase shift. P, and Pi are the transmitted

and input powers respectively, A is the wavelength, n2 is the nonlinear (Kerr)

coefficient, Aff is the effective fibre core area, and G is the power gain of the

amplifier. Since the EDFA provided small signal gains of =30 dB, the calculated

switching power, Ps, can be as low as =0.5 mW peak for the configuration described

here. These powers are available from mode-locked semiconductor laser sources.

At the high repetition frequencies available from mode-locked

semiconductor lasers, the average powers corresponding to these switching powers are

comparable to the saturation powers of the erbium amplifier. We have conducted an

experimental and theoretical study of the NALM response when amplifier saturation

becomes important. Figure 2 shows the computed response of the NALM (dashed

line) for sech 2 input pulses with a 20 dB (small signal) amplifier that saturates (i.e. G

decreases by 3 dB) at an input power comparable to the calculated switching power

(Ps =0.01 with n 2L/AAeff= 1). The full line in figure 2 represents the response of the

EDFA in the loop. Theoretically, we find that although the action of the NALM

sacrifices some overall gain (at best z3 dB), we achieve significant pulse compression

(by = xO.5) and pedestal suppression. This is illustrated in figure 3 which compares
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experimental autocorrelation traces at the input and output of the NALM for a

mode-locked semiconductor laser generating = 12 ps pulses at 2.5 GHz. Further data

relating to the performance of the NALM will be reported.
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Figure Captions

Figure 1: The NALM Configuration

Figure 2: The sech2 pulse response of the NALM (dashed line) and EDFA (full line).

Figure 3: Autocorrelation traces of (a) input pulses and (b) pedestal-free, compressed

pulses transmitted through the NALM. (10 ps/horiz. div.).
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A source that exploits both soliton shaping and broadband high gain within a single

fibre etivironment is particularly appealing. Recently, Smith et al I1I, demonstrated this simple

idea with Ui mode-locked erbium fibre laser. Short picosecond structures with temporal

spectral and power characteristics consistent with fundamental soliton shaping were observed.

An important feature of the experiment was that only a short length of high gain single mode

erbium doped fibre was used. This limit contrasts with previous studies [2] and leads to soliton

behaviour that is significantly different from that commonly associated with propagation in

long fibres with tow gain 131. The results presented here form part of a theoretical study aimed

at understanding the stable behaviour of solitons reported in this short length high gain limit.

Our simple m(lel is based on the experiment [I]. A uni-directional ring cavity is

formed by a single mode fibre of length, za = 0.02km with laser transmission, T = 0.96,

facilitated by discrete loss at one end. Pulse propagation is described by the nonlinear

Schrodinger equation, with anomalous dispersion and driven by a constant pump term. The

pump provides a distributed gain, g - 700dB/km, that is nonsaturating of infinite bandwidth

and uniformly distributed along the fibre. Successive cavity transits then lead to the (soliton)

ptll e e fi k nmg a periodic energy profile, figure.la, where the net gain is unity.



MC5-2 / 61

In a fibre based system with such large periodic variations one might expect the

evolving soliton structure to be severely disturbed so that stable propagation is precluded. Our

studies, however, reveal that when the single solition period is much greater than the

amplification period, Z. >> Za a stable region exists. H ere dispersionless single soliton-like

behaviour can be realised even though there is a severe variation in the pulse intensity ! In this

limit amplification takes place nonadiabatically, with the resultant soliton then understood in

terms of averaged quantities. An example illustrating the fast nonadiabatic component as a

stable solution is shown hv tirlii . 
?.A loi " With th , -Ihrmn t r'rr,-,, it nuvp AC,.. -t,'. I . 1

Here an initial pulse of the form A.sech(t/c) was used, where A is not the usual soliton

amplitude. This behaviour is quite uncharacteristic of that commonly associated with solitons

propagating in tile presence of gain [3] and will be discussed in detail.

Away from the stable region the soliton behaviour becomes progressively more

complicated. Our studies have revealed two further regions exist. For the case where Z > Za

the evolution is dominated by pulse compression, energy shedding and the generation of a

dispersive wave. Finally in the limit Z 0  Za, substantial reshaping of tile initial soliton takes

place which involves the symmetrical division of the initial structure into a number of less

energetic components. An example of this is shown by figure.2c. 'T'hc mechanism responsible

for these features will be remarked on briefly.

[11 K.Smith, J.R.Armitage, R.Wyatt, N.J.Doran & S.M.J.Kelly, Electron. Lett., 1990 26 1149

.21 J.D.Kafka, T.Baer & D.W.Hall, Opt. Lett., 1989, 14 1269.

131 K.J.Blow, N.J.Doran & D.Wood, JOSA B (1988) 5 381
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I/MC6-1

Quantum Propagation in Optical Fibres

KJ.Blowt, R.Loudon * and SJ.D.Phoenixt

tBritish Telecom Research Laboratories, Martlesham Heath

Ipswich, IP5 7RE, England

*University of Essex, Colchester, England

Tel: +44 473 643417

Quantum theory, as normally formulated, describes systems enclosed in an artificial

box through its time evolution. In some systems, such as a laser, the box may be a

physical element such as a cavity. In optical fibre communications the situation is

somewhat different. The optical field is continuously generated by a source such as a

laser. Once generated the field propagates along an optical fibre and is detected in

some form of receiver at the far end. Quantum theory, with its reliance on

Hamiltonian systems necessarily conserves the total energy in the system whereas

fibre communication is better described as a balance between sources and sinks.

Under these circumstances it may be more appropriate to describe the spatial

evolution of the field [11, [2, 13. In this paper we describe an approach to the study of

quantum propagation in optical fibres. The discussion will be based on the dcscription

of single mode weakly guiding fibres so that a one dimensional scalar wave equation

can be used to describe the electric field.

Without the quantization box the modes of the system are continuous in both the time

and frequency domain which enables us to work directly with continuum operators

rather than with their discrete counterparts. The positive frequency part of the
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electric field is written 111, for a narrowband excitation,
1

E1W] 2 fda (w)exp-iw- } 1

where A is the mode area and w, is the central frequency of the wavepacket. The

normally ordered Poynting vector is defined as

S(z,t) = E (z,t)B +(z,t) + B (z,t)E+ (z~t (2)

and is conveniently expressed in terms of the Fourier transform a(t) of the destruction

operator a()

AS(z,t) = twoa (t - z)a(t - z). (3)
C C

This has a particularly simple physical interpretation as the energy per photon

multiplied by an operator representing the flux of photons per unit time.

In the study of X3 processes it will be necessary to evaluate operators of the form

exp(O), where

8 = fdtg(t)^t (t)_(t). (4)

Using the noncontinuous operator representation we have proved the following

continuous version of a single ride theorem 141,

exp :fdt a a exp, fdt [eg (t) - Il (t)a(t)} (5)

where the colons denote normal ordering.
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The problem of quantum self phase modulation is exactly of the form of equation 4

where g(t) is related to the response function of the silica fibre [P], 6 Using the

theorem in equation 5 we have been able to calculate the squeezing spectrum of an

arbitrary pulse propagating in a lossless fibre. The optimum squeezed noise

(normalised to the shot noise) is shown as a function of distance in the figure. At

small distances squeezing is observed but at large distances the pulse displays excess

phase noise. The single mode theory of self phase modulation [71, predicts the

formation of a number state at large powers and this is consistent with our observation

since a number state can have no quadrature squeezing. In the figure we show the

predicted squeezing for two different values of the medium response time. The onset

of the enhanced quadrature noise is strongly dependent on this response time. This

effect could be one additional source of noise in recent experimental measurments of

squeezing in solitons [81
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Introduction
In the past few years, organic materials have gained much

interest for application in nonlinear optical devices. The
initial scepsis towards these new materials has decreased,
since interesting results have been obtained using these
materials. The advantages of such materials, expected by early
workers in the field, have partially been proven. High
electro-optic coefficients have been reported, and reasonably
well performing integrated optic devices have been realized
[1]. Some other items, such as long term stability, mode
matching and low cost production, still need further
investigations and development. Nonlinear optic organic
materials can be divided in several classes: organic (single)
crystals, Langmuir-Blodgett films and several polymeric
systems (solid-solutions, main-chain polymers, sidechain
polymers). Until now, side-chain polymers appear to be the
most promising class, mainly because of their attractive
processing characteristics and the flexibility in molecular
design.

Polymeric waveguides
The realization of waveguides using polymers is rather

straightforward. Polymers are easily deposited on a substrate
by spinning or dipping from a suitable solution, and
subsequent curing (1]. Slab waveguides are formed either as a
single layer on top of a transparent substrate, or as an
optical multilayer structure on a suitable substrate, e.g.
glass, silicon, gallium-arsenide etc. Such slabs provide one-
dimensional confinement of the propagating light, provided the
refractive index of the core layer is higher than those of the
cladding layers. To obtain two-dimensional confinement,
waveguiding channels are required, which can be realized by
several techniques. Ridge and inverted ridge waveguides [2]
can be '-rmed by etching, analogous to the case of inorganic
structures. However, polymers offer more possibilities using
specific properties of the material. Photoinduced effects
[3,4] are of particular interest since these offer simple
means to realize channel structures. A very elegant way of
channel formation is given by the photo-bleaching technique,
which only requires the irradiation with suitable light to
obtain a refractive index change. This technique can be used
if the active groups in the polymer consist of substituted
stilbenes, which exhibit a conformational change upon
irradiation in the charge transfer band (TRANS to CIS
isomerization) [4]. Channels realized by this method have
smooth sidewalls, thereby minimizing the channel losses, and
show no surface topography, which eases further processing on
the structure.
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Poling
Polymers incorporating nonlinear optical (nlo) moieties

exhibit no spontaneous nlo effect, since the active groups
will be oriented at random. To induce a bulk nlo effect, an
alignment process is required. The alignment of the nlo active
groups, which have a permanent dipole moment, can be induced
by electric field poling. The polymeric layer is heated close
to its glass transition point, where the molecular fragments
have a high mobility. At this elevated temperature the layer
is placed in a strong electric field, causing the dipoles to
be oriented along the field lines. Finally, with remaining
electric field, the film is cooled to ambient, freezing in the
orientation of the active groups.

Several methods have been used to pole polymeric nlo
films. Usually, thin electrodes are deposited on the substrate
and on top of the polymeric film. The (DC) poling field is
generated by a voltage difference between these two
electrodes. Alternatively, a corona discharge can be utilized
to charge the polymer surface. Recently, pulsed poling fields
have also been reported [3] to induce locally inverted
orientation of the active groups.

The poling efficiency and parameter dependency can be
evaluated by several measurement techniques, either in
transmission through thin films [51 or in waveguide structures
[6].

To obtain high electro-optic coefficients in poled
polymeric films, high electric fields are required.
Fabrication of polymeric multilayers should therefore always
be performed under clean room conditions, since contaminations
will lead to electrical breakdown during poling. Field
strengths up to 200 V/pm have been reached on relatively large
surfaces (5 cm dia.). In such poled layers, electro-optic
coefficients as high as 34 pm/V have been measured in the near
infrared (off resonance condition).

Design of polymeric structures
Due to the specific properties of polymers, a flexible

design of waveguide devices is possible. By tailoring the
refractive indices of the different layers, the dimensions of
the waveguide can be chosen: a low contrast (An < 0.5%)
permits relatively large single mode channels, a high contrast
implies small size channels. Channel dimensions in the order
of 6 to 8 um (width and height) will increase the coupling
efficiency with single mode optical fibres, however, a high
confinement factor enables small radii of curvature for bent
waveguides, resulting in a more compact design. A combination
of both systems on a single substrate might even be feasible,
due to the flexibility of processing techniques using this
type of polymers.

Well known computational tools to evaluate waveguide and
device designs, such as the Beam Propagation Method, can be
used for polymeric systems.

Polymeric waveguide device fabrication
The realization of polymeric integrated optic devices has

been demonstrated. Waveguides are made by channel formation in
a polymeric sandwich, as described above. To obtain a nlo-
active device, a poling step is required. At this stage, two
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alternatives are available: the entire area of the polymer
multilayer can be poled (1], or only a small portion of the
polymer area is poled [3]. A disadvantage of the second option
is that it will induce an abrupt change of the refractive
index in the waveguide at the edge of the poled area, since in
general poling gives rise to refractive index changes and
birefringence [6]. This can result in scattering losses at
these boundaries. The first method is, therefore, preferred.

After poling, a deposited top electrode layer needs to be
patterned to form the driving electrodes. Finally, end-facets
are prepared either by cleaving the substrate with the
multilayer structure on it, or by suLsequent sawing, grinding
and polishing.

Device examples
Several groups have reported on polymeric nlo devices.

These include phase and intensity modulators [1,2], spatial
switches [1], railtaps [7] and frequency doublers [8,9].
Typical performances of intensity modulators (Mach-Zehnder
interferometers) are vr values down to 4.5 V [1], with
extinction ratios better than -15 dB. High speed modulation up
to 20 GHz (instrumentation limited) has been demonstrated in a
polymeric Mach-Zehnder interferometer, too [10].
Directional coupler switches have been demonstrated, with
switching voltages of the order of 8V, and an extinction ratio
better than -15 dB [i].

Stability of polymeric devices
A most important issue is the long term stability of

polymeric devices. Since the nlo effect is induced by the
poling process at a certain temperature, the orientation of
the active groups can also be destroyed at these temperatures.
The absolute value of the glass transition temperature (Tg)
therefore determines the maximum allowable temperature of the
device under operation or storage. Usually, the device should
be kept at a temperature well below the Tg. Typical Tg values
of the present generation nlo polymers are between 70 and
160°C. At the Akzo Research Laboratories, the thermal
relaxation phenomena of a typical nlo polymer (based on di-
methyl-amino-nitro-stilbene) have been studied thoroughly [5].
The polar order relaxation rates have been measured at several
temperatures. It can be concluded that for this polymer, with
a Tg of 142°C, the long term use is expected to be limited to
60'C. Above this temperature, there is a noticeable decay of
the electro-optic effect with time.

In order to improve the stability, different approaches
can be chosen. Polymers with a high Tq will be useful at
higher temperatures, for instance polyimides can have a Tg
above 300°C, resulting in devices stable to at least 200°C.
A second option is the use of crosslinked polymers, in which
the relaxation of active groups is limited by the network
properties. Several groups have reported on progress in
thermal stability using crosslinked nlo polymers [11,12].
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SUMMARY

The availability of picosecond mode-locked pulses and low loss optical fibre has made it desirable to

use the effects of self-induced phase-shifts for applications in all optical processing. There have been

several successful demonstrations of all-optical switching in fused silica fibres in recent years. What is

common amongst most of these devices is that they use long lengths of fibre, typically 25m to km,

high optical powers or both. No demonstration of all optical switching in short lengths of optical

fibre at relatively low powers has so far been demonstrated. This limitation is mainly due to the low

nonlinearity of silica (3 x 10-20 m2 /W). Recently, 29cm long fibres made with new glasses have been

reported which yield 17nr nonlinear phaseshift with an input power of lkW [ 11. This paper reports on

the observation of self-induced polarisation instabilities in 10cm lengths of nitrobenzene-filled silica-

capillary single-mode waveguides. Large phase changes of at least l2nr are reported at peak input

powers of only 14W, with no saturation of the nonlinearity.

The optical fibre waveguide was manufactured using a 10cm long silica capillary with core and cladding

diameters of approximately I 4pm and 125jim respectively. It was filled with natrobenzene via

capillary action and sealed in Jsing silica windows. The waveguide was single mode at 1064nm. Such

devices have lasted several years and been used over many months without deterioration, or significant

loss of the nitrobenzene. Fig. I shows the experimental layout. A Quantronix 117 mode-locked

Nd:YAG laser, operating at 1064nm generating 200ps pulses at a repetition rate of 76 MHz was used

in the experiments. A V2 plate and a polariser were used to control the input power launched into the

capillary waveguide. A motorised X/2 plate at the input was used to control the azimuth angle of the

input polarisation. The light at the output end of the fibre was split into horizontal (H) and vertical

(V) polansation (relative to the optical table) and focussed onto two fast (< 90 ps rise time)

photodiodes. It should be noted that the fast and slow fibre axes were oriented at an arbitrary angle a

with respect to the table, so that the H and V polarisations were not necessarily the optimum

polansauons to investigate the instabilities. The output was displayed on a fast sampling oscilloscope

and also coupled to a boxcar averager for quantitative measurements.

Fig. 2a shows a series of transmittance curves at the H-port photodiodc as a function of the input

polarisation. with increasing input powers. For the V-port there is a complementary set of curves

which is not shown. The lowest curve is for a peak power of 0.875 W. The output power has a
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sin2 0 dependence on the input azimuth angle 0. With increasing input power, the transmittance

changes rapidly over certain angles. This feature is characteristic of a fast axis polarisation instability.

The antisymmetric dependence of the output power on the azimuth angle is due to the angular

misalignment of the fibre and analyser axes.

The theoretical response has been modelled using coupled mode-theory and is shown in Fig. 2b. Two

free parameters are used to fit theory and experiment, namely the angle a and the ratio p of the fibre

length to the polarisation beatlength. For this simulation the ratio was assumed to be 0.9 and a was

found empirically to be 320 with respect to the H-polarisation. There is good qualitative agreement

between the simulation and the experimental results.

Fig. 3a shows the experimental transmittance of V- and H- polarisations as a function of the input

power for an input polarisation azimuth angle of 60o to the H-polarisation. This figure is equivalent

to taking a cross-section of the response shown in Fig. 2 at approximately 900. Complete switching

was not observed since the analyser was not set at the optimum position. The simulated response is

shown in Fig. 3b. Good qualitative agreement is again observed. Each cycle in the transmittance

curve corresponds to a differential nonlinear phase shift of 21c between the two eigenmodes. In

addition, the eigenmodes experience a common phase shift. Consequently the most conservative

estimate of the total phase shift is 12nt. This number is in reasonable agreement with the calculated

value of 131c based on the published n2 of nitrobcnzene [2]. We have calculated the figure of merit

w = (1)

a).

to be 60 at 1064nm.

We have reported here the first demonstration of single-mode nitrobenzene cored fibre waveguides. The

experiments show that such fibres are excellent candidates for all-optical switching.

REFERENCES

I. M.A. Newhouse, D.L. Weidman and D.W. Hall, Opt. Lett., 15, 1185, 1990.

2. P.P. Ho and R.R. Alfano, Phys. Rev. A 20, 2170. 1979.



6 /MD2-3

10 cm long
polariser nitrobenzene-cored analyser

silica capillary fibre
Fig. I Experimental setup.
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Fig. 2 Transmittance of the V polarisation as a function of input azimuth angle for

increasing launched powers (a) experiment (b) theory.
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1. Introduction

A new polymer p-NAn-PVA illustrated in Fig. 1 was developed

by N. Ogata et al. 1 ) for implementing second-order nonlinear-

optic (NLO) devices. p-NA (p-Nitroaniline) is introduced as

side-chain to PVA (Polyvinyl Alcohol) main-chain via acetal-link-

age, and second-order NLO effects emerge by electric-field in-

duced side-chain alignment (poling). This polymer has some at-

tractive features besides fabrication easiness. Large NLO sus-

ceptibility is expected since p-NA has large polarizability and

is highly doped (x=0.82), and the relaxation is small in compari-

son with dispersive type NLO polymers because of the high glass-

transition-temperature resulting from the acetal-linkage. In

this paper, we report the fabrication and characterization of p-

NAn-PVA waveguide and an application to electrooptic (EO) grating

switch. The EO effects originate from second-order NLO suscepti-

bility, and EO devices are one of important applications of such

NLO polymer waveguides as well as wavelength converters.

2. Thin film wavegulde

[Fabrication] DMF (Dimethylformamide) solution of p-NAn-PVA (6.6

wt%) was spin-coated on various substrates in the air of 80 0C and

desolved by 2 step heating (110°C/30 min followed by 160°C/60

min) in order to obtain smooth and uniform thin film. Glass-

transition-temperature Tg of the fabricated film was measured by

differential calorimetry to be 115 0C. It was confirmed from

spectral transmittance that the absorption edge was 0.48 pm and

there is no absorption at 0.83 pm. We can then use the thin film

as waveguiding layer for a 0.83 pm laser diode (LD).

[Refractive index) A single-mode waveguide of 1.0 pm thick p-

NAn-PVA guiding layer on a 1.0 mm thick Pyrex glass substrate was

prepared. Some samples were poled by a corona-discharge method.

The sample was set on a planar ground electrode and held at 140
6C. High voltage of +5 kV was applied to a needle electrode set

at 13 mm above the sample for 15 min and cut after sample cool-



MD3-2 / 79

ing. The poled film had birefringence with indices of 1.576 and

1.690 for beam-polarizations parallel and perpendicular to the

film, respectively, while the index of unpoled film was 1.617.

[Propagation loss] Propagation losses for as-prepated (unpoled)

and poled samples were 2.4 dB/cm and more than 12 dB/cm, respec-

tively. We think that the loss icrease by the poling process is

due to surface roughess induiced by corona-discharge and the loss

can be reduced by improving the poling condition and/or by

topping a cover layer.

[Electrooptic coefficient] Dependence of EO coefficient r3 3 on

the poling electric field was measured. Subscript 3 represents

the direction perpendicular to the film surface. In order to

estimate the poling field quantftatively, we prepared samples, in

which the NLO polymer was directly sandwiched between two planar
2)

electrodes, and measured the r3 3 by the reflection technique

The r3 3 increases linearly against poling field. The maximum

value was obtained to be 14 pm/V when the field was 120 V/pm,

that Is half of LiNbO 3 r3 3.

[Relaxation] We monitored th- relaxation of side-chain alignment

by measuring the r3 3 reduction of the fabricated samples after

leaving them at different temperatures. The dependenceq of the

normalized r3 3 on time after poling are shown in Fig. . Al-

though the r3 3 shows rapid fall for the sample held in the air of

100 0C (near the Tg =115°C), the r3 3 reduction of the 70°C sample

saturates after initial 20 % fall. The r3 3 of the sample left at

room temperature maintains more than 90 % of the initial value

even after 100 hours.

3. Electrooptic grating switch

[Configuration] We fabricated a waveguide EO switch as an appli-

cation of the p-NAn-PVA thin film and estimated the r3 3 of the

film poled by the corona-discharge method. The E0 switch was

constructed by integrating interdigital switching electrodes and

two linear and uniform grating couplers on a UV-adhesive/p-NAn-

PVA/SiN/SI0 2 waveguide as shown in Fig. 3. A laser beam was

coupled by a grating coupler to TM0 mode in the waveguide, diff-

racted by an EO Bragg grating induced under the interdigital

electrodes and coupled out by another grating coupler into the

air. The EO grating efficiency can be controlled by the applied

voltage, and the output beam switching is possible.

[Fabrication] The corrugation of the grating couplers was formed

by electron-beam lithography and reactive ion etching of the 0.15

pm thick SIN layer (refractive Index ng =1.8) deposited by plasma
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enhanced CVD on the SiO 2 optical buffer layer (nb=1.46 , thickness
Tb=l. 8 pm) RF-sputtered on a Cr-coated glass substrate. The p-
NAn-PVA film of 1.0 pm thickness was coated on it and poled by
the corona-discharge method with 140 0C and 5 kV. Then the In0 2
interdigital electrodes on a glass substrate, which were pattern-
ed by photolithog-aphy and wet-etching, were aligned and fixed by
a UV adhesive (nc=1.49 , Tc= 2 pm) on the p-NAn-PVA film. Specifi-
cations of the fabricated device are summarized in Table I.
Switching voltage was applied to one of the interdigital elec-
trodes against ,o the other connected with Cr counter electrode.
[Results] The output beams were monitored when a switching volt-
age of rectangular wave train was applied. Examples of the in-
tensity variation of the diffracted beam are shown in Fig. 4.
Intensities of both states were constant in the measurement range
of switching frequency (from 10 Hz to 20 kHz). However, in the
case of high switching voltage with low frequency, we observed a
DC drift in diffraction efficiency. The efficiency increased as
time advanced regardless of the polarity of the applied voltage,
and the offset could be brought back to zero by applying slight
reverse voltage. We think a main cause of the drift is a refrac-
tive index variation due to the electric-field induced side-chain
alignment. The r33 was roughly estimated to be 9 pm/V, which
consists with the results of the previous section.

4. Conclusion
Waveguides of a new polymer p-NAn-PVA were fabricated and an

EO grating switch was demonstrated as an application. Guiding
loss of a single-mode waveguide was less than 3 dB/cm. The ob-
tained maximum r3 3 was 14 pm/V, of which relaxation was less than
10 % in 100 h after poling. Diffraction efficiency of the EO
grating is controllable by the applied voltage and the switching
is possible. The offset due to a DC drift, which was observed in
the case of high voltage with low frequency, could be brought to
zero by applying slight reverse voltage. The r3 3 and the SHG
coefficient d33 are closely related, so that the results obtained
for the r33 supports similar features for the d3 3 and may be
useful in constructing SHG devices with p-NAn-PVA film.
[Acknowledgment] We would like to thank Prof. N. Ogata in Sophia
Univ. and Mr. Yokoh in Ube Industries, LTD. for their supports in
material discussion and supplying p-NAn-PVA solution.
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Fig. 3 Schematic of waveguide Fig. 4 Intensity
EO switching device, of diffracted beam.

Table I Specifications of the fabricated EO switching device

Light source Laser diode Wavelength )\=0.825 [pm]

Wavegtide UV-adihesive/pNAnPVA/SIN/SI0 2

Mode Index N=1.671 (TM0 )

Grating couplers SIN layer Aperture 0.5 x 2.0 [mm 2 I

corrugation Period Ae= 0 .89 [pm]
Output angle 0=48 [Deg.]

Interdigital JnO 2  Aperture D=2.0 [mm]

electrode patterning Coupling length L=l.0 [mi

Period Ae=20.0 [ipm]

Line width W=4.0 [Jim]
Diffraction Regime parameter Q=21tXl,/NAe 2 =7.8

Angle 20113=I.41 [Deg.]
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Summary

Poled lI ,lyIIer fils with nonlinear optical (N LO) chromophores doped or covalently

alltached to the pol)iiier chain have been the subject of recent study' -3 . These materials

live potentlial as elec, ro-optic switchiug/muOdulator a.id secowA hanmonic generator(SIIG)"' 5 .

I'Iwir iicl. ulIess i- determinied by their tenlpo!al stability and other physical and mechanical

wi., , i.t "r N LO processes, suchi as St1IG, it is essential to achieve noncentrosyiliet.ric

li ,l 't& I a .d. ,MI iii I i . I'i addition tile material 111.'t lpj ,)vi(e ease of pl ce d lbili \.

The poled polar polymer, vinylidene cyanide (VDCN) and vinyl acetate (VAc) copolymer

(P(VDCN/VAc) ), has recently been recognized as having NLO properties', in addition to its

piezoelectric, pyroelectric and ferroelectric properties7',. In particular, P(VDCN/VAc) has

strong piezoelectric, pyroelectric activities and exhibits ferroelectric-like dielectric behavior.

°Ilhe.se strong activities and the dielectric anomalies are considered to b~e due to the existence

, large ('-N Ii 1), le moments in the molecule andl to the oriented polar molecules ill polyimer

in., -,hJed Iy a high l)C field. Under poling at a high 1)( electric field, the VAc iiit loccated
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between two VDCN units would facilitate the rotation of main chains, which ultimately

causes the dipole orientation of the cyano group.

Recently, from the practical viewpoint of transparency and processability, a dye-attached

polymer, where the dye molecules are incorporated into the main chain, is thought to be a

pronisiig candidate for nonlinear optics2 '3 . We report here an approach in which nonlin-

ear chromophores are covalently linked to a glassy, filrn-forfiing macromolecule to produce,

after alignment in an electric field, a new class of single-component polymeric NLO mma-

terials. Vinylidene cyanide copolymers were chosen as backbone because of their excellent

traiispareiicy relatively high glas: transition temperature,Tg, (tU hel) stabilize chromophore

aligmment) anid amenability to varying kinds/levels of functionalization and processing. The

hiniwi alization of vilnylidene cyanide and p-hydroxy vinyl benzoate copolymer wa.s carrie I

till with lhe chl ill()l)ilores 4-tiitro-4'-oxo Iiphiii.yl ( Bl' ) aum Il-nit ro--t'-oxo ..stiitwl n . I

) IllecttIdr structires of the chlronmophore substituted copulyniiers are shown it lig. I

The lulyimer product was characterized for its thermal properties by diflerential scanning

k 1 r iii ml) ( l)( ) , thermal gravimetric analysis ( TGA ), and l'*)r chromiophore c nitelit I))

ir,,,uthi NINI { aid iltraviolet/visible ( IIV/VIS ) .,,)eclrop)('()l)y. The (hro ,l)hioie (olilili (,I

uiilhiel '(\I)('N/\'BZ-BP) and l'(VI)('N/VBZ-S-T) w. ie 10 90 nilc pikint (uIetiiit,,,I

by NMR). The Tg of the copolymers were measured using a DSC at a scanning rate of

10 C/min . The results are given in Fig.1 .

Thin films of these copolymers were obtained by spin-coating onto ITO-coated conductive

glass substrates.. Filn thicknesses measured by ellipsometry were from 0.1-- Mm. Films were

poled at corona onset in air (2 pA at 7 kV ) by a sharp tungsten needle tip one centimeter

above the liln. Films werc poled for 0.5 hr at the poling tenlerature (Tp), then the heater
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wa-, turnied off and til Ihe filn-i ralyaM I) cooled to r( oom temlpera t ure withI the p1 nilg fieh Il

:\ tel er eacin g roomz tenip.erature , the polilig field wits remtoved. Thle 11) was svlcc Ie so

Ithat. T) > 'Pg

I'lie second-order nonlinear optical coeffiCienlt. (133 of the coroita-poled films were illeaire(1-O

1) the NIc lakr inge ineit hod witlh quartz2 as a referenice. The ex per imeintal set iltic forI ~

II( ii1'ieliieits wits Q-switclied Nd:YA(; ,c tSiop)CiaIljug at LO .0(1 iii. '[he d1 .eiildoiice

tK 115i (MIiihg temiperature I) Pg (mieastiredl alter agedi for at mionthi at roolt(iiperal ime

.ill thle ahlselice ot' all electric field) is shown ili lig.2. I''ig.'2 prid(es anl iiidic(atio)ii of the

very iafge SIIG effects that can be achieved with these functionalized polymers. Particularly

striking is the large d33 value for P(VDCN/VBZ-ST).
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1. Introduction

Organic waveguides are well suited for second harmonic (SH) generation [1]. We
present here experimental results of SH generation from a polyurethane
waveguide spin-coated on a silver grating coupler. As one of the waveguide
boundaries is made from a metal it is possible to excite, in addition to guided
modes, a surface plasmon (SP) at this boundary. We investigate the angular
dependance of the SH generation from the polyurethane coated grating. The
excitation of the electromagnetic resonances at the pump frequency lead to a large
increase of the diffracted SH light intensity [2]. In order to study the wavelength
dependence of the SH efficiency, we have employed two pump wavelengths -
1064 nm and 1318 nm. For the shorter wavelength pump, the SH falls within the
absorption band of the polymer.

2. Experimental

The studied device is shown in fig. 1. A sinusoidal diffraction grating with a
periodicity d = 1.67 ptm and a groove depth of 80 nm is formed on a glass substrate
by chemical etching. The grating has been covered with a 200 nm thick silver
layer by evaporation. A 3 pim thick waveguiding film of a polyurethane with side
chains (PUSC) is spin-coated on top of the grating. The film is poled by an applied
field between the silver grating and an upper electrode. The polymer is red and
absorbs light with wavelength up to 630 nm.
A mode-locked Nd:YAG laser is used as a pump source and the diffracted second
harmonic light is detected by a photomultiplier tube (PMT). The sample and the
detector are mounted on stepping motors for convenient scanning of the
incident and the detected angles. By tuning the incident angle, 0, guided modes
can be excited in the waveguide. It is also possible, in TM polarisation, to excite a
surface plasmon which propagates at the boundary between the silver grating and
the waveguide. The angular resolution is limited by the incident pump beam
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divergence to 0.10. A part of the incident fundamental beam is split off and
frequency doubled in a thin KDP sample. This light is detected by a second PMT
and serves as a reference, to compensate for intensity fluctuations of the laser.
The signals from both PMTs are sent to a boxcar and finally a ratio of the two are
taken by a computer. In the text below, the linear and nonlinear characteristics of
the device are presented for two different fundamental wavelengths - 1064 nm
and 1318 nm. For measurements of linear characteristics in the infrared the PMTs
are replaced by InGaAs photodiodes.

DIFFRACTED BEAMS
20)

INCIDENT PUMP BEAM 2 2o)

AIR 
0 

2o)

PUSC

SILVER

SUBSTRATE

Figure 1. Schematic of the polymer waveguide coupled by a silver grating.

3. Results and discussion

At a pump wavelength of 1318 nm in TM polarization, three guided modes and
the SP can be resonantly excited. This is shown in the upper trace of fig. 2, where
the specularly reflected pump intensity as a function of the incident angle is
plotted. The broad line at an incident angle of -53.3' is from light coupled to the
SP propagating along the silver surface, whereas the three more narrow lines at
-49.1', -44.4' and -37.5' corresponds to light coupled to the guided modes TM0,
TM1 and TM 2 respectively.
The modes and the plasmon are all coupled in the first order of diffraction of the
grating, i.e. the conservation of the wavevector component which is parallell to

the surface, k~i, is given by: kxi + 2n/d = kr, where kr is the wavevector of the

excited resonance (guided modes or SP). The SH generated will be at X = 659nm,
which is just out of the absorption range of the polymer (1 /a = 30 gtm). Hence, it
can also be coupled to resonances by the grating. Figure 3 shows four TM modes
of the structure for this wavelength. For a fixed incident angle of -60' we observe
3 diffracted orders at 659 nm.
SH is produced as the sample is excited with modelocked pulse trains (400 ns
FWHM, 6 ns between pulses and pulse duration of 120 ps) with a total energy of
0.2 mJ. The specularly reflected SH signal is shown in the lower trace of fig. 2 as a
function of the pump incident angle. The largest efficiency is obtained as the SP is
excited. The rather low efficiency as the TM0 guided mode is excited is probably a
combined effect of the relatively large beam divergence and a spatially
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nonuniform waveguide. All SH is generated in TM polarization as is expected for
a poled polymer with crystal symmetry Coov [1]. We have also confirmed that the
measured SH intensity is proportional to the square of the fundamental
intensity.

1.0 I ' I_

0.5z

SH
0.0 F I I I I 1 "-

-60 -55 -50 -45 -40 -35

INCIDENT ANGLE

Figure 2. Specularly reflected fundamental intensity at 1318 nm (upper trace) and the corresponding
specularly reflected second harmonic signal (lower trace). TM polarization.

1.0 _

0.5
U)z

0.0

-80 -70 -60 -50 -40 -30

INCIDENT ANGLE
Figure 3. Specularly reflected intensity as the device is illuminated with light with a wavelength
of 659 nm. TM polarization.

As we change the pump wavelength to 1064 nm, the situation changes
dramatically. The waveguide now supports seven modes and also the SP can be
excited. The SH light at 532 nm will now suffer from a large absorption in PUSC
(1/a = I gm). Therefore green light which is incident on the device will be
absorbed before it reaches the grating, and hence we do not observe any
resonances at the SH wavelength. Neither can we observe linear diffraction of
green light from the grating. This is in contrast to the observation of resonant
coupling and linear diffraction of the SH wavelength as the pump is at 1318 nm.
Still, as shown in fig. 4, we generate SH as the incident angle is scanned through
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the pump field resonances. There is a stunning difference, as compared to the

case of pumping with X = 1318 nm. The specularly reflected SH signal now
exhibits sharp minima instead of maxima as the pump is at resonance (marked
by arrows in fig. 4). A possible explanation to this surprising result can be as
follows:
Due to the large absorption at the SH wavelength, only the driven SH field
contributes to the detected signal in specular reflection. Off resonance the
incident pump beam propagates through the polymer and is specularly reflected
at the silver grating and the SH light is produced by this beam. On the other
hand, as pump light is coupled to a guided mode or a SP, the fundamental
intensity shows a minimum in specular reflection. Therefore its contribution to
the reflected SH light decreases and it can not contribute to the detected signal
since the SH from the coupled resonance is not diffracted by the grating. Hence
minima are observed in the SH reflected signal as the pump is resonantly excited.
Numerical investigations are under way in order to support the observed
phenomenon.

1.0 -

0.5-
Z

TMO TM1 TM2 TM3 TM4 TM5
0.0 - sp

-80 -70 -60 -50 -40 -30
INCIDENT ANGLE

Figure 4. Specularly reflected second harmonic intensity as the device is pumped by light with a
wavelength of 1064 nm. TM polarization. The arrows shows the measured angles at which the
fundamental wavelength is coupled to the resonances.

In conclusion we have observed an increase of SH generation from a polymer
waveguide as guided modes or a surface plasmon is coupled by a silver grating. If
the SH wavelength falls within the absorption range of the polymer, the peaks of
SH turns into dips. Finally, larger SH efficiencies are expected for phase-matched
conditions.
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Since the late 70's the Beam Propagation Method (BPM) or
Split-Step Fourier Method (SS/FM), has been widely used for
solving the nonlinear partial differential equations which
describe the propagation of spatial pulses through waveguide
structures. By applying the Split-Step technique, the paraxial
wave equation can be split in two propagating equations, one
involving only linear terms and another including nonlinear ones.
These two equations describe diffraction and nonlinear refraction
respectively. In the SS/FM, diffraction is integrated by using
the Fourier transform. However, the performance of this method
is known to be seriously affected when abrupt variations of the
refractive index are taken into account [1], and the problem
tends to become even worse in the high nonlinear regime £2].

As an alternative, several authors [3], have reported the
use of finite difference schemes for solving the diffraction
effect instead of the Fourier Transform, in the picture of the
Split-Step technique. Such an approach leads to the Split-Step
Finite Difference Method (SS/FDM).

On the other hand, the reliability and high performance of
the Finite Element Method (FEM) is well established in the
analysis of linear guiding structures for microwaves and optical
frequencies [4]. The most attractive features of this method,
compared with the Finite Difference Method, are its capability
to handle arbitrary shaped boundaries and the use of adaptive
meshes [5]. For nonlinear optical guiding structures, the FEM has
been used very recently, not only for the scalar but also for the
vectorial case. Also, for evolutionary or propagating
simulations, the FEM has been used in conjunction with the Step-
by-Step (SbS) Method [6]. This makes use of the Galerkin
criterion for the transversal coordinates, in conjunction with
the finite difference Crank-Nicholson scheme for the longitudinal
coordinate, such an approach leads to the Step-by-Step Finite
Element Method (SbS/FEM).

Very recently there has been a surge of interest in
analysing highly nonlinear waveguides (HNW) of arbitrary cross
section [7], in order to study nonlinear transversal effects such
as, symmetry breaking, multisoliton emission, spatial ri.ng
emission and filament formation. With all this in mind, in this
paper, a novel FE scheme is introduced: the Split-Step Finite
Element Method (SS/FEM). This new approach is based on the
combination of the Split-Step technique and the Galerkin
variational criterion for solving diffraction.
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In this work we carried out a comparative assessment between
our method and the SS/FDM. Although the analysis of the SbS/FEM
4s currently underway, early results have shown that this method
tends to be slower than the SS/FEM due to at least two iterations
in each step are necessary to allow the same large step-sizes
along the propagating coordinate. These results will be reported
in a separated paper.

As an example, we considered TE waves of frequency a in a
slab waveguide as illustrated in Figure 1. The refraytive .ndex
in the various media is given by n (x, EIl2 )n 2 +ajIEIl , i=c,f,s.
Where E represents the usual slowly varying envelope of the
electric field, and the subscripts c,f,s referring to the
cladding (xs-d), film (-dsxsd), and substrate (x~d),
respectively. For the results presented here we specifically set,
following [8], d=8c/a, n =n,=l. 55, nf=1. 5 7 , a =10", and a a=0,
which corresponds to a self-focusing Kerr-type nonsinear
cladding.

The input bf-am profile was chosen as the linear zeroth-order
transverse-electric (T;) mode of the waveguide, Figure 2. This
situation could be reproduced experimentally, for instance, by
prism coupling into the TEO modes of a linear waveguide section
and interfacing this onto the nonlinear system [8]. On the other
hand, the guided wave flux, S, was chosen as S=0.45 mW/ n. Thus,
according to [8], for this flux level the slab utilized here is
known to emit, from the film to the cladding, two spatial
solitons.

For both SS/FEM and SS/FDM, the length of the computational
x-window was 300 units of c/o, set from x=-200 c/o to x=100 c/o,
and the z-distance of propagation was 150 units of A, where A is
the free-space wavelength. We checked the convergence for both
methods, by decreasing the z-step, Az, and increasing the total
number of points N in the x-window, as much as: Az=0.01A and
N=2500. Then, we assumed as reference or 'exact' solution, Eel,
the one obtained from these values of Az and N and plotted in
Figure 2.

For the SS/FDM, we adopted a standard scheme, which makes
use of a regular x-mesh [3]. On the other hand, for our method,
it is possible to take advantage of a variable x-mesh, easily
included in the FE code. Thus, for this purpose the x-window was
divided in the following seven sub-intervals:[-200,-130], [-130,
-80], C-80,-20], [-20,-8], [-8,8], [8,20], and [20,100],
according to the power concentration. Besides, linear and
quadratic FE functions were adopted.

In order to measure the degree of convergence of any
approximate solution, E, at z=150A, we defined the convergent
absolute error, e = maxIE-EehI , where the maximum is taken for all
the points of the x-mesh. Thus, the restriction imposed was:
e<10 . On thp other hand, all our simulations were performed on
an IBM/386 25MHz PC.

Our results, summarised in the Table 1, show that z-steps
as large as 0.2A for the SS/FDM and twice this value for the
SS/FEM, can be used. These size z-steps are indeed large if
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compared with the one reported in [2], for the SS/FM : 0.011.
Taking into account only regular x-meshes, for Az=0.21, the
performance of both methods is quite similar. However, the
situation changes remarkably when variable x-meshes are utilized.
In this case, is possible to reduce drastically the number of
points N, and consequently, the computational time for the
SS/FEM.

From this example, we conclude that, our method constitutes
a valuable and competitive numerical tool to simulate the
propagation of spatial pulses in highly nonlinear waveguides. In
addition, seems to be, that the use of quadratic FE functions,
introduces considerable improvement. Also, the use of this novel
scheme in the simulation of three dimensional problems is
strongly recommended, since excellent accuracy should be obtained
for this situation without recourse to expensive computing
resources, like supercomputers.

X

nc €cc

Y p j 0( 0 z

Figure 1. Nonlinear slab waveguide and coordinate system.
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Figure 2. Modulus of the input beam profile at z=0 (dashed curve), and Modulus

of the convergent solution at z=1501: two spatial solitons emitted
from the film to the nonlinear cladding (solid curve).
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lz (1) z-Resh N Time (min)

SS/FN: 0.2 Regular 1200 45

0.4 Regular > 2500 --

SS/PBR: (linear FE functions)
0.2 Regular 1500 50
0.2 /60/200/150/150/160/70/60/ 850 30

0.4 Regular > 2500 --

0.4 /60/300/250/150/160/70/60/ 1050 10

SS/FN: (quadratic FE functions)
0.2 Regular 1100 47
0.2 /40/160/110/90/100/60/50/ 610 26

0.4 Regular 2000 20
0.4 /40/240/170/130/100/60/50/ 790 6

Table 1 Results obtained by using the SS/FDM and the SS/FEM.
The numbers beetween slashes correspond to the number of
points set regularly in each of the seven sub-intervals given
in the text, respectively
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There is considerable interest in the study of strong nonlinear effects in integrated optics

for use in optical switching [1]. Nonlinear thin films have already been studied extensively by

both analytical and numerical techniques. Only in more complex nonlinear waveguides, however,

can one obtain very high power density for moderate input power through two-dimensional field

confinement in a tiny cross-section.
Work on thin films has shown bistability for certain values of input power [2-4]. An

additional solution at these powers lies on an unstable portion of the dispersion curve, as shown

analytically [2]. In general, however, with two-dimensional cross-sections only numerical
approaches are available. Besides, even in thin films practical solutions are two-dimensional [5,61.

Using variational and finite element methods, it was found that for thin films one can obtain both

stable solutions in an incremental iterative approach [3,41. In this approach, the field distribution

found at one power is used as a prediction of the solution at an incremented (or decremented)

power, which is then corrected by iterations for self-consistency. The finite element method is also
well suited for two-dimensional cross-sections [7-91 and is a much more versatile method than the

numerical iterative method described by Akhmediev et al. [6]. However, to the authors'
knowledge, multiple solutions at the same power have not been reported before for two-

transverse-dimensional waveguides.
This paper extends previous analyses of bistability in films to guides with two-

dimensional field confinement. The rigorous vectorial method used for this purpose involves

iterative application of the well-developed linear finite element approach for two dimensional cross-

sections [101. We have also incorporated recent techniques for adaptive remeshing [111 to great

advantage.
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An obvious but non trivial extension of the planar case is a strip-loaded two-transverse-
dimensional nonlinear optical waveguide (shown as an inset in Fig. 1). The cladding has a
saturable self-focusing optical nonlinearity with maximum possible refractive index change, Ansat

= 0.2. We study the lowest order quasi-TM mode at a wavelength X = 0.515 gm. All powers will
be given in units of 1.169 A2 nin / (afl 0) where a is defined in eqn. (1). For n2 = 10-9 m 2/W,

unit of power corresponds to 0.2 mW. The refractive indices are shown in the inset in Fig. 1. The
assumed nonlinearity in the cladding has the form [8]:

E =e+A , (I- exp(-aEI2/Aew)) (1)

with (nlin+ Ansat)2 = Elin + Aesat (2)

Figure 1 illustrates the variation of effective index with increasing normalized total power
for three different values of height b. For the strip height b = 0.4 gm, the result for the effective
index variation with increasing total power is smooth. The curve reflects the drift of the mode into
the nonlinear region as the refractive index inside the cladding becomes higher than the refractive
index beneath. But with b = 0.8 gm, although the change is initially slower, the mode changes
abruptly at a certain power (see point A in Fig. 2). Thereafter the mode is primarily guided by the
nonlinearity of the cladding as in the previous case (b = 0.4 gm). When the strip height is 1.0
.tm, the transition is even sharper. At very high powers, the strip height becomes irrelevant since
the modes are almost solely confined to the nonlinear region.
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1.61. n 1.0
nonlinear 1.59

1.6. n= 1.55 1

S159 b n=1.57 B
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1.55 =0.8 b = .1.5 _0..

1.54- 1.551. .
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Fig. 1 Effective index versus total power for height Fig. 2 Variation of effective index with increasing and
b = 0.4. 0.8 and 1.0 gtm. Width of each strip decreasing power for b= 0.8 ;tm. (Note restricted
2.0 gtm, cladding height 1.0 tm. scale for the total power. chosen to emphasize the

switching region).

In Fig. 2 results for increasing and decreasing total power are plotted together for the case
b = 0.8gm. For increasing power there is a sudden jump to the upper branch (from points A to
B). However. when the power is reduced from a higher value on the upper branch, there is no
change at point B. Instead, the upper branch continues to point C where further decrease of power
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produces an abrupt return to the lower branch (point D). This behaviour is similar to that reported
for thin films [3,41.

Figure 3 illustrates the variation of power in the linear strip of height b = 0.8 g±m versus
total power in the complete cross-section. As total power is increased from zero the power carried
by the linear strip at first increases almost linearly, but at a certain total power the mode suddenly
moves to the nonlinear cladding. Hence the power carried by the linear strip drops sharply. For
decreasing total power, a jump back to the first branch occurs at a different value of total power.
Points E and F correspond to two stable states with the same total power but very different
characteristics. The vertical dotted line in Fig. 2 marks the effective indices of these two states.
The corresponding field profiles are shown in Fig. 4 as contour plots of the power density
(Poynting vector). Fig. 4a shows the mode primarily confined in the linear strip which carries
67% of the total power, whilst only 25% is in the cladding. In contrast, Fig. 4b shows the mode
almost confined in the nonlinear cladding (just 17% of total power in the linear strip, 83% in the
cladding).
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0
0 0.05 0.1 0.15 0.2 0.25 0.3
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Fig. 3 Variation of power carried by the linear strip Fig. 4 Power contours of two stable states for the same
with increasing and decreasing total power. total power 0.195. (a) mode confined in the linear

strip (b) mode confined in the nonlinear cladding.
(Only half of the cross-section is shown).

Of course any device based on this effect will suffer from a complex relation between
applied input power and total transmitted power. Nevertheless, the clear result of our modal
analysis is that both linear strip-guided and nonlinear cladding-guided states can exist at the same
power.

The advantages of the present two-transverse-dimensional method include treatment of
arbitrarily shaped waveguides with arbitrary refractive index profile, including tensor materials and
a wide range of nonlinearities. This technique promises to be highly valuable for the design of
practical nonlinear optical waveguides. The finite element method, in a vector field formulation, is
much more versatile than the other available analytical and numerical methods, such as the iterative
numerical method described by Akhmediev et al. 161. Finally, a two-transverse-dimensional
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approach allows study of high power density without the need for extremely high total power.
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Analysis of TM-polarized nonlinear guided waves
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In recent years, the properties of the transverse magnetic TM

polarized guided waves in nonlinear layered structures have been

investigated theoretically in a number of papers ri - 4]. The

presence of two electric field components, one parallel (Ez) and

one orthogonal (E x )to the boundaries of a thin film guiding struc-

ture makes the analysis of TM waves more complicated than for the

transverse electric TE polarized waves. For simplify the analy-

sis in some works was assumed that TM-wave nonlinearity arises

only through one component electric field. The more elaborate is

approximation referred to as longitudinal uniaxial approximation

in which the nonlinearity is expressed as dependent only on the

electric field component parallel to the boundary [i 1. The more
realistic is transverse uniaxial approximation in which the non-

linearity arises from the dominant transverse Ex component of the

electric field [5]. In the few papers [6 - 7] has been investiga-

ted TM polarized waves / surface polaritons / propagating along

the interface separating of two media, one / or both / of which

is nonlinear with the general intensity dependent dielectric fun-

ction. The effective method analysis of TM nonlinear guided wa-

ves is separation of the two electric field components Ex and E z

achieved by means of a conservation law. In this approach the

properties of TM nonlinear guided waves can be study without the

need to solve for the field profile [8] Since the two field com-

ponents Ex and Ez of TM wave are everywhere interrelated through

the conservation law, then it is possible formally express one in

terms of the other.

In this communication we analyse in detail the relationship

between two components Ex and E utilizing the conservation laws



ME3-2 / 101

for TM guided waves in the linear film sandwiched between two

lossless nonlinear media. The electric and magnetic field com-

ponents are taken to have the form

Ei ( ,t.,t) =- 'j(x)exp[i (hz -wt)], j = x(z

Hy(x,z,t) = y (x)exp[i (hz - Lt)]

where h is propagation constant and w is the angular frequency.

Ex and E z are the field components perpendicular and parallel

to the film, respectively. Furthermore we suppose Ej(xJ =

Ej (x) exp[i fjW3 , where Ej x) and (j (x) are all real variables.

The dielectric subtensor of the nonlinear medium for the TM ca-

se reads as

r; o xx (1E 2 I J2  0e 6 )(jEj2 , 2  (2)

where the elements xand Ez can depend on the intensity rela-

ted to the components Ex and Ez in quite an arbitrary way.

Substituting (1)into Maxwell equations we get two conserva-

tion laws

EExxExE Cos (fz - eX) = CI (3a)

k2
F+ E~ 2 (1 _ =02 (3b)

XX x 2h 2

where k0 is the free-space wave number. F is related 
to a free

energy of the nonlinear medium and is determined 
from the par-

ticular mechanism of the nonlinearity. Conservation 
law (3b) is

obtained provided that

_" , = _ F (4)

and dF is an exact differential.

Equation (4) serves some restrictions on the type of nonlinear

materials that can be used. The integration constants C, and C2

have been set equal to zero because the nonlinear substrate /or

cover / extend to infinity where E. = 0. Equation (3a) express
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the transversal component of the time-uverage loynting vector

Fx = 1/2 ReQE'H')= 0. From (3a) / with C1 = 0 / we see that

two electric field components Ex and Ez are every where ± qL/2

out of phase. The conservation laws (3a and b) are key point of

our analysis.

To be more specific, let us consider the case of cladding

materials whose dielectric tensor has a nonlinear part propor-

tional to the local intensity, i.e. x= Cz= =E 2 + E2 ).

For this cuse the free energy F is given by
2 2 o E

F = 1/4 ("v + Ez) [2 C+ (E2 + E 2)1 (5)

and the conservation law (3b) becomes

E2 ( +e) = E 2

x (6)
where 2 2 2f('t)= -2a 2 + 3rL- L , a = ko/h
Equivalently (6) can be written as

E 2 =-A ~ q+&()

or X + -(a

E !=6-l2... (7b )
Thus all possible paths of the Ex and Ez in nonlinear region
are curves determined by the parameter and each path crosses

the circle with the radius r =[tt-6)/O] 1 / 2 at one point. The

analysis of the relationship between the field components E

and Ez is based on detailed inspection of the conservation

laws (3)and (7). --V2 o

EE

,, ..2 .

Fig. 1

Both the self-focusing(ayO) and self-defocusing( O<0) medium

is considered. Qualitative illustration of the puth in the

Ex - Ez space determined from the conservation luws is plotted

in Fig. 1. /e= z- x ri, 2 = r( 1 ,2) . where 1,2 are the

roots of the Eq. dEz/dL = 0 /.
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The paths start always at the central zero Ex, Ez = 0 which corre-
sponds to x - + .o . The end point at the path is determined by

the boundary values of the field components Eox and Eoz. Arrows

indicate the direction of the transition on the particular sec-

tion of the path.

For determining the dispersion relation we use the conserva-

tion laws (3) related to the linear film i.e. with oL = 0 and 6
replaced by Ef* The field components Ef and Ef in linear film areX Z

f fEx (x) = (h/q)A sin q (x - xo)], EfzxN = A cos[q(x - xo)

where q 2= ko 0f - h2 . Matching the tangential components Ez

and Hy at the boundaries x = Xc and x = xs leads to dispersion

relation

q(x c - x.) = tn-  - tn q ()+ m (8)

where q= qr(' A) - (@f',or) [f (or)/(Lor+ 'r)] ' = s c)

is determined from relation between the boundary values of the

field components Ex and Ez together with the conservation laws.

We conclude, that although the presented method does not leads

to an exact analytical solutions it is applicable for analysis

of the properties TM nonlinear guided waves for a large class of

dielectric functions satisfying Eq. (4
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Summary:

Recently nonlinear waveguide junctions have been investigated

intensively for their interesting switching behaviors1 , 2. The waves

propagating in a nonlinear converging waveguide Y junction in which the

two branches and the stem are single mode waveguides are less reported.

For a linear case, the field injected into the thinner branch at a distance

from the junction will not evolve into the fundamental mode of the stem,

and the field injected into the thicker branch will propagate without loss 3.

Here we simulate the waves propagating in the Y junction with a nonlinear

cladding by using beam propagation method 4 , and we find that the field

injected into the thinner branch is possible to transmit to the stem with a

high efficiency.
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The schematic structure of the considered Y junction is shown in Fig. 1.

The permittivities of the nonlinear cladding which is shaded in the figure,

the film, and the substrate are 2.4025 + a IE12 with a = 3.3776 x 10-12

m2/V 2, 2.4649, and 2.4025, respectively. The thicknesses of the stem, the

thicker branch, and the thinner branch are 2.5, 2.5, and 1.5 .im,

respectively. Wavelength is assumed to be 1.3 gjm. The full angle of the

junction is 0.10, and the fields will propagate adiabatically in the junction

with such a small angle.

Numerical results are shown in Fig. 2 to 5. In Fig. 2, a field with power

equal to 0.165 W/mm is injected into the thicker branch and evolves into

the fundamental mode of the stem. It is similar to the linear case which

the field will transmit to the stem without loss. In Fig. 3, a field of 0.08

W/mm is injected into the thinner branch, and the field does not transmit

to the stem but radiates to the cladding with a spatial soliton. In Fig. 4, a

field of 0.165 W/mm is injected into the thinner end, the field couples

from the thinner branch to the thicker branch near the joint of the two

branches suddenly, and swings right and left for the successive

propagation in the stem. The coupling efficiency of power is 75 %

approximately. In Fig. 5, a surface-polariton of the nonlinear thinner

branch is injected, which power is 0.185 W/mm. Because the field

concentrates in the interface of the film and the cladding, it does not "see"

the thicker branch. Thus, the surface-polariton maintains the shape very
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well when the field propagates from the branch to the stem.

In conclusion, the field injected into the thinner branch of the nonlinear

waveguide Y junction is possible to evolve into the fundamental mode of

the stem by control its power. It can be used as the nonlinear combiner in

,he optical network.
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Here we present a theory which describes the propagation

of self-focused channel (spatial solitons) in the media consi-

sting from thetwoself -- focusing nonlinear media and the

periodically-modulated thin linear fil.m separating this media.

Recently it was shown that propagation of spatial olitons at

an oblique angle of incidence to an interface between nonlinear

Kerr--like media may be represented as an equivalent particle

moving in the effective potential[lj.This theory predicts the

nonlinear Snell's law of reflection and existence of nonlinear

surface waves.It is possible to use the design of an

all-optical power spatial scanner and an all--optical switch t21.

Existence of periodically - modulated thin film also leads to

the new possibilities for such designs.

The problem we will consider is Lhe propagation of spatial

soliton in the z direction under angle i to linear film Lrom

the left hand of medium (see Figure 1).The wave equation in the

dimensionless form which describes this problem is

.iu I 2u u = 88 x . f(t)]u (I

Here u is dimensionless envelope of electric fi.eld,u = korfC/2n
2 2 ot xcf(t))

E.t = z/2k, k is the wavenumber, n 1 = n 2 2 describe

the inhomogeneity of medium along boundaryn = n. + a jlEI 2

Below we describe the evolution of incident beam in the form of

spatial soliton
2 2

u(x,t) = 2psech2p(x x)exp(ivx/2 - 4i({? v /16)1]. (2)

x = -4t v = 4 .

Using perturbation theory for solitons 31,141 we obtain the

next equation for coordinate of soliton center (the beam average
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position)

d2y dV V0
- -- 2 f''(t) -, V(y) (3)

dty c h y
V 0= 8E.0 y=3 TV =y- 2Tflx + fit)).
0

As follows from (3) the investigation of spatial soliton

dynamics in the framwork of equation (I) is reduced to the

investigation of a particle of unit mass in a field of effective

anharmonic potential. V(y) and external field f(t). At E > 0 a

soliton reflection (or transmission) from bounary is realized at

E < 0 the oscillating motion of soliton near inhomogeneity takes

place. In the oscillating regime (nonlinear surface waves) an

interaction with periodic field f(t) can lead to resonant

motions.; of beam and spatial chaos in beam dynamics. The velocity

of soliton i s connected with the angl.e by relation i=

tan-I (v.12) . The beam is reflected at E > 0, 4E2 < PE and the

solution is (f 0) [5.1
1 1/2

x(t) = - arcshf(1E/4 i 1) I/ cofh(8_E i. t)]. (4)

The beam is transmitted at £ > 0, 4 2 > TW.The solution isI

xt) - arsh[l 2 )sinh(8T1,i t)I] (5)
2T)

1

The nonlinear surface wave appear at E<O and f=O.For the average

position of this wave we have

- I / 2! o

xit) = sinh I JEI- 1 sinl2E, lt to )11,(6)

E = x /2 + V(x).

Let us study the motion type of spatial soliton. Expanding

interaction Hamiltonian H intinto Fourier serie; we obtain in the

action--angle (1,0) variable s (when 2pf'ft) q1 sirQt) the

expro.;Li on5

= 2 %' /E. I = IKT X I V(H)f(t),
sCp sep o n t

1i H n) (I)exp(inO + i(]t.) (7)

n
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The condition of nonlinear resonance take5 the form

(2m + 1)I ) I 1 : 21) 1- I -- 1 . (8)
sep

For large m follows for the distance between re.,onances
6W = 1 - WiA I '  2(W2 Al (9)

A nonlinear resonance width equals to
in)M P 1 dW./d 1 /11  ( 10)

At0 0 4-ot

At aI -  >> 1 H~m) ; 4/'/m and

=Al) 32/Ti" p (O(l /i~ (11 )
0

In the case when the nonlinear resonance width i5 larger or the

same is the distance between them,then one can expect the

apperance of chaotic regime (Chirikov criterion [61) i.e.

k = (AU)/4L)l2 = 12T (U/ /I 1 ( . (12)

Hence is follows under any (p.U there exists a region in the

separatrix vicinity where (12) is satisfied and the beam motion

is chaotic(see Figure 2).If the initial values of soliton

parameters corresponds to the stochastic region near

separatrix then the beam oscillation amplitude stochastically

grows andthe beam tramsmitted or reflected. The depinning length

is

t d- (16(P 0 1/3 (13)

In addition to adiabatic dynamics of beam there is also a

possible emiss-ion of linear wave by beam at propagation along

z-direction. The emitted field may be calculated with the

perturbation theor'y based on inverse scattering transform

31 , [41. Th(-- continuum s pectrum is defined by the .cot

coefficient b(X,) , where A, is the spectral parameter connected

with the wavenumber of emitted field i.e. k() =X/2.Calculation

was showed that the radiation maximal at 2A,2= 4 p2 V2 nQ.The

energy emitted in the unit of length is
dE 22 2
dt - 21 Jn t2 0 (/ v /4 - nl - v/2)11 ( 14)

Equalizing the radiative losses to the amplitude changing we

find that the sooliton amplitude is damped: T) = T /1 ( + AT)0 I).



ME5-4 / 111

Ref e rence s

l.Acevec A.B.,Moloney J.V.,Newell A.C.J.Opt.Soc.Am.B5,559 (1988)

2.Varatharajan P. ,Acevec A.B.,Moloney J.V.Appl.Phys.Lett.54,2631

(1989).

3.Karpman V.T.,Maslov E.M.JETP.73,537 (1987)(In Russian).

4.Kaupfl..J.,Newel1 A.C.Proc.Roy.Soc.London A361,413 (1978).

5.Kivshar Y.S.,Korevich A.M.,Chubykalo O.A.Phys.iLett.A.125(l),

35(1987).

6.Chirikov B.V.Phys.Rep.S2,263(1979).

z
2

IL~ 1(Z)

x

Fir. 1Fig.2



112 / ME6-1
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The study of nonlinear waves in layered structures

proposed in Refs.(I] and £2] has become widespread, stimulated

by the progress in the early 1980's. The possibility of using

such waves in optoelectronic devices spurred advances in both

theory and experiment (3-7). Propagation of waves in nonlinear

waveguides is usually considered in passive optical systems Ca

case of transparent media). In this work we consider for the

first time the propagation of waves in nonlinear waveguides

with optical gain in the guiding film.

We consider active film of thickness d with linear

dielectric constant e' = Re c and with optical gain g = Im c
L L L

surrounded on both sides C Ixl>dX2) by media with nonlinear

dielectric constants of the form C + xjEV2. For a monochromatic

TE polarized wave of a frequency w propagating along z-axis we

write the electric field in the form

1

E = A('x2z) exp iCO7 Wt] + C.C. CID

where ( is the propagation constant. The slowly varying

envelope function ACx,z) obeys the following equation:
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A A

2i(3- + 2 [2 - cCx3]A + cCx3 IAI'A = igCx)A C23az Ox L

where

cc X3 )= Ixt d, C, : , x~ gCx)=f ll~/

o Ixl>d2 1, I.xl>d/2 0. Ixl>d/2

Stationary modes A Cx,(3) of such a structure without gain,o

i.e. the solutions of Eq.C2) at OA.dz=O and g = 0 have been

comprehensively discussed in the paper [3]. The stability

properties of these waves have been investigated in Ref. [7). In

this work we solved a more general problem of gaining of the

stationary modes.

For the value (3 corresponding to increasing part of energy

integral I dependence on (3 the field envelope ACx3 and it's

phase are changed upon propagation remaining close to

stationary solution A Cx,(3) but with changing (?. This evolution
0

can be described by the motion of representative point of a

wave in the CI,(3) space. The I value of representative point is

calculated at each step of numerical simulations according to

standard definition [3]. The (3 value of representative point is

calculated at each step using the relation:

(3CzD = (3 + Ciz:)-Arctan [ACx,z+Az)/ACx,z)),

where (3 is the constant parameter of Eq.C2). Az is the grid

spacing along z. At small gain values g<<e'-C guided wavesL I'L

are propagated adiaba-ically changing, remaining close to

stationary solution A (x,(3) with continuous changing of (Cz).
0

The representative point moves along the stable branches of the

IC(3) curves. These waves are remained stable in the ranges of

the IC(3) dependence with positive slope. When the value of
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energy integral passes through the maximum point of the

N-shaped IC(3) curve the wave breaks up and spatial solitary

waves are emitted. For symmetric initial conditions the

radiation of two solitons is occurred from both sides of

waveguide. If some asymmetry is existed in the layered

structure or in initial conditions the symmetry breaking occurs

at the point of splitting away of the branch of asymmetric

modes on the I,3 plane. This is in accordance with results of

stability investigation in Ref. [7]. One soliton is emitted from

the waveguide in this case. This process is repeated

periodically along the z axis due to the gain.
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Introduction

Four-wave mixing (FWM) in a fiber is a nonlinear effect likely to impose severe restrictions on
transmitted powers and channel spacing in optical frequency-division multiplexed (FDM) systems
[ 1, 2, 3], hence limiting their information capacity. As a result of FWM waves at different frequencies
can interact causing an inter-channel cross-talk. The efficiency of FWM is strongly dependent on
the difference of phase velocities (phase-mismatch) between the interacting waves [4]. Therefore,
it will mainly play a role in dispersion shifted (DS) fibres and for densely spaced channels as are
possible in coherent systems.

FWM can be manifested in power transfer between channels [5] as well as in phase distortions of
the multiplexed signals [6]. Both these effects deteriorate sigial detectability in coherent systems.
An evaluation of the maximum total power transfer due to FWM for un-modulated channels has
been done in Refs. 1 and 2. From this, the degradation of receiver sensitivity has been estimated
[ 1]. However, signal detectability in FSK and PSK systems will also be strongly dependent on both
phase and amplitude distortions over a time slot corresponding to an information bit. We have earlier
modelled the transmission of phase-modulated FDM signals influenced by FWM and calculated
the resulting phase and amplitude distortions at the end of a fibre for different system parameters
[6].
In the present paper we, as before, use the nonlinear Schrdinger equation to simulate multichannel
coherent transmission in a quasi-monochromatic approximation [5,6], accounting for group velocity
dispersion, linear loss, and four-wave mixing in the fibre. However, we extend the model by
including a frequency-shift-keying (FSK) phase-diversity receiver [7]. Furthermore, we evaluate
the probability density function (PDF) of the fibre noise. This enables us to express the effect of
FWM in terms of signal-to-noise ratio (SNR) or bit error-ratio (BER) degradation of the received
signal. We asses the validity of our model by comparisons with the BER results of the first experiment
systematically investigating the effect of FWM on signal detectability in a 16-channel FDM system
[21. The simulations presented here are made for frequency modulated signals in which the frequency
varies sinusoidally with time, simulating an infinite ...010101... bit stream in each channel.

The effect of FWM is strongly dependent of the phase relations of the interacting waves [5]. In
order to find a realistic PDF for each physical configuration, we collected statistics from 660 runs
with randomly chosen optical phase relations of the signal lasers as well as random time delays
between the time slots of different channels. For DS fibres, the PDF could be well described by a
Gaussian function, from which the BER was calculated. The effect of FWM on the BER will also
be influenced by the choice of receiver [3].

We used the model to investigate the deleterious effect of FWM for different fibre lengths, trans-
mitted powers, peak frequency deviations, bit-rates, and number of channels. Examples of our
simulations and a comparison with the experiment [2] are given below.
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Comparison to experiment
To test our numerical model we simulated the experiment of Ref. 2 (see Fig. 7 of Ref. 2). The input
power per channel was 0.46 mW, and the peak frequency deviation (PFD) was 1.8 GHz. We deduced
the basic noise level of the receiver from the BER-measurements made without transmission fibre
in Ref. 2 (cf. Fig. 8 of Ref. 2). We need to fit only one parameter (the modal spot-size to a radius
r of 5 i) to obtain good agreement (Fig. 1) with the experimental curve describing BER in the
presence of FWM in the transmission fibre.

-310

0 10- Expe_. ent Fig. 1. Measured (solid squares) and
Z 05 simulated (empty squares) BER ver-

8o sus output power when the input
6 10 -6 Simution power in the central of 16 channels

-7 was varied (attenuated). This corre-
O 10 sponds to the middle curve in Fig. 8 of

-8 Ref. 2. (An attenuator was also used
9 at the fibre output).

10 -46 -45 -44 -43 -42

Detected Pz, Nr.r [dBm]

N,,.nerical predictions for 16 channels in a DS fibre
The examples ,izn here were all simulated for a 16-channel system in a DS fibre
(D = -0.3 ps/ki.nm at X = 1.55 jLm), with all channels modulated. The channel separation was
10 GHz. A% channels carried the same power. The modal field was approximated by a Gaussian
with r = 5 4m. Signal degradation was evaluated for channel number 7 (close to the centre of the
total s-ectrum). The SNR values are given in the electrical domain at the output of the receiver.

In Fig. 2a, we show how noise, generated in the fibre, builds up along the fibre and degrades the
SNR for different values of the channel input power. The SNR decreases when higher powers are
used, showing the fibre nonlinearity plays a substantial role in the build-up of noise.

40 30

30 a 2

CO3R 25 - P = . 2m w 5

"-.- P - - 20

15-- -.--. 15

10
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0 3 6 9 12 15 18 21 0.3 0.5 1 2 3

Length [kin] Channel Power [mW]

Fig. 2a. Degradation of the SNR due to fibre properties as Fig. 2b. SNR as in Fig. 2a but plotted as a
a function of fibre length for different values of input pow- function of input power/channel P for a 12
er/channel P. Bit-rate 155 Mbit/s, PFD 1 .8 GHz km long fibre.
To closer examine the power dependence, we plot SNR vs. channel power for a 12 km long fibre
in Fig. 2b. We found the slope of the SNR vs. P in dB to vary between -2.2 and -1.6 in the power
range we examined with the receiver we used for these simulations.
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We have also simulated degradation of the received signal for different values of the PFD. Higher
PFD implies that the signal is less sensitive to distortions. Moreover, for larger PFD the power of
a channel is distributed over a broader spectral range resulting in a lower spectral power density.
Since FWM is a nonlinear process its efficiency, and hence the resulting signal distortions, are
reduced. Therefore, as expected, signal degradation in the fibre decreases with increasinPFD. The
maximum fibre length for which the bit-error-ratio due to fibre noise does not exceed 10- is plotted
as a function of PDF in Fig. 3.

25

20

1 Fig. 3. Fibre length for which the BER
resulting from fibre noise reaches 10-
vs. peak frequency deviation. The

Q power was 1.1 mW/channel, and the
5 bit-rate was 155 Mbit/s.

01,
0.225 0.45 0.9 1.8Peak Frequency Deviation [GHz]

In Fig. 4, we show the length dependence of the received signal degradation for different bit-rates.
The output signal was low-pass filtered with a bandwidth proportional to the channel bit-rate (1.5
times the bit-rate). Therefore, in general, for higher bit-rates where the filter bandwidth is larger
more noise is collected and the SNR decreases. The relative decrease of SNR with increasing bit-rate
is plotted with in Fig. 5. The solid line corresponds to the case of a constant white noise level. We
can see that for the simulated fibre noise (dashed and dotted lines) the decrease of SNR is slower.
This can be mainly attributed to the reduction of the FWM-induced noise density in the fibre. For
higher bit-rates the spectral power density decreases due to the broadening of the channel spectra,
thus the efficiency of FWM drops.

35

30- Q, BR = 155 Mb/s

ff 25 622 Mb/s Fig. 4. Signal degradation vs. fibre
R 2 length for different bit-rates (BR).

z qPower 1.1 mW/channel, PFD
Cn 15.. BR = 1244 Mb/s 1.8 GHz.

10 Z~E-f
BR . 2488 Mb/s

50 3 6 9 12 15 18 21
Length [kin]

0 White

,CO -4 Fig. 5. Decrease A SNR of signal-to-

. _ ........ noise ratio with increasing bit-rate for
cc -6- -- -----"------- - different fibre lengths. The solid line
z lengths.-8 --- shows the behaviour due to the low-120 pass filter only, assuming a bit-rate
<.10 independent white noise.

-12

-14'
155 311 622 1244 2488

Bit Rate [Mbit/s]



118 / ME7-4

Conclusions
We modelled transmission affected by FWM in an optical fibre and coherent detection of frequency
multiplexed FSK signals. We also calculated the probability density function (PDF) of fibre noise
and the corresponding signal-to-noise ratios (SNR) and the bit error-ratios. We simulated the
transmission and the resulting SNR degradation for various fibre lengths, transmitted powers, peak
frequency deviations (PFD), bit-rates, and number of channels (not showed in this summary).
* We found the statistical properties of the FWM-induced noise to be well described by a Gaussian

PDF for DS fibres.
We showed that the model based on the quasi-monochromatic approximation of multichannel
transmission and the Gaussian fit of the PDF gives results that are in a good agreement with
the experiment reported in [2].
SNR degradation predicted by the model for DS fibres is strongly dependent on the transmitted
power, confirming the significance of the fibre nonlinearity in the build-up of noise.
The dependence of SNR degradation on transmitted optical power was found to have a slope
(using logarithmic scales) varying between -2.2 and -1.6 in the range 0.46 to 2.0 mW
The rate of change of SNR with increasing bit-rate is slower than what can be attributed to the
effect of increased bandwidth of the low-pass filter only. This can be explained by a reduction
of the FWM-induced noise level as a result of channel spectra broadening for higher bit-rates.

We believe that the model presented here can be a helpful tool when designing high-power
multichannel systems.
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Mixed states of optical solitons on different

carrying frequencies.

L.M.Kovachev
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1. Introduction.

Investigating the nonlinear interactions of the picosecond

optical pulses with different frequencies in monomode optical

fiber, one must take into consideration both linear effects,

the dispersion and the group delay between waves. Besides, some

additional nonlinear effects, as cross-phase modulation (CPM),

four -photon parametric mixing (FPM), Raman amplifier (RA),

appears. For optical pulses with soliton's powers as a rule,

the group delay dominates among all other effects. Nevertheless

there are some important cases, when it is possible to

compensate ,roup delay trough the nonlinear mechanisms.

2.Basic equations.

We assume that the slow-varying amplitudes of electric field

for group packets satisfied the following relations between the

carrying frequencies and wave numbers:2w 3 i +w2;2K 3-KA -K2 =LK.

In dimensionless coordinate system connected with the pump A -

having in mind the Raman amplifications for picosecond pulses

are obtained the next coupled equations [41:

3 2t .... 2 2 __+ A 2A12A IA I2A+
5I

+-c*A A exp (aAKz)I

132 ) t
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Fa A 2A exp (iAKz) 2.1)

3 2312

1 +R I A A+2ai AA+2ot IA 1A +t2AA eexp(-iA&Kz)IY z 2 at2 31 3 331A±13 2 3 2 3

a.1

S -(1+i-i ;/v =. 1 1 ./K . " ;Z--z; t=(t-z/u )/T; A.=A/A;
i.d. 03I U

nL n. ,,2z--ztz<:, R. zd/ Z ; z<--roWk "; z, =n k. A I/2n.; D.=k '/k"'.,

3. Influence of CPM (c =1; A =0).B

After the reduction, o.=1 and A =0, the system 2.4) is
L3

transformed to the NLS of two equations for two wave packets

on different carrying frequencies. Equations for velocity and

acceleration of center of weight of each wave T. and center of

weight of the superposition of the packets - are derived in [1].

There are the next equations for nonlinear force T. (z.At)

and potential U (zAt) [2]:

92 R. 0

0z L (z, At) =D.---- IAL (zt+At) 12  IA. z 2t 12 jdt 3.1)

U (z,At)- U (z,0)= f T (zdt)dt. oj 3.2)

0

where N is the number of photons on each wave; At is distance

between center of weight of the waves.Fig.1,2 shows the

graphics of T (At) and U ff (At) for one color soliton which

does not change their shapes when passed one to another

(1/v>>l). If AX' is spectral width of the wave packets, AX' is

spectral distance between pulses, it is obtained for the

normalized group delay:

1/v = T /uK 2 _t 0.27 n AX/AX' ( n .1.43 ) 3.3)0 2 0 0

The relations 3.3) determined a spectral bandwidth for self-

confinement of ,olitons using the conditions U M .
(v)
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5. Influence of SPM and FPM ( ot=i).

Using the method of moments in [31 it is shown that the

exchange of energy between the waves influence on their

relative movement. For symmetrical multiplication

M=IAI IAI 1A 2 , there are an additional invariant:
N.

NT +D.P. 4.1)dz( v. L
L

In the case when I/v.- D-.20, i.e approximation of strong field,
I. L

there are: N T =const. These equations give an additional
L t

criterion for self-confinement of the solitary like wave

packets due to the exchange of energy between them during FPM.

6. Influence of the Raman resonance .

Fig 3.shows the evolution of the amplitudes of the pulses for

parametric asymptotically free soliton solutions of the system

2.1) with small group delay between waves 1/v=1.5. As result it

is obtained two different amplitudes and energies level for the

signal waves and an asymmetrical mixed states of wave packets.

7. Discussion.

The numerical experiments and the calculations show, that all

these effects of self-confinement between soliton like pulses

in the case of wave synchronism, are possible for small group

delay between waves:i/vI -1/v 5. Taking into account the

relations in &4. this leads to a spectral bandwidth for self

confinement: AX":15AX', where AX" is the spectral distance

between A ad A . The condition shows that the waves are
1 2

well spectrally separated. Thus this effect may be seen in a

usual monomode optical fiber.
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Fig.1.Effective force Tr (At) Fig.2.Effective potential U(.&t)

for the soliton interaction, Of Tr (At) due to the CPM.
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Fig.4. Evolution of the pulses in dynamics of system 2.1) for

initial condition of the kind: A,(0.t)=A 2(0,t)= Y//5sech(t);

A a(0.t)= Y15sech(t) ; and 1/v=1.5; R =R =D A 1
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PULSE PROPAGATION IN NONLINEAR OPTICAL FIBRES
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Tel. ++44 31 650 5049

1. INTRODUCTION

The propagation of envelope pulses in nonlinear optical fibres wi,.h

carrier wave frequency in the monomode regime is described by a pair of

nonlinearly coupled nonlinear Schr6dinger equations (NLS) [1]. They can be

derived from Maxwell's equations

VxE + p 0 H = 0 , VxH -~D = 0 with D = cE + NIEI 2 E (1.1)

using the technique of multiple scales [2]. In this derivation, the

material properties of the fibre, i.e. the linear permittivity E/e 0 and

the Kerr coefficient N, were taken to depend only on the radial coordinate

r but not on the coordinate along the fibre axis. In this presentation, we

consider gradual variations of these quantities along the fibre occuring

on length scales larger than the wavelength of the carrier wave. Evolution

equations are derived for the amplitudes of local fibre modes. In the

derivation procedure, two stretched scales arise in a natural way, the

scale on which pulse evolution takes place and an intermediate scale.

Variations of - and N on both scales are considered. Two cases are

treated: Axisymmetric variations without limitation of magnitude and small

deviations of the linear refractive index from axisymmetry giving rise to

local birefringence.

Although the system of two coupled NLS equations is not integrable

for realistic material coefficients even in the absence of birefringence

and variations of material properties, it possesses solitary pulse

solutions [3]. The scattering of such solitary wave solutions at a

localised inhomogeneity of the system giving rise to a localised variation

in certain coefficients of the evolution equations is investigated

numerically.
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2. EVOLUTION EQUATIONS WITH VARYING COEFFICIENTS

Following the method of multiple scales, we expand the electric field

with respect to a small parameter v,

E = T v nE (2.1)
n=1 -n

and introduce stretched coordinates Zn= z, T =P t. c and N depend on r

and Z with m=l or m=2. The field E is then of the form

= =e + a(r'OZm) A (ZITI'Z2T (2.2.)

where E are orthogonal local modal fields of circular polarisation

corresponding to the dielectric constant c(r,Zm). The phase 41 is connected

with the frequency w and local propagation constant k(Zmw) via

= n-m k(Z, ) dZm - Wt . (2.3)

The local propagation constant k itself is determined from the local

dispersion relation with Z treated as a parameter. Considering the

equations of second and third order in v and making use of compatibility

conditions for the resulting linear inhomogeneous field equations, as in

[2], the following evolution equations for the amplitudes A+ are obtained

in the case m=2:

.a 2 2+ 2

A+ = g(Z(Z)IA± f(Z2)!A }A . (2.4)
OZ 2X + fl2 ±A~ 12± 2 2 +

The retarded time X depends on the local group slowness S (Z ,w)=dk/aw of

the linear fibre modes,

l T - lm fS(Z ,w) dZm (2.5)

The coefficients f and f2 in this pair of coupled NLS equations are

connected with the local modal fields and the Kerr coefficient, which are

now Z2-dependent, in the same way as their counterparts in fibres that are

homogeneous along the z-direction [2]. This is also the case for the

dispersion coefficient g(Z2 ), if the local modal fields E+ are normalised

such that their associated energy flux is independent of Z .m

If m=l, c and N vary rapidly on the length scale of pulse evolution.

We now make the additional assumption that these variations are periodic

with a repetition length t short on the scale of Z Decomposing

A±(ZI,Z2 ,..)=B±(Z2 ,. .)+vb(ZZ 2 ,..), it is found that the slowly varying

part B± satisfies a pair of coupled NLS equations of the form (2.4) with,
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however, constant coefficients, and the b+ are bounded functions of Z1 . In

addition, a linear term of the form cB± may appear associated with a

change in phase velocity. Explicit expressions for the coefficients are

given in the form of averages over a period t.

With the same method that led to the evolution equations (2.4), the

case is treated, in which the dielectric constant contains a small

perturbation that varies gradually along the fibre and breaks the axial

symmetry, -=cI(r)+c2 (r,O,Z 2 ), while N is independent of z. If £2 is of

second order in Y, we obtain the evolution equations

a0 2+
i- 2A+= d 0(Z2 )A+ d(Z 2)A T+ g - +h + {fll f2A 2A , (2.6)

where d is real and the complex function d+=d- is proportional to the

overlap integral of £ 2 with E*E . If c2 is of order P, the following

equations are obtained

iy 2B±= p±(Z2 )B±+im±(Z 2 )B±+ g- 2  1{-(f

2 d +9 2B++ (f1+f 2 )jB
2 + flB; 2}B+ (2.7)

with four real functions p± and m± affecting phase and group velocity of

the fibre modes, while the other coefficients in (2.7) are independent of

Z2 ' The amplitudes B+ are connected to the A+ through a unitary

transformation which depends on an intermediate length scale and accounts

for rapid changes of phase and polarisation.

3. PULSE EVOLUTION IN THE PRESENCE OF LOCALISED IRREGULARITIES

The coupled NLS equations (2.4) have, in the case of constant

coefficients, solitary wave solutions of the form

A±(X,Z2) = exp(-i,6±Z2 ) F (x) (3.1)

with F+(X) being real functions that vanish exponentially for X-±m (3].

They are generalisations of vector solitons in the integrable system fl=f2

[4]. A special case is F+(X)~sechl. F (I)=0. The evolution of a pulse

initially of this form, governed by equs. (2.6), is studied numerically

with D=l, fl=l, f2=2, d0=0, d+=iSexp-(Z2 -Z) 2/w 2. The numerical results

suggest that after passing the birefringent irregularity, the pulse is

predominantly a solitary wave solution of the form (3.1) of altered

polarisation, with small superimposed oscillations. For the integrable
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case f2=f ([4], maxima of IA+_ for Sw=O.2 shown dashed in figure) the

final state is a vector soliton depending only on Sw. Otherwise, the final

state can depend strongly on both S and w, as shown below for f2 =2f and

Sw=0.2: w=O.l (solid), w=l.6 (dotted). For sufficiently large width w of

the irregularity, the pulse regains its initial polarisation, a behaviour

that can be understood in the framework of soliton perturbation theory.

Besides pulses of approximate sech-form, equs. (2.4) with constant

coefficients possess a variety of solitary wave solutions with

Z 2-dependence (3.1) for which analytic expressions can be given in the

integrable case f,=f2 [5,6]. By allowing the cross polarisation to vary

gradually with Z we investigate to what extent solutions of the

integrable system may be transformed adiabatically into corresponding

solitary wave solutions for systems with f *f2.

A+ max 1.2-

0.8-

0.4,

|I . .. I. . . . .I

0"0 2 4 6 a 10 12

z2
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Interactions between Solitons in a Monomode Fiber
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In the present work, pairwise interactions between solitons are considered
in two models of a nonlinear monomode fiber. The first model is the simplest
one to describe the competition between losses and gain in the fiber [1]:

2.

iU + u + 21u1 u = i u + i u. (1)

The second model takes account of the intrapulse Raman scattering [2]

-2
iu z+ u ++ 21ulu =E.uul ).+ (2)

Eqs.(l) and (2) are written in the standard notation [1,2] . The objective of
our analysis of the model based on Eq.(1) is to iniestigate a possibility of
existence of a bound state of two solitons separated by a temporal delay
which is much larger than the widths of the solitons. For the model (2), the
aim is to develop analysis of a collision between two solitons in the case
when the frequency difference between them is much larger than their
inverse widths. The approach to both models is based on the perturbation
theory for the nonlinear Schr6dinger (NS) solitons. The unperturbed soliton
is taken in the form

USC= 217 sech(2 2 (t +S+4z)) exp(-(i/2)"t + - (i/4) 2 z), (3)

where 1 and -'I are its inverse temporal width and frequency shift. As is
known [31, the model (1) admits solitary-pulse solutions, that in the case <
1 are close to the soliton (3) with L.a = 0 and with

2 = 3t14 0  (4)

Using the exact solution for the pulse [3] or a perturbative expansion, one
can see that in the case 1, << 1 the pulse has the form

u = 27 sech(2 q (t - t )) exp(4i z - ig It - tI + ic), (5)

where the phase constants t 0 and 10C have been introduced, and the small
frequency
g = (4/3)'r (2/3)f3. (6)

is generated by the terms on the right-hand side of Eq.(l). The term git - tal
in the pulse's phase will play a crucial role in the subsequent analysis. Let us
consider the interaction between two solitons with a large temporal
separation T a_ t (1) - t ( ) between them,

0 0T 1, (7)
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and with some phase difference Following the known
approach to the analysis of interaction between slightly overlapping solitons
[41, we insert the linear superposition of the two solitons,

u(1) ) (2.)
u(tz) = u (tz) + u()(tz), (8)

set ,e

into the potential term
..+ o<C

H =-Jdt Ju(t) (9)

of the full Hamiltonian of the NS system, which accounts for the interaction
between solitons. Thus we arrive at the effective potential of the soliton-
soliton interaction, that is dominated by the contributions to the integral (9)
from two regions where each soliton is overlapped with an exponentially
weak "tail" of another soliton. At the leading order, the interaction
Hamiltonian can be linearized with respect to the tail. So the effective
potential is

+, c,

U =-4 $dt)u (t)12 Re(u (t)u(t)) + (1 2), (10)

where u,(t) is the soliton's wave form (5) with t0 = 0 and #0 = 0, and
u (t) is the asymptotic -'tail- of the same wave form with to= T and * =

2 2 tT itT Ii)(1

u 4 (t) = UL exp(4iq z - 2q.t-TI -igIt-TI+ i

Finally, inserting Eqs.(5) and (11) into Eq.(10) yields

U = -256 13 exp(-2 T) cos4.cos(gT) . (12)

Apart from the last multiplier, Eq.(12) coincides with the known expression
[4] for the effective potential of the soliton-soliton interaction in the
unperturbed NS equation. However, the last multiplier induces a drastic
difference: It generates local minima of the potential, which are absent in the
unperturbed case. The minima are located at
T = Tr- (2n + I)9T/2g, n =0,1,2,..... (13)

n.
sin 4 = 0, (-1).cos4 < 0. (14)

As it follows from the definition of g (Eq.(6)) and from the underlying
assumption 14 << 1, the inequality (7) is satisfied at the points (13), i.e., the
approximation employed is self-consistent. The minima of the potential
correspond to locally stable bound states of the solitons. However, inserting
Eqs.(13) and (14) into Eq.(12), one notices that the corresponding "binding
energies"

-U(T=T.) = 128gqj exp(-(2n + l)rt /g) = (512/3) l(exp(-(2n + 1)(3Ti/4W) (15)
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are exponentially small, so that the stability of the bound states is very
weak. Thus the bound states found by means of the perturbative analysis
prove to be very feeble. One may expect that in a model with larger loss and
gain coefficients they may be more robust. This issue requires numerical
simulations. Anyway, a casual formation of bound sates may be very
detrimental for operation of soliton-based fiber communication lines, so the
detailed analysis of those states seems to be a worthwhile problem.

Let us proceed to the collision between solitons in the model (2). Recently,
this problem was solved numerically in Ref.5. Here it will be solved
analytically under the assumption
d'i >> 7,72, (16)

where I and 7, are the inverse widths of the colliding solitons, and

A Q 1 -lZ is their relative frequency (see Eq.(3)). From the general
perturbation-theory analysis [6] it is known that, under the condition (16),
the full wave form of the colliding solitons may be approximated by the
same ansatz (8) that was employed above to analyze the interaction between
the slightly overlapping solitons, although this time they are tightly
overlapped during the collision. Next, we make use of the well-known
relation between the soliton's energy,

E M Sdt Iu(t)12 . (17)

and its inverse temporal width Q%:

EL~t= 47 (18)

So, for the first soliton we have the following expression for the
perturbation-induced rate of change of its amplitude during the collision:

%fj d (j) -40-(1) 2
- = (1/4) - E (i/4) E Sdt u u(u ) . + c.c. (19)
dz dz St-1~L -
Inserting Eq.(8) into Eq,(19), one notes that the integrand becomes a sum of
several terms. Analyzing contributions of these terms from the viewpoint of
dependence on the large parameters l / 4,1(see Eq.(16)), one concludes that

re) (2) (2)
the dominant term is that,- usot u (2) (u (). Keeping it, one finally finds the

collision-induced change of the soliton's amplitude as follows:

8Y -  dz -2= 4E1 7.sgnQ. (20)4 o dz

Similarly, for the second soliton one obtains S!. q =- t • The latter relation
complies with the fact that the total energy (17) remains the exact integral
of motion of the model (2) (see the relation (18) between the energy and
amplitude of the soliton). To compare the analytical result (20) with the
numerical findings of Ref.5, note that, in the present notation, the
simulations performed in Ref.5 corresponded to , = q z = 1/2; in this case
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Eq.(20) yields l l/ = 2 E, which exactly coincides with the empiric formula
extracted in Ref.5 from the numerical data for the case when the inequality
(16) holds. Thus the soliton-soliton collisi,)n in the presence of the intrapulse
Raman effect gives rise to the transfer of energy from the less downshifted
soliton to the more downshifted one [5]. In the next approximation in E ,
radiative losses of energy appear. They have been analyzed, under the same
assumption (16), in Ref.7. The final expression for the collision-induced
radiative losses of the soliton's amplitudes is [7]

Sr&~r4 4 C ,Q.

In conclusion, let us note that another important perturbing term in the NS
model of the monomode fiber may be the one taking account of the third
dispersion [8]. In the presence of this term, the collision remains elastic in
the first approximation. In the second approximation, the radiative losses
have been recently analyzed in Ref.9. At last, if the third dispersion is added
to the model (1), one can demonstrate that the existence and stability of the
two-soliton bound states are not affected.
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Introduction. A new class of problems has recently appeared; nonelastic
interaction of solitons at different polarization states or different wavelengths.
Recently[l] it was predicted that the so-called effects of shadows should
appear in the process of collisions between solitons in birefringent fibres. The
same behaviour is observed in computer simulations of NLSE solitons at
different wavelengths in single-mode fibres[2].

The purpose of this paper is to clarify the interaction dynamics of two
colliding NLSE solitons. Using rough analytical methods together with
numerical simulations the conditions for symbiotic soliton pair generation are
studied.

Problem. The equations of motions for the incoherently coupled waves,
assuming well-separated spectra can be taken as[3]:

i U +I2u +(Iu12+2 Iv 12)u--+iGIv1 2u (la)
az 2 )t2

i-v +-- 2+(Iv 12+2 I u 12)v =-iGIu[2v (Ib)c0z 2 ()t

where G is the normalized coefficient stimulated Raman scattering. First of all
we consider the case G=O. Then we construct the Lagrangian of system 1:

L = L,+L + Lu, (2)

where

=2 az .z- I - (3a)

L i voV. vIV +I aV 11V4L,2-= - -+ l-t17 Tvl (3 b)2' az o 2 ~t 2

Lu,=-2IuI 2 [v1 2  (3c)

We now consider a rigid-body interaction between two pulses, i.e we assume
that the waves will retain the shape of e.g. NLSE-solitons during the collision:

u =i jjsech(il1 (t -vz)) exp _'(±Q -v 2)z + ivt (4a)

v = 2sech(Tl2(t +vz)) exp -(112 _-v2)z -ivt (4b)
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Substituting (4) into (3) and integrating the Lagrangian (2) over time one can
obtain the variational equations for the soliton parameters[4]. As hinted, we
assume that "11 = 1'12 = il. First we consider the case of two initially overlapping
NLSE solitons and disregard the fact that the soliton form (P, s r- il exact
solution of the coupled NLSE's (1) around z = 0. One obtai,., Lia* this state is
bounded provided that the initial relative velocity is lower than a critical
velocity, v2crit = 4TI/3, which means that split-up should occur for v > 1.155.

If we compare with computer simulations we see that n,-',:s are bound for
initial velocities less than 1.05. This bound state is oscil'tlve, which also is the
case for the variational solutions; frictionless bouncing in a potential well[4].
However, it is also radiative; it looses energy by emitting aispersive waves.
Above v = 1.05 the state splits in such a way that each of the pulses are
splitted into two. The amplitudes of the splitted pulses will not be equal unless
the initial velocity is increased to 1.13; the velocity at which symbiotic solitons
thus may be formed, see Fig.I! Increasing the initial velocity beyond this
value, the resulting amplitudes again become unequal.

If starting with well separated NLSE-solitons aimed towards each other, the
general result is that one part of each pulse will continue and one part will be
"reflected", or better, caught by the continuing part of the other wave.
Generally, the two parts will have different amplitudes, but for a certain
collision velocity, v = 0.16, the splitted amplitudes are all equal and a
symbiotic state may again be formed; see Fig.2!

In this particular case the collision process is preferrably discussed in terms of
the Hamiltonian corresponding to system (1). Denoting the initial velocity of
each NLSE soliton by v' and the velocity of each symbiotic state by v", one
obtains the relation (v") 2 = (v') 2 + 2.5/6. From the numerical solution, Fig.2, we
see, however, that the process rather fulfils (v") 2 = (v') 2 + 1.0/6, i.e. the final
'kinetic energy' is lowered since part of the free energy is consumed by
dispersive radiation and an oscillatory excitation of the bound symbiotic states.
This simple form also suggests the existence of a reversed 'cut-off', i.e. the
bound states will separate with a finite velocity even for zero initial velocity.
The Hamiltonian approach also predicts the qualitative outcome if the initial
NLSE solitons overlap initially. The new condition above then takes the form
(v") 2 = (v') 2 + 2.5/6 - X, X > 0 where X represents the overlap integral in the
Hamiltonian. Consequently, the final velocity of the separating bound state.
decreases. At higher relative velocity, v > 1.0, no trapping occurs and the
particles pass through each other unaffected.

We have also investigated incoherent collisions in the presence of stimulated
Raman scattering. When adding a small amount of SRS (e.g. G=0.04) to the
collision in Fig.2 the pulse splitting process will be unaffected. On a longer
scale, however, the two pulses in the Stokes wave will grow under the action
of the SRS effect.

Increasing the Raman effect by, say, a factor of 5, Stokes pulse splitting will
still occur but all energy is momentarily transferred in the collision and the
pump wave becomes immediately depleted. The velocities of the Stokes pulses
also looses their relative symmetry as seen in Fig. 3
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Retaining this higher gain (G=0.2) and increasing the velocity, v= 0.65,
conceptually new features of the interaction process emerge. The forward part
of the Stokes pulse becomes ordinarily amplified. However, a secondary Stokes
pulse emerges suddenly after some distance of propagation, well separated
from the primary Stokes pulse and travelling with a velocity equal to the
velocity of the pump pulse, see Fig.4. This "virtual absence" relies on the fact
that a part of the pump energy is not immediately consumed but continues
with its initial velocity and captures, through cross-phase modulation, a tiny
fraction of the Stokes pulse, a fraction that will be amplified on a longer scale.
At this end of the parameter space, we see also that the primarily amplified
Stokes pulse is considerably compressed.

Conclusions. In this work, inelastic collisions beteween incoherently coupled
waves have been investigated. The cross-phase modulation mechanism is able
to (i) create symbiotic soliton pairs in a pulse collision process. The same
mechanism can (ii) induce asymmetric pulse splitting of Raman amplified
solitons. Finally, we suggest that (iii) cross-phase-modulation dominated
collisions can be used to selectively split components from higher order
solitons or Hasegawa bound states[5].

These effects could be experimentally observed if the dispersion length is
comparable to the walk-off length. For example, if the pulse duration is 100 fs
then Ldisp Lwalk-off 50 cm. The parameters appear to be experimentally
reasonable for picosecond pulses in dispersion-flattened optical fibres having
low dispersion over a relatively large wavelength, 1.3-1.6 tm.
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Figure Captions

Figure 1. Splitting of two initially overlapping NLSE solitons of which only one
is displayed. Initial separation = 0. Initial velocity, v= 1.13. The process is
shown forO< z< 30.-20<t<20

Figure 2. Collision of two initially well separated NLSE solitons, of which only
one is displayed. Note the formation of two pulse. with equal amplitude. Initial
separation = 5. Initial velocity, v = 0.16. The process is shown for 0 < z < 54.
-20 < t < 20

Figure 3. Collision of two initially well separated NLSE solitons under the
influence of Raman amplification. Initial separation = 5. Initial velocity = 0.1.
Raman gain, G = 0.2. The process is shown for 0 < z < 80. -20 < t < 20

Figure 4. Collision of two initially well separated NLSE solitons under the
influence of Raman amplification. Initial separation = 5. Initial velocity = 0.65.
Raman gain, G = 0.2. The process is shown for 0 < 7 < 18. -20 < t < 20
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Summary

We have recently reported on the generation of pulses as short as 1.2 ps

from a mode-locked erbium fibre laser pumped by a frequency doubled Nd:YAG

laser [1]. Experimental and theoretical evidence strongly supported the idea that

soliton pulse shaping played a dominant role in the short pulse formation. In this

paper, we review this earlier work and present preliminary data from a simple,

compact totally integrated erbium fibre soliton laser pumped by a high-power laser

diode.

The experimental arrangement of the fibre ring laser is shown in figure 1.

As a pump source, we employed the output of a packaged/pigtailed GRINSCH

InGaAsP MQW semiconductor laser [2]. The fibre pigtail of the MQW device was

then spliced ("X" denotes a splice in figure 1) to fibre coupler C1, which permitted

efficient coupling of the pump light into the 13 m long erbium fibre (Er). At the same

time, C1 allowed the erbium emission to be coupled straight through to C2, which

provided a 3 dB output coupling for the cavity. The fibre cavity was completed by an
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integrated-optic lithium niobate phase modulator (PM) with a 3 GHz electrical

bandwidth, insertion loss of =6 dB, and a switching voltage of =10 V [3]. Fibre

polarisation controllers (PC) were also incorporated into the set-up in order to ensure

correct polarisation of the light incident on the modulator.

Mode-locked operation was achieved by tuning the modulator drive

frequency to a high harmonic of the fundamental cavity frequency. Figure 2(a) shows

an autocorrelation trace of the counter-clockwise laser output recorded at an average

(peak) power of 0.6 mW (=0.3 W) and a repetition frequency of 810.6 MHz. An

autocorrelation function of a 2.8 ps (FWHM) sech 2 intensity profile is an excellent fit

to the experimental data as is clearly shown by the theoretical points depicted. The

corresponding spectrum is shown in figure 2(b) from which a spectral width (FWHM)

of 0.9 nm is measured. An inferred time-bandwidth product (ATAv) of 0.31 is also in

excellent agreement with a sech 2 pulse shape. The measured temporal, spectral and

power characteristics of the laser output are appropriate for fundamental solitons. In

this work, drive frequencies were restricted to < 1 GHz by the synthesiser/amplifier

combination. However, the present configuration should be capable of generating

soliton pulses at repetition frequencies = 10 GHz. Further progress in this area will be

reported.
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Figure Captions

Figure 1: The experimental configuration of the Diode-Pumped Erbium Fibre Soliton

Laser.

Figure 2: (a) Autocorrelation trace of 2.8 ps pulses obtained at a repetition frequency

of 810.6 MHz (peak power =0.3 W) and (b) corresponding spectrum

(A, = 111 GHz). The crosses in (a) represent the theoretical autocorrelation function

of a 2.8 ps duration sech2 intensity pulse.
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Erbium-doped optical fibres displaying broad gain bandwidth

centred at the wavelength of minimum loss and negative group

velocity dispersion make almost the ideal media for generation and

amplification femtosecond range optical pulses. Several authors

have studied both theoretically and experimentally the amplifica-

tion of ultrashort pulses in such devices and have noted that not

only resonant properties of fibre amplifier but also the Raman

self-frequency shift are responsible for the net gain and pulse

duration at the output of an amplifier[l-41.

The usual approach in a theoretical consideration treats resonant

properties and Raman gain in a fibre amplifier independently,

assuming similar nonlinear properties of rare-earth doped and

undoped fibres. In this paper we present experimental results on

Raman soliton amplification in an erbium fibre amplifier which

indicate an influence of the erbium ions on the third order non-

linear susceptibility.

The basic experimental set up has been described elsewhere

[2] and consisted of a mode-locked, Q-switched YAG laser which in

combination with 100 m long ordinary fibre produced 80 fs Raman

solitons in the region of 1.53 m. The erbium doped fibre was

fusion spliced to the output end of the tindoped fibre and was

pumped with argon laser in a countertpropagating scheme.
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Fig.1 shows autocorrelation traces of the output radiation at

different pump power levels. The length of the fibre amplifier was

17 cm and the erbium ion concentration 1000 ppm. The shortest

pulse duration was 34 fs. Spectra corresponding to 0.4 W and 2.3 W

pump power are represented in Fig.2. The product of spectral width

and correlation function width was 0.41 in each case. For sech 2 -

shape this value should be 0.49 indicating small shape distortion

of the pulse during the amplification process. A small "blue"

shift towards resonant gain centre was observed, indicating sup-

pression the Raman self-frequency shift. However, such suppression

is not stable and strongly depends on the amplifier length and

pump level. Consequently it is impossible to keep an amplified

femtosecond pulse under resonant gain curve, eventually it runs

out of the gain bandwidth, that has been recently proved [2].

Since the shortest pulses obtained in the experiment were

wider than predicted by the theory [31, the nonlinear properties

of erbium-doped fibres have been studied in greater detail. For

this purpose we firstly studied the stimulated Raman scattering

process in a number of erbium-doped fibres with different rare-

earth ion concentration. It has been found that with a 1.064/wm

wavelength pump the Raman gain coefficient depends on the rare-

earth ion concentration, decreasing with the growth of con-

centration of erbium ions. For example, in an erbium-doped fibre

with concentration 75 ppm, Raman gain was approximately 40% less

than in a comparable undoped fibre.

There is also slightly less Stokes component shift for doped

fibres. Fig.3 represents spectra of second Stokes components in

doped and undoped fibres with the same concentration germanium in

the (cores.

Simils-r -\periments have been carried out with mode-locked

and Q-switulied YAP laser at 1.34f m and pulsed chromium-erbium

doped glass bulk laser at 1.54 m and results wilt be reported on

:t the, mre t ins.
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Summary. We have studied the influence of Raman gain on

amplification in erbium fibre amplifiers and have obtained pulses

as short as 34 fs with shape slightly differ from a sech2-form.

The study of the Raman gain in erbium doped fibre have shown that

resonant and Raman effects can not be considered as independent

ones and that value of Raman gain in the doped fibre 40% less then

in a comparable undoped fibre.
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Abstract. Two scheme of all optical TDMA networks are proposed with the demultiplexed
processing obtained by means of an optical gate based on the second harmonic generation
process. The maximum throughput is obtained when solitons are used and is equal to 125
Gb/s.

Introduction. One of the techniques to access to a network is the Time Division Multiple
Access (TDMA). Such a tecnique offers a good chance to obtain high throughput, in particular
when a direct time multiplexing of optical pulses is used. TDMA is compatible with passive star
network structures whereby the optical pulse frame is distributed to all users. Optical network
experiments based on TDMA have shown a limitation of the throughput (10 Gb/s) because of
the electrical contribution in the demultiplexing process [1]. In this work we present two
complete schemes of all optical TDMA in a metropolitan area network (MAN) with a distance
between each user and the central star of 10 kin, and a dispersion shifted fiber with a chromatic
dispersion of I ps/nm/km (1.3 ps 2/km) for two different regimes of pulse propagation: a) low
power pulses travelling along the fiber and amplified at the gate input, b) optical solitons. The
demultiplexed process is obtained by means of an AND optical gate based on a parametric two
photon process, such a scheme overcomes the electronic bottleneck of the demultiplexing
operation and it does not require very high input energy; in particular for a pulsewidth of 1 ps
the minimum required energy content is I pJ. In the a) case the maximum throughput shows an
upper limit of about 40 Gb/s, for 64 users at 622 Mb/s each, caused by the chromatic
dispersion, while in case b) the throughput, essentially limited by the Stimulated Raman
Scattering (SRS), is 125 Gb/s.

Optical gate. The bottleneck for high bit-rating in a TDMA based system is the
demultiplexing process because of the speed limitations imposed by the detection electronics
(10 Gb/s). The device that acts as a temporal demultiplexer is generally intented as an AND
optical logic gate which, for a practical use, must fulfill the necessary requirements of high
speed, energy efficiency, phase and polarization insensitivity and large extinction ratio. A
variety of optical gates have been proposed but most of them satisfy partially the above
requirements. For Kerr optical gates [21 pulse breaking up leads to a low extinction ratios. Such
a problem may be overcome by exploiting the particle-like nature of solitons which allows a
complete pulse switching as the pulse were an optical bit 131. Unfortunately all the optical gates,
until now demonstrated, present an energy switching larger than I pJ.

On the other hand, starting from the consideration that in an optical telecommunication
network the demultiplexing process is localized at the user, a gate with an optical input and an
electrical output can be considered sufficient. Starting from this point we think to use an optical
gate based on the well-known phenomenon of the Second Harmonic Generation (SHG). In a
SHG process two fields, at the fundamental frequency w, E1 and E2 , interact istantaneously in

a non linear crystal generating a third field E3 at the frequency 2(o. E3 is generated only when
E and E2 are simultaneously present, viceversa when only one field is present no signal is
generated; therefore this provides an AND logic operation with the maximum on-off ratio.

When the depletion of the input fields is negligible the generated SH signal is proportional to
the pair of the incoming signals through the power relation P3 = r P1 P2. where P1 and P2 are

the input power of the fields at the fundamental frequency, P3 is the SH power and F is a

constant that depends on the crystal characteristics.
With the SH gate most of the initial requirements for a good performance of the device may

be accomplished although a polarization fluctuation may dramatically affect the amplitude of the
generated SH signal; to obtain a gate insensitive to the input state of polarization the optical
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scheme of fig. 1, based on the polarization component separation followed by a suitable
recombination in four nonlinear crystals, may be adopted [4].

Considering a KTP crystal, it can be verified that, for two equal input gaussian pulses with
duration t=1 ps, the input energy has to be about I pJ.

Pulse propagation in optical fibers. For the realization of high capacity networks the
fiber limitations have to be taken into account; in particular in the regime of low power pulses
the maximum bit-rate carried by a single channel is established by the chromatic dispersion [5].

On the contrary when the pulses propagate in the wavelength region of anomalous
dispersion (negative group velocity), the nonlinear effect of Self Phase Modulation (SPM) can
effectively reduce the dispersive pulse broadening and, for a known value of group velocity
dispersion, this depends on the power of the pulse and on the input time width. When the
nonlinearity compensates exactly the chromatic dispersion, pulse with a particular shape can
propagate in the fiber without changing such a shape. This scenario corresponds to the
evolution of the soliton. Because of this property, solitons seem particularly useful for optical
communication. Unfortunately some problem limits their application and the main are losses,
nonlinear interaction and Stimulated Raman Scattering (SRS).

Fiber losses can induce amplitude attenuation which is followed by a temporal readjustment
that for soliton propagation results in a pulse broadening. The soliton pulses present a mutual
interaction that can be neglected when the distance between two adjacent pulses is larger than
eight times the width tr.

The SRS effect induces a continuous downshift of the pulse center frequency and as a result
SRS produces a variable delay depending on pump power fluctuations 15].

The amplifier saturation may constitute another potential limit in the throughput of an optical
communication system; for erbium doped fiber amplifiers (EDFA) the output saturation power
level is around 100+200 mW that for soliton transmission states a bit rate upper limit of
100.200 Gb/s.

Proposal of the all-optical TDMA networks. In the all optical network that we
propose in this section, the distance between user and central station is 10 km, the chromatic
dispersion P2 is 1.3 ps 2 /km, the nonlinear coefficient y=o0n 2/(cAeff) (where n2 is the

nonlinear index, Adf the effective core area, c the vacuum velocity and o0 the central
frequency) is 4 rad/W/km and each user has an optical gate based on SHG. Two regimes of
pulse propagations are considered: a) low energy pulses and b) optical solitons. In the a) case,
low energy pulses (0.035 pJ) propagate through the network and are amplified before the
optical gate to obtain the requested gating energy. According to the curves of fig. 4, when
pulses with t=10 ps and a power lower than 3.2 mW propagate in the fiber with the value of
group velocity dispersion mentioned above, the condition to obtain a soliton is far away to be
satisfied, a small compression of the pulse can be observed but in general may be considered a
case of linear propagation. In this framework, considering an user bit-rate of 622 Mb/s, 64
users can simultaneously access the network. In the b) case, solitons propagate in the network
and the requirement is that the power level must be kept constant. By means of the solitons, an
higher bit-rate is possible allowing the network to have 200 users simultaneously
communicating at the bit-rate of 622 Mb/s with a total throughput of 125 Gb/s. In particular the
parameters determining this soliton regime are the pulse time duration T = I ps, the energy W =

1.1 pJ. the peak power P = 1.0 W and a maximum average power Pave= 140 mW.
A centralized laser distributes to all users a frame of pulses at 622 Mb/s (fig. 2); this frame

could be obtained using a color center laser at the repetition frequency of 78 MHz, followed by
four directional couplers at 3 dB and fiber optic delay lines, in such a way each pulse is splitted
in eight output pulses with a loss deriving from the splitting of 3 dB. At the output of the
divider an energy of 2.8 pJ for each splitted pulse is assumed 161. Considering then the star
sharing among 200 users (it is obtained using a part of the input-output of a 256x256 star
coupler), the reduction of transmitted energy, considering also the coupler insertion losses, is
25 dB (19 dB for 64 users). In case a) at the star output the pulses present an energy of 0.035
pJ with a peak power of 3.2 mW. In case b), to obtain the requested energy and time width,
optical amplifiers (A0 ) for the soliton restoration are requested. Each user has two systems of
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Ti:LiNbO 3 electrooptic 2x2 switches (S) with delay lines (DL), one for the transmission (DT)
that shifts the frame to the assigned time slot and the other for the reception (DR) (fig. 3). The
switching time of the electrooptic switches is of the order of the nanosecond. The transmitted
signal is modulated by an intensity modulator (M) at the bit-rate of 622 Mb/s. The amplifier AT
compensates the loss of the fiber (2 dB), of the coupler C (3 dB), of DT (3 dB) and of the
modulator M (1 dB). AR compensate the loss of C, of the fiber (2 dB), of DR (3 dB), for the
variable delay line LR (I dB) and provides the necessary power for the demultiplexing gate.
The modulated signal reaches, through the fiber, the central node (figs.2 and 4) where all the
signals are time multiplexed by the 256x256 star coupler #1 and the resulting signal is amplified
to compensate couplers and fiber losses. Considering that, in the a) case, the star coupler loss is
19 dB, the fiber loss is 2 dB and I dB for the device LR, that is used to synchronize the
signals as we will explain later, the gain of the amplifier A1 must be set at 22 dB (28 dB in the
b) case). At the output of the amplifier the pulse is diveded into two equal parts, one of which,
by means a coupler, is sent to a system to check the frame and the other to the star #2 to
distribute the signal to all users. Another group of amplifiers (A2) whose gain is set at 28 dB in
b) case and 22 dB in a) case is located at the star output in order to compensate both the loss of
the star coupler #2 and coupler (3 dB). The receiver is composed by an optical AND based on
SHG with relative PIN FET photodiode. At the gate input the signal at high bit-rate from the
central station and the strobe composed by pulses, at 622 Mb/s suitably delayed by DR, are
present. In the a) case an amplifier A3 is necessary to obtain the requested gate energy. We set
the A3 gain equal to 20 dB in such a way that at the input gate the pulses present an energy of

2.2 pJ (the maximum average power is about 100 mW). Since for pulses of 'r=10 ps the
product WIWI has to be larger than 10 pJ2 141, the gain of AR must be set at 30 dB. In case b)

the product WlW2 has to he larger than 1 pJ2 141 and indeed 11 dB of gain for AR suffices.
Since very short pulses are used, a variety of time varying effects can disturb the

synchronization of the signa!s. The current technology allows the source to mantain the time
jitter below I ps 17 1. For slowly varying effects the synchronization check among the users can
be obtained in the central station by a system that has the same structure of a user.

Periodically each user can organize a self-synchronization operation which consists in
sending its own pulses in an assigned time slot; the check system obtains the synchronization
adjusting the delay line LR. The frame, during the propagation after the check system, does not
change its shape but can be shifted requiring a synchronization process in the reception. This
process is made by the user that periodically sends pulses in the time slot of its own receiver
and the synchronization is obtained by means of LR that is located at the user station.

A system contained in the frame control checks also the amplification levels of A1 and A2's
becausc in these amplifiers the power levels depend on the load of the network.

Conclusion. In this work we have shown that improving the gating process and choicing
a suitable pulse propagation regime the overall throughput of telecommunication network may
be raised by one orders of magnitude. In particular a novel optical gate based on Second
I tarmonic Generation, working with low energy and short pulse has been included in a scheme
of optical TDMA network working in the regime of mininum pulse broadening. The resulting
mlaximum throughput of 125 Gb/s can be obtained.
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150 / MG2-1

OPTICAL FIBER TRANSMISSION SCHEME
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Abstract An optical fiber transmission scheme with 500 Gbit/s rate is demonstrated
experimentally. Limitations of the system due to optical nonlinearities are observed and

discussed.
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Using present technology, optical pulses with duration - 50 fs are routinely obtained. It
has already been demonstrated that such short pulses can propagate as stable solitons through
long distance fibers, provided that the central pulse wavelength corresponds to an anomalous

dispersion region of the fiber. Thus, in principal, a bit-rate of 5 THz can be envisioned. In
practice, the bit-rate of such a transmission system is limited by soliton-soliton interactions, and

by the pulse peak power which must be kept below the damage threshold. Since the soliton peak
power obeys an inverse square law with respect to its time duration, the combined action of
soliton-soliton interactions and maximum soliton intensity limit the transmission rate to a
maximum value of the order of 500 Gbit/s.

It is interesting to consider transmission schemes that can operate in the normal

dispersion region. However, in this case, normal dispersion is not compensated by self-phase
modulation, leading to a rapid increase of the pulse duration. The recent development of pulse
chirping techniques makes it possible to circumvent this difficulty in the following way.
Femtosecond pulses are stretched before launching them in a fiber, then recompressed at the
output of the fiber. Stretching causes a significant reduction in the peak intensity in the fiber,

thereby reducing self-phase modulation and other nonlinear effects. In this way, the only
remaining sources of dispersion are linear, and can be compensated even for pulses that overlap

in the fiber.
We report the experimental study of the feasibility of this scheme. Pulses of 70 fs in

duration, with a central wavelength of 620 nm delivered by a CPM dye laser and amplified by a
copper vapour laser to a maximum peak power of 3 MW were split into pair of pulses with
variable time separation using a Michelson interferometer with a translational mirror. These pairs
of pulses were stretched to 60 ps by two anti-parallel gratings separated by a telescope of -I
magnification and coupled into a single-mode fiber (Figure 1).

FROM CPM WCVL LASER
SINGLE-MODE OPTICAL FIBER

7 
6

PULSE SDR ETC-WHER COMPRESSOR
PULSE DELAY

ADJUSTEMENT

Figure 1. Sketch of the experiment Figure 2. Autocorrelations of a pair of two
sub-picosecond pulses transmitted across a
50m long single-mode fiber for delays of Ips
and 2ps between pulses, for the upper and
lower curves, respectively. One division on the
abscissa corresponds to 6.7ps
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Note that the stretched pulses now overlap in time inside the fiber. The outgoing pulses
were recompressed using a TREACY's grating pair and analyzed with an autocorrelator. Non-
polarisation-preserving fiber strands, taken from the same fiber, of 4, 8, 16, 32 and 50 m in
length and a 4 m long polarisation-preserving single mode fiber have been tested. The maximum
fiber length was limited by the dimension of the gratings of our compressor. The maximum bit

rate was estimated by measuring the minimum time interval still allowing detection of two pulses
in the autocorrelation trace (Figure 2).

For low peak powers (0.1W ) of the stretched pulses, this bit rate was found to decrease
with the fiber length and is 500 Gbit/s for 50m. The limitation is given by the uncompensated

third order dispersion of the fiber. For high peak power of the stretched pulses (1.7 W),an
instability of the transmitted signal was observed, causing noisy autocorrelation signals. When

the peak power was further increased, pulse break-up was observed. We have observed up to
seven sub-pulses for a peak-power of 17 W (Figure 3). As expected, the use of a polarisation

preserving fiber greatly improved the autocorrelation quality and the threshold for pulse break-
up was found to be increased. As a result of stretching, no measurable spectral broadening was

observed in the transmitted pulses, even at the highest powers. However we observed a noisy
structure that can be attributed to nonlinear interaction (Figure 4).

It is interesting to extrapolate the performance of this scheme to other wavelengths, better
suited to data transmission. The group velocity dispersion of our fiber was measured to be 330
ps/km/nm. For a pulse central wavelength of 1270 nm, the dispersion of a weakly guiding fiber
is about 1.5 ps/km/nm. Thus a fiber length of more than 10 km could be compensated for group

velocity dispersion by the compressor used in this experiment.

16
n

n

17.9 617.9no 627.9

Figure 3. Pulse break-up for high peak power. Figure 4. Spectra of two chirped 60ps pulses
Autocorrelation traces are shown for delays of a time delay of 2ps for a peak power of 1.4
between the two pulses of 1, 2, 3 and 4ps for and 2.8W. The nonlinear interactions cause
the curves in order from top to bottom. one the fringe structure of the coherent pulse pair
division on abscissa corresponds to 6.7ps

In conclusion we have demonstrated in the visible spectral range a new high bit-rate data

transmission scheme providing 5MX) Gbit/s over 50 m in its preliminary version. Translated into a
wavelength around 13() nm, this experiment appears to be well suited for data transmission

systems with a range of a few tens of km.



MG3-1 / 153

Distortion of a broadband-intensity signal during its

transmission through a chain of lumped amplifiers

due to their saturation

A.V. Luchnikov and A.N. Pilipetskii

General Physics Institute

Academy of Sciences of the USSR

38 Vavilov Street, Moscow 117942, USSR

Experiments on soliton pulse transmission through optical

fiber on the distance of up to 10000 km [1] confirm the

possibility of realization of ultra long high-bit-rate soliton

communication systems. At the present moment it seems most

reliable to compensate the optical fiber losses with the help

of lumped erbium-doped fiber amplifiers, periodically placed

along all the transmission distance. As the value of the erbium

fiber amplifier saturation power is not very high ( - 0.5 mW ),

than the influence of the amplifier saturation could affect on

the signal transmission in the soliton regime [2]. The

amplifier saturation in soliton communication systems could

result in decreasing of the soliton sequence signal-noise

ratio. This effect can be accumulated after transmission

through a large number of amplifiers ( > 300 for L 1 10000 km

[1] ).

In the present paper we analyze theoretically the effect

of signal-noise ratio decreasing in a soliton signal sequence

during its transmission through a chain of erbium-doped fiber

amplifiers.

In our calculations we used an ideal three level system

level of pump absorption, upper level of amplification

transition, ground level ) as a model of an erbium amplifier.

Azsuming that the signal bandwidth is much less than the

amplifier bandwidth, the equation for the gain increment

fluctuations 6n in the n-th Amplifier can be written as
n

a67 63r
n n

+ - = 1( I
at f nr

eff
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where t is time, T - the longitudinal relaxation time of the

amplification transition, I = I/ the path average

fluctuation part of signal intensity normalized to saturation

intensity of an erbium amplifier, V = il/It- the path

average noise part of the radiation intensity due to the

influence of the amplifier saturation after n-i amplifiers, 7 -

the value of the average gain increment of amplifier equal to

the value of the optical fiber loss decrement between the

amplifiers. The value Taff characterizing the dynamic amplifier

response time in the presence of signal and pump is as follows

T

'ef= - (2)
1 + (Ws/C )I + V

where w., W are the frequencies of signal and pump
p

respectively, I'0 = I sat and Y' = Y/I - the input pump
P0 pO sat

intensity and the mean path averaged intensity of signal , $ -

abscrption coefficient of amplifier for a small signal in the

absence of pump. Eq.(1) is obtained in the approximation of

small perturbations of the 4ain increment 6574 1.

Solving Eq.(1) we have obtained the relation for the

disnersion of the soliton energy fluctuations o normalized toE

sol:ton energy E in a random soliton sequence with the value of

bit rate F ( the probability of the soliton appearance is 1/2)

E 2 1 *F

0

where function Ifj1' describes spectrum of the slowly varying

in time envelope of the pulse energy perturbations in a random

sollton sequence

E
eff N

f =l-(l- ), (4)
WJ1 + i Celrf

t F
-feff

E'r E' 7 (5)2

where N - number of amplifiers, E' = E/Esat ( Esa t = sat



MG3-3 / 155

the saturation energy density of the amplification transition

We have calculated If W 2 as a function of w for

transmission rate F = 4 Gbits/s. The fiber and radiation

parameters correspond to those experimentally realized in (1]:
2m2

the input pump power P = 50 mW, z = 1.6, E = 10 -nJ/cm , E=
2P 210 J/cm 2, D = 1.38 ps/(nm-km), A ff= 35 jm, N = 350 ( L

10000 km ). Spectral behavior of If W 2 essentially depends on

the value of 1 = E ffN. In our calculations r ff 7-10-3T =

7-10-5 s and i = 0.8. Fig. l shows the spectra If W 2 for three

different values of n: 0.1 < 1 ( curve 1 ), 0.8 ( curve 2 ), 2

( curve 3) and 10 ( curve 4 ). With increasing of n the energy

perturbation spectrum saturates at low frequencies, broadens

and transforms from Lorenzian shape to a more complicated form.

For n r 1 the expression for oE/E can be written as

eff ]l12 E

E 8 1 Es8 sat

We have calculated a E/E = 1-10 -3 with the help of Eqs. (3-5)

for n = 0.8 and F = 4 Gbits/s.

In conclusion it should be noted that effect of saturation

in erbium-doped amplifiers does not decrease considerably the

signal-noise ratio of signal in soliton communication systems

for a reasonable bit rate and transmission distance. The theory

developed in this paper allows to calculate the crosstalk

between different channels due to saturation in erbium-doped

amplifiers in soliton communication systems with wavelength

division multiplexing and could be applied to analysis of

instabilities in multipass amplifying systems such as mode

locked erbium-doped fiber laser.

A.V.Luchnikov would like to acknowledge A.N.Starodumov for

his fruitful discussions which have lead to the joint creation

of the idea of the effect discussed in this paper.
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THE GAIN SATURATION BY THE RANDOM PULSE TRAIN AND NOISE

CHARACTERISTICS OF LONG-DISTANCE SOLITON-BASED SYSTEM

A.N.Starodumov

General Physics Institute, Academy of Sciences of the USSR,

38 Vavilov Street, Moscow 117942, USSR, tel. (095) 132-83-78

In this work we investigate the degradation of the signal-

to-noise power ratio (SNR) at the output of the communication

line caused by the random fluctuations of a gain in lumped

optical amplifiers. There are a few sources of gain

fluctuation: effect of pump modulation, random deviiation of

Erbium concentration from one amplifier to the next and

others. In [1] Kubota et al. have considered by numerical

simulation the soliton propagation over long distance taking

into account the gain fluctiation (±1,5%). It was pointed out

that the pulse width fluctuation over 9000 km was within ±10%,

and the pulse shape was clearly distinguished from noises.

In our paper we discuss another source of noise, connected

with the random character of soliton sequence. The information

bearing solitons modulate by random way the gain owing to

saturation. The effect of saturation for every pulse is very

small (_10-6-10 -8) but the changes of the inversion population

can be accumulated for the time of Erbium relaxation (r21 10
-2

s). We evaluate the degradation of the SNR and show that the

power fluctuations due to random gain greater or of order

amplified spontaneous emission [2]. Note, that this noise has

a fundamental nature and is connected with the random charac-

ter of the information process.
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We consider a random sequence of pulses with To (r0 is the

FWHM of the pulse), peak intensity I.. The probabilities of

"l" (soliton present) and "0" (no soliton present) are both

equal to 1/2 in bit period T. Pulse duration is supposed to be

much shorter than bit period 5-o<T. The time-averaged intens-
T

ity of optical radiation is < IL> 0I 2T

L o 2T
To calculate gain coefficient, we use an ideal 3-level

model for Er-doped fiber amplifier Since nonradiative

life-time -v32r21 ' we can assume that P3<<P, P1 , where Pi -

population in the level i (i=1,2,3). Then the changes of

inversion P= P 2-PI is given by equation

r I I _I

SP - 2a h + -+o P + 21bh N )j t 21 hv T21+ 13--hv P13hv P r21]N,

where a21, r3 - emission and absorption cross-section for tra-

nsitions 241, and 143 respectively, No- total concentration of

Er ions, I - pump intensity, hv, hv - information photon and
p p

pump photon energies, respectively. Note, to achieve an inver-

sion population at any point in a fiber, it is neccesary that
hv

> I = P In general case pump intensity is changed
31 21

along the amplifier, but we assume I =(z,t)=const, because of
P

the insignificant pump depletion for EDFA in soliton-based lo-

ng distance system with parameters as in [2].

We have calculated from (1) the fluctuations of inversion

for a random pulse train and determined intensity fluctuations

at the output of communication system. The SNR at the output

of the system is described as

R 21 1 + I +i C P (aL) (2)
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where Is=( 2o 21 2T) , c ,s-pulse and saturation energies.

The SNR was evaluated for the soliton-based communication

system with parameters r0=22ps, D=3 ps/nm/km, fiber loss

coefficient a=0.057 km- , effective fiber core areas 35 im2

distance L=10000km, T=200ps.

r'ump power. As it can be seen from (2) the SNR depends on

pump power of optical amplifiers. It is explained by the fact

that the saturation intensity of 3-level amplifier depends on

pump intensity. To increase SNR it is desirable to use more

powerful pump. Fig.1 illustrates the degradation SNR ratio wi-

th decreasing pump power- curve (a) correspond to pump power

50 mW and curve (b) 20 mW.

-4

t-o
0 0

20-0

30o
'-4

6 10 14

Number of Channels, q

Fig.1 Signal to noise ratio dependence on number

of channels. Pump power 50 mW (a), 20 mW (b)

0 = 22 ps, D = 3 ps/nm/km, L = 10000 km,

(= 0.057 km -1 , T I = 5 GHz.

Wavelength division multiplexing. As the soliton trains of

different frequencies move with different velosities, then the
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resultant gain for one fixed pulse is changed from one amplif-

ier to another.The gain fluctuation is accumulated over time

interval T 21 and determined by T21 / T - 107-108 pulses. If

the difference of velosities is small and the distance over

which pulses pass through one another is large (; 100 km ) co-

mpared to amplifier spacing, the changes of pulse train from

one amplifier to another are determined by a small part

(102-103) of the whole quantity of pulses causing gain fluctu-

ations. Thus one can assume that the gain fluctuations in each

amplifier is determined approximately by the same random soli-

ton train.Since information bearing soliton trains of differe-

nt frequencies are mutually independent the resulting signal

to noise ratio can be described as SNR q q /2SNR ( it was ta-q

ken into account that <I > < I I /I to avoid cross talk be-L ps/th

tween channels). The SNR and error probability dependence on

number of channels q are shown in Fig.l. Note that the error

probability is increased if we take into account the fluctuat-

ions of pump and is decreased for fibers with low dispersion.

In conclusion we have investigated the new factor limiting

information capasity of soliton-based communication lines. The

degradation of the signal to noise ratio at the output of high

bit-rate communication line owing to random gain saturation

increases the probability of errors up to 10-9_10 - 7 .
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INFLUENCE OF SELF-PHASE MODULATION ON ULTRA LONG-SPAN
OPTICAL TRANSMISSION AT ZERO DISPERSION.
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Introduction.

There appear to be two distinct approaches to the design of future ultra long-span
optically-amplified transmission systems. In the first, the signal wavelength is chosen
to give operation in the region of anomalous dispersion. This is consistent with
soliton operation, although other pulse shapes may propagate with little degradation.
This paper is concerned with the second approach, where the operating wavelength is
chosen to lie very close to the dispersion minimum. Self-phase modulation is now a
source of potential impairment, and must be controlled.

We examine the likely performance of a system of length, 6000km, operating at a
line-rate of 5Gb/s, with a single-channel intensity-modulated NRZ pulse format.
This is carried out using a computer program which implements a split-step
Fourier[l] technique to simulate the simultaneous propagation of signal and ASE
noise along a multi-amplifier system. A 32-bit psuedo-random data sequence is used
to modulate the signal, while a Gaussian random number generator is used to
generate a white-noise signal at each amplifier. The degradation after transmission is
estimated from the opening of the received data "eye", after processing by a lowpass
filter with raised-cosine frequency-response. An equivalent optical penalty is derived
from this opening.

System Parameters.

While maintaining a specified signal/noise ratio, the nonlinear phase-shift, 0 for a
step intensity change along a multi-amplifier chain, can be shown to depend on the
amplifier spacing, L, the fibre loss,a, and the amplifier gain, G, by:

(G- 1)2

0 oC (G where: G = exp(ocL)ceGL

On this basis a system with an amplifier spacing of 40km was selected for modelling.
This employs 150 amplifiers and gives a nonlinear phase-shift only a factor of 1.32
greater than the limiting case of distributed amplification (see fig I). Other
parameters were: fibre loss, - 0.22dB/km, fibre effective area, Aeff: 40 x 10-12 M 2 ,

dispersion-slope: 0.067 ps nm 2 km- 1, nonlinear coefficient, n2: 3.2 x 10-20 m2 /W,
signal wavelength: 1550nm, and amplifier noise-figure: 7dB.

For all the results presented here the following additional conditions apply: Based on
an estimate of likely insertion losses, an attenuation of 2dB was added to the input
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of each amplifier; this gives an equivalent degradation of the noise figure. A
bandpass filter of width 4nm was also included at each amplifier. The peak signal
level was 2.2mW; a straightforward linear noise analysis indicates that this gives an
operating margin of more than 7dB above the IE-9 error-rate level.

Results.

The first set of results are for values of dispersion ranging from -0.1 to +0.1 ps nm- 1

km -1, equivalent to operation over a wavelength range of 1.5nm (188GHz) either side
of the fibre dispersion-minimum. Penalties are shown in fig 2. Previously[2] the
general observation has been made that pulse-broadening occurs in the normal
regime, with compression and multi-pulse formation in the anomalous regime. This
behaviour is reflected in these results, though an additional phenomena is now
apparent in the region very close to the dispersion-zero. This is caused by cross-
phase modulation (XPM) between signal components in the region of zero-dispersion,
where strong phase-matching enhances the efficiency of the process[3]. This is
supported by an examination of the evolving optical spectrum as the signal
propagates; the spectrum initially evolves gradually until significant power straddles
zero-dispersion, whereupon a rapid increase in spectral growth results. Significant
optical power is then absorbed by the bandpass filters, and the time-domain pulses
become distorted. The asymmetry of the effect relative to the dispersion-zero is
caused by the more rapid spectral broadening that occurs anyway in the anomalous
regime.

In the presence of ASE noise the effect is even more significant, due to additional
XPM between the signal and noise. Fig 3 shows the penalty as a function of
dispersion. In all the simulations including ASE noise the penalty is slightly over-
estimated, as the additive effects of noise are present on the received signal as well
as the degradation due to nonlinear interaction. However, it is apparent that the
constraints on acceptable performance are tight.

Marcuse[4] has suggested a technique to allow operation at zero-dispersion by
reducing the efficiency of phase-matching. This involves constructing each inter-
amplifier span from a number of shorter spans of varying dispersion, but with a sum
of zero. These are arranged with their dispersion values following a "sawtooth"
configuration. There is merit in the technique, but in practice it is likely to involve
considerable expense in manufacturing fibre with a range of dispersion-zero values,
and in assembling each section to tight tolerance on overall dispersion. We have
investigated a similar technique whereby alternate inter-amplifier spans are assigned
different values of dispersion. The resulting penalties, with f'xd without ASE noise,
are shown as a function of the mean dispersion by the dotted curves in figs 2 & 3
respectively. Here the dispersion value oscillates with alternate spans taking values of
0.5 ps nm- 1 km- 1 either side of the mean. There is clearly some improvement over
the results for uniform dispersion, but this is not enough to allow operation at
exactly zero-dispersion.

We bave also investigated the effect of providing dispersion compensation '-t the
output of the system. The wavelength is chosen to lie in the normal regime, where
the XPM effects are small. The signal at the output of the system then undergoes
dispersion of equal but opposite sign to that encountered over the total span of the
transmiss.on fibre. In practice this could be accomplished by a relatively short spc'i
of step-index fibre. All the results shown are for a system fibre dispersion of -0.1 ps
nm -1 km -1, requiring approximately 38:m of step-index fibre for compensation.
Received optical pulses (unfiltered) and correspond;ng data "eyes" (filtered) are
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shown in fig 4, with and without dispersion compensation, with no ASE noise
included. Also shown are corresponding received eyes with ASE included in the
simulations. The technique is clearly effective in restoring the eye-opening, in this
case giving an improvement of about 5dB.

Finally, we introduced statistical variation in the values of dispersion in each inter-
repeater span. We used a standard deviation of 0.25 ps nm- 1 km - 1, which we believe
to lie within the range of achievable manufacturing tolerances. Using a mean value
of -0.1 ps nm - 1 km- 1 together with dispersion-compensation, only minimal additional
degradation over the above results was noted.

Discussion.

Dispersion compensation has often been auvocated for applications in linear systems,
e.g. [5]. It is remarkable however that the technique works in this instance, where
self-phase modulation clearly has a large influence over the optical signal, evident by
considerable broadening of the optical spectrum. Indeed, in the absence of any self-
phase modulation, the values of dispersion used in these simulations would have
produced only a very modest eye-closure.

Conclusions.

We have used a simulation technique to identify the regime of possible operation for
a 6000km optically-amplified transmission system at 5Gb/s. While satisfactory
operation may be possible at a wavelength a few tenths of a nanometer below the
dispersion-minimum, there is a fine balance between degradation due to XPM, and
excessive eye closure due to the interaction of self-phase modulation with normal
dispersion. Techniques to reduce the XPM effect have been examined, but they
either introduce the need for elaborate fibre selection, or are relatively ineffective.
We havp investigated system operation in the normal regime to minimise XPM,
combined with dispersion-compensation to restore the eye-opening. We believe this
technique to be compatible with fibre production tolerances.

References.

i)Agrawal: "Nonlinear Fiber Optics", Academic Press, p44.

2)Bryant et al.: "Influence of Kerr-Effect on Long-Span Optical Transmission", IEE
Colloquium on Non-Linear Effects in Fibre Communications, Nov '90.

3)Hill et al.: "CW Three-wave Mixing in Single-mode Optical Fibers", J. AppI Phys.
Vol. 49 No. 10 pp 5098-5106.

4)Marcuse: "Single-Channel Operation in Very Long Nonlinear Fibers With Optical
Amplifiers at Zero Dispersion", J. Lightwave Tech., LT-9, No. 3, 1991.

5)Cimini et al: "Optical Equalization to Combat the Effects of Laser Chirp and Fiber
Dispersion", J. Lightwave Tech., LT-8, No. 5, 1990.



164 / MG5-4

Nonlinear
phase-change
(arbitrary units) Penalty (dB) Penalty (dB)
£ - 10 10

4 1 ,

6 SUUnifor
4 Uniform4

2 "Oscillating 2 s

0 0 00 20 40 60 s0 100 -0.1 -0.05 0 0.05 0.1 -0.1 -A.05 0 0.05 0.1

Amplifier Spacing (km) Dispersion (ps/nm/km) Dispersion (ps/nm/km)

Fig 1: Nonlinear phase- Fig 2: Penalty versus Fig 3: Penalty versus
change as function of dispersion (uniform and dispersion (uniform and
amplifier spacing. oscillating) - no ASE. oscillating) - with ASE.

-[- 1-- -

H Nt

Fig 4a: Received pulses Fig 4b: Received eye Fig 4c: Received eye
D = -0.1 ps/nm/km D = -0.1 ps/nm/km D = -0.1 ps/nm/km
no ASE. no ASE. with ASE.

I-

A ,, 1
/ 
A\ ' !

Fig 4d: Received pulses Fig 4e: Received eye Fig 4f: Received eye
D = -0.1 ps/nm/km D = -0.1 ps/nm/km D = -0.1 ps/nm/km
no ASE, with dispersion- no ASE, with dispersion- with ASE and dispersion-
compensation. compensation. compensation.



MG6-1 / 165
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Mollenauer et al. have experimentally demonstrated the

transmission of optical solitons in a single mode fiber over

large distance up to 10000 km [1]. One of the limitations to

the transmission rate in the soliton regime of propagation is

an interaction between optical pulses. Besides the well studied

short-range Kerr-like interaction, Smith and Mollenauer

experimentally discovered the interaction of the two periodic

trains of 55-ps solitons shifted in time on several dozens of

soliton widths for propagation distance of 3000 km [2]. In

[3,4] we suggested and developed the theory or a mechanism of

long-range interaction of solitons - electrostrictional

interaction. According to this theory an optical pulse excites

an acoustic wave, propagating in transverse direction to the

fiber axis. This leads to the temporal perturbation of the

fiber effective refractive index. In consequence, the following

optical pulses become phase-modulated and change their carrier

frequency. That results in additional temporal shift of

solitons. We have obtained a good quantitative agreement [4]

with experimental results of [2] on interaction of two soliton

pulse trains.

For the case of soliton transmission systems we have shown

that electrostrictional long-range interaction leads to random

temporal shifts of pulses [5]. The expression for the

mean-square deviation of the optical pulse arrival time a is

approximated by:

2 3/2 2 1.18 2

= .38"10-2 D F  L ( 1 )
F
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where or is in ps, D in ps/(nm.km), F is the bit rate in

Gbits/s, L is the propagation distance in thousands of km. This

expression has been obtained assuming (i) Gaussian profile of
2the fiber mode with effective cross section Ae 3 m , (ii)

eff

F' Sol= 0.2 ( co is the soliton FWHM duration ) to make the

short-range soliton interaction negligibly small [1].

Besides the value of dispersion , to calculate bit error

rate ( BER )in transmission system, one should also know the

probability distribution of the pulse temporal shifts r from

their average shift <T>. Fig.1 demonstrates the calculated

numerically gystogramm of the (r - <r>)/o- value distribution

after a random sequence of 500000 pulses passing through the

fiber of length of 10000 km ( F = 5 Gbits/s, <T> = 10.2 ps, aT

= 25.8 ps ). This dependence is well approximated by Gaussian

distribution with dispersion a ( Fig.l, dashed line ).

Fig.2 shows BER as a function of transmission rate F due

to electrostrictional interaction of optical pulses for L =

10000 km and three values of the fiber dispersion: 1.38 ( 1,
solid ), 1 ( 2, solid ) and 0.5 ps/(nm.km) ( 3, solid ). In
these three cases the transmission rate is limited to 4, 5 and

8.5 Gbits/s respectively. For comparison the dashed curves in

Fig.2 represent the dependencies of BER due to timing jitter

caused by the amplified spontaneous emission from erbium-doped

fiber amplifiers on the bit rate F ( D = 1.38 (1), 1 (2) and

0.5 ps/(nm.km) (3) respectively; L = 10000 km ). These curves

were calculated according to the theoretical results of Gordon

and Mollenauer [6].

Spectral multiplexing of a number of channels was

suggested in (7] to increase the information capacity of

soliton communication systems. We have calculated the value of

timing jitter in each channel of soliton communication system

with spectral multiplexing. The value of the square of
2

dispersion an of the soliton pulses arrival time in the n-th

channel is

2 2 2a-=a- +E ,n (2)
n nn kn

k n

where a is due to electrostrictional interaction of solitons
nn

within the n-th channel ( see Eq.(l) ) and the terms o
kn
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describe the influence of other channels through the

electrostriction on the n-th channel timing jitter

DA 12 L 12 F. 1n2 td
nk = 1 _ Jn 2 (tldt 2(3)

k n a 0 k*n 
( n - k )

where A is the radiation wavelength, c - velocity of light, a =

D AA - the group velocity mismatch between neighbouring

channels with spectral interval AX between them. Sn(t) is the

magnitude of perturbation of the fiber mode effective

refractive index excited by the soliton pulse through

electrostiction ( the response function of electrostrictional

interaction ). The expression for a can be written as a = a
1 + c ). Numerical calculations show that c which is maximal

for channel lying in the center of transmission spectrum is of

2.10-2 ( D = 1 ps/(nm-km), aL = 10 ns, number of channels is of

5 ).

In conclusion, it shoud be stressed that to achieve a

higher bit rate transmission fibers with as low dispersion as

possible should be used. Wavelength division multiplexing in

soliton communication systems does not increase considerably

the bit error rate due to electrostrictional interaction of

optical pulses.
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Coherent Effects in Er-doped Fibers:
Photon-Echo with Femtosecond Pulses

Y. Sllberberg, V. L. da Silva, J.P. Heritage, E.W. Chase,
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Optical fibers have proven to be one of the most important nonlinear media, even though in most
cases the nonlinearity exploited is the notoriously weak Kerr effect of the silica-based fiber. By
using doped fibers, new, stronger nonlinearities are possible. These stronger effects could allow for
new phenomena and applications. Coherent effects, in particular, should be important when pulses
shorter or comparable to the dephasing time of the impurity ions propagate in the fiber. Here we
report, for the first time, the observation of accumulated photon-echo and free induction decay
during the propagation of femtosecond pulses in Er doped fibers at 4.2°K.

A basic photon-echo experiment consists of applying two pulses to a sample with resonant
absorbing atoms and observing the radiated pulse (echo) which is delayed with respect to the second
pulse by a time equal to the separation of the two exciting pulses. Photon echo is usually explained
in terms of dephasing and rephasing of inhomogeneously broadened group of two-level absorbers 1.
In an accumulated photon-echo experiment, the pair of pulses is repeated many times within the
radiative lifetime of the level involved, thereby enhancing the resulting echo 2.

A simple and intuitive way to understant these effects is obtained by considering the frequency
domain picture shown in Fig. 1. Two short pulses with a separation of T (Fig. 1a) are characterized
by a sinusoidally modulated spectrum (1b) with a modulation period Aw=27r/-. This modulated
spectrum saturates the absorption line. For an inhomogeneously broadened absorber, a population
grating is formed, with a shape that corresponds to the excitation spectrum (Ic). The output
spectrum is obtained by transmitting the input spectrum through this absorption grating (Id). The
result is a distorted spectrum that is not purely sinusoidal: It contains higher order terms, which on
transforming back to the time domain yield harmonics of the basic period ", or echo terms (1e).
This picture suggests a complete equivalence between photon echo and holography, and indeed this
technique is sometimes refered to as time domain holography.

Photon echo has been proposed as a basis for time domain optical memory and optical signal
processing 3, and several demonstrations have been reported in bulk crystals and gases . In such
applications, one of the short pulses in Fig. 1 is replaced with a more complicated signal. It can
easily be shown that the longest signal that can be recorded is of the order of the homogeneous
lifetime T2 , the time resolution is the inhomogeneous lifetime T2, and the storage time is the
radiative lifetime T1 . Most rare-earth absorption lines in solid hosts are inhomogeneously broadened
at low temperatures. The homogeneous, inhomogeneous and fluorescence lifetimes for the

132- 11s/2 transition of erbium in aluminosilicate fibers at 4.2°K were measured to be 80 psec, 0.6
psec, and 10 msec, respectively 6. The use of Er-doped fibers for these applications offer a major
advantage in term of significant simplification of alignment and cooling requirements, as well as
compatibility with many highly developed fiber-based components.

In our experiment, depicted in Fig. 2, a NaCI:OH - color-center laser with additive-pulse mode-
locking is used as the optical pulse source for the photon-echo experiment. These pulses are less
than 200 fsec long and can be tuned into the II52-113 transition of the Er ions at 1.53 Am. The
laser pulse repetition rate is 82 MHz while the Er relaxation time T, is 10 msec. That means that
approximately 106 pulse-pairs are coupled into the fiber within T 1. The fiber used had a silica
cladding and an Er-doped germanium-calcium-aluminum silicate core 7, with a diameter of 5A~m.
The peak absorption was 10 dB/m at 1.530 Am at room temperature. A 4.5 m section of this fiber
was coiled to a 4 cm diameter, spliced to dispersion shifted fiber pigtails and immersed in liquid
helium. Note that using a fiber system eliminated the need for windows, vacuum and other
difficulties associated with cryogenic optical systems.
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Fig. 1. Photon echo In the frequency domali.

A Michelson interferometer was used to generate a pulse pair which was coupled to the fiber. The
average power coupled to the fiber was about 4 mW. In some experiments, an erbium doped
amplifier was used to amplify the input pulses before they entered the cooled fiber. The 3 m long
amplifier, made from the same fiber, was pumped by a 532 nm doubled Nd:YAG laser. Besides
amplifying the pulses, the erbium-doped amplifier ensures that they are spectrally matched to the
erbium transition. The output from the tested fiber was time-resolved by cross-correlating it with a
delayed pulse of the laser, as shown in Fig. 2. No additional optical pumping was supplied other
than that provided by the pulse pair, so that the erbium fiber under test acts as an absorber in this
experiment.

Figure 3 shows the cross-correlation trace when the two input pulses are separated by 25 pscc. As
expected, an echo is observed 25 psec after the second pulse. Note also the free-induction decay
emission that follow each of the pump pulses. The echo pulse duration is about 800 fsec. It is likely
that this pulse is broadened by the dispersion in the fiber, estimated to be about 10 psec/Km nm.
The echo duration was measured to be only 500 fsec in a 0.8 m long fiber, where dispersion effects
should be minimal. Since the excitation pulses are only 200 fsec in duration, this echo duration is a
signature of the 10 nm inhomogeneous linewidth. Although we did not measure the value of the
homogeneous lifetime T2 in our fiber, it seemed to be significantly longer than the 80 psec
measured in aluminosilicate fibers 6, as we could not detect a significant drop in echo intensity even
for pulse separations of 200 psec. This difference can be attributed to the special glass composition
of the fiber in our experiment 7. The echo intensity in the 4.5 m long fiber was about 50 times
weaker than the transmitted excitation pulses. It was considerably stronger than the echo generated
In a 0.8 m long fiber. This suggests that the echo is generated along the entire fiber length.
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Er-doped fibers could be used for time domain processing of optical pulses. One of the simpler
schemes is that for time domain optical memory as was first suggested by Mossberg 3. In this
configuration the echo is recorded between an information-containing data pulse (possibly a
sequence of pulses) and a single write pulse. A third pulse, the read pulse, is used to recall the
stored information by stimulating an echo. Although in our experiment the echo is generated
through the accumulating effect of many pulses, we can still demonstrate the correlation between the
shapes of the echo and the excitation pulses, which provides the basis for these signal processing
applications. In our experiment the second excitation pulse serves also as the read pulse. For this
purpose, we substituted one of the excitation pulses by a double- peaked pulse. This double pulse,
with 3 psec separation, was obtained by exploiting the birefringence of a 10 mm long KTP crystal,
which was introduced into one of the arms of the interferometer. The relative intensity of the two
peaks was adjusted by rotating the crystal. A polarizer was inserted before the fiber in order to
assure that both excitation pulses were linearly polarized in the same direction. An Er-doped fiber
amplifier was used in this experiment to amplify the input pulses before they enter the fiber under
test, in order to enhance the generated echo.

Figure 4(a) shows the echo generated when the double-pulse is the first to enter the fiber.
Ideally, the echo in this case should be a time-reversed replica of the first excitation pulse. Figure 3
clearly demonstrates the time-reversal property, although it is also evident that the ratio of the two
peaks is distorted. Figure 4(b) shows a similar experiment where the double pulse was arriving
second. The echo clearly shows a triple peaked signal; in the small signal limit, this echo can be
shown to be the autoconvolution of the second excitation pulse 3. Again, we observed significant
distortion of the echo pulse shape, particularly when the excitation intensity was increased. We
believe that the distortions are the result of higher nonlinear effects induced in a strongly saturated
system.

In conclusion, we have observed, for the first time, photon echo in Er doped fibers. We have
verified that the complex pulse shapes can be stored and recalled, suggesting that erbium doped
fibers could be used for femtosecond time-domain optical signal processing. Our data suggest that
the erbium-doped fiber system is suitable for processing complex signals with maximum duration of
hundreds of picoseconds, with resolution of about 0.5 psec.
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Fig. 4. (a) An echo experiment with a double-peaked leading pulse. The echo is a time-reversed
replica of the leading pulse. (b) An echo experiment with a double-peaked trailing pulse. The
triple-peaked echo is the auto-convolution of the second pulse. Distortions are caused by higher
order saturation effects.
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The possibility of the Raman self-frequency shift [1-3]

suppression is of great interest for both the high bit rate

communication lines and the lasers with fiber cavities [4]. In

the communication lines for picosecond pulses the frequency

shifts are small. Frequency drift toward a maximum of the gain

profile in an active fibers can compensate to some extent the

effect of self-frequency shift. The possibility of frequency

stabilization by the effect of frequency pulling under the gain

profile was investigated by Blow et al [5]. The frequency

pulling to some fixed frequency was predicted instead of the

growing with the fiber length soliton frequency shift. The

suppression of self-frequency shift due to Raman amplification

in the field of external pump wave was experimentally

investigated by Gouveia-Neto et al [6].

The processes of picosecond and femtosecond pulse

amplification differ considerably. We present here the results

of investigation of the ultrashort soliton pulse ( - 100 fs)

self-frequency shift suppression in a fiber doped by Er and Tm

ions.The SRS and Er gain spectra have a wide bandwidth ( - 440
-1 -1

cm and - 150 cm respeztively ). We used the causal

response functions to describe both an Er and Raman spectra. In

contrast to [5] it gives us the possibility to consider more

correctly the situation with the femtosecond pulses where

frequency bandwidth of the pulse is not too small compared to

the gain and Raman spectra. Our calculations have shown that

the effect of frequency pulling under the maximum of the

amplification line does not permit to compensate for the

self-frequency shift for such short pulses. To attenuate the

influence of Raman self-scattering and stabilize the frequency
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we have introduced in our calculations an additional

absorption line in the Stokes spectral region. Such an

absorption line may be created by Tm ions. We have revealed

that the additional absorption does not guarantee the

stabilization of the soliton frequency. It turned out that the

stabilization took place only for fixed pulse duration and

carrier frequency of the soliton. When the input soliton

parameters differ from the optimum the mutual influence of

Raman self-scattering, amplification and absorption lines

results in an unusual regime of soliton propagation : the

soliton carrier frequency and energy oscillate near some fixed

values with the fiber length.

We have used the experimentally obtained shapes of the

absorption and luminescence lines for Er [7]. Fig 1

demonstrates the process of adiabatic amplification of the

fundamental soliton with the parameters A 0 = 1.55 jim, r 0 =

100 fs in active fiber doped only Er ions with concentration N
17 -i1

- 3.1*10 cm . The soliton propagating through the fiber

increases the energy. Pulse duration is shortened that leads to

growing of Raman self-frequency shift. The pulse continuously

changing the carrier frequency passes through the amplification

line. The soliton spectrum comes out from the gain line and the

carrier frequency shifts continuously into the Stokes region.

Fig. 1 illustrates the iimitation of the output energy due to

t
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SRS self-frequency shift. The growing time delay corresponds to

the Stokes frequency shift for the fiber with negative

dispersion. It should be noted that the group velocity

dispersion associated with Er ions may be large enough, but in

our case we can neglect it because the concentration of Er ions

is rather small. Fig. 2 depicts dependencies of the central

pulse frequency on the fiber length for different input pulse

durations in fiber doped both Er and Tm ions with concentration

N 1 - 1.7 * 10 18 cm -3 and N 2 - 2 * 10 18 cm-3 respectively.

The input pulse wavelength is 1.565 mm. When the pulse duration

is great (curves a, b ) ( so the Raman self-scattering is small

the central pulse frequency is dragged under the

amplification line of Er for the first moment.

.9/
80

* 6400-

U 6db
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Fig. 2

On the contrary when the input pulse duration is less (curves d

) at the first stage the Raman scattering prevails on the

effect of frequency pulling under the amplification profile and

the soliton loosing the energy and" broadening shifts to the

Stokes region. Then, as in previous case, the influence of
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Raman self-scattering decreases and the central soliton

frequency is pulled under the amplification profile.

Nevertheless when the soliton with some fixed input parameters

( wavelength and energy ) is launched into the fiber, the

soliton energy and carrier frequency don't change considerably

during the propagation through the fiber ( curve c ). These

parameters are determined from the following conditions [5].

Firstly, the amplification of one part of the pulse must be

fully compensated by the absorption of the other one. Otherwise

the pulse energy will either grow or decrease. Secondly, the

rate of pulse spectrum pulling in anti-Stokes region toward the

peak of the gain should be exactly equal to the Raman

self-frequency shift rate to the Stokes region. If these two

demands are violated, the pulse either comes out of

amplification line and exhausted in absorption line, or it's

frequency and energy oscillate along fiber length. In our case

to realize the soliton propagation with stable energy and

carrier frequency it is necessary to launch in fiber the

soliton pulse with X - 1.565 gm, rFWHM - 85 fs.

REFERENCES

1. Dianov E.M.,Karasic A.Ya., Mamyshev P.V. et al, JETP

Lett. 41,242 (1985).

2. F.M. Mitschke, L.F. Mollenauer. Opt. Lett., 11, 659

(1986).

3. J.P.Gordon. Opt. Lett., 11, 662 (1986).

4. X. Zhu, P.N. Kean, W. Sibbet., Opt. Lett., 14, 1192

(1989).

5. K.J. Blow, N.J. Doran, D. Wood. J. Opt. Soc. Am. B,

5,1301 (1988).

6. A.S. Gouveia-Neto, A.S.L. Gomes, J.R. Taylor., Opt.

Lett., 14, 514 (1989).

7. Belov A.V., Gurjanov A.I., Gusovskij D.D. et. el. Sov.

High purity substances., 3, 205 (1990).



178 / TuA3-1

THE ROLE OF THE SOLITON SELF FREQUENCY SHIFT IN THE
AMPLIFICATION OF FEMTOSECOND FUNDAMENTAL SOLITONS USING

Er-DOPED FIBERS

W. Hodel, J. Schutz, and H. P. Weber
Institute of Applied Physics, University of Bern

Sidlerstrasse 5, CH-3012 Bern
Phone 031 65 89 51; Fax 031 653765

1. Introduction

Recently there has been considerable interest in the amplification of solitons
with the use of Er-doped fiber amplifiers because of their possible application in
long distance optical communication systems. Among the many advantages of
this type of active fiber are the high gain (> 30 dB) in the 1500 nm region, the
wide gain bandwidth (in the order of 30 nm), the polarization independent gain
and the high saturation output power. Especially the large bandwidth makes Er-
doped fibers attractive candidates for the amplification of ultrashort pulses (with
pulse durations in the order of 100 fsec). Whereas some authors have reported
on experimental results of short pulse amplification [1,2,3,4], only little
theoretical work has been done in this field up to now [5]. Agrawal [5] and
earlier Blow et al [6] have pointed out that bandwidth-limited amplification of
ultrashort solitons results in a suppression of the soliton self frequency shift
(SSFS). This, however, is in contrast to recent experimental results which show
that the SSFS is gain enhanced [1]. We will present numerical results for the
amplification of ultrashort fundamental solitons in Er-doped fibers based on an
extended version of the nonlinear Schr6dinger equation which takes into
account the influence of group-velocity dispersion (GVD) including higher order
dispersion, self phase modulation, the Raman self scattering effect and the
frequency dependent gain and phase shift provided by the fiber amplifier. Our
calculations clearly demonstrate the deleterious influence of the SSFS on the
amplification of 100 fsec solitons: the energy gain that can be extracted from the
amplifier is limited to very small values because the SSFS rapidly shifts the
pulse spectrum outside the gain bandwidth.

2. The Numerical Model

The propagation of ultrashort pulses in an undoped fiber is governed by an
extended version of the nonlinear Schr6dinger equation which for the electric
field amplitude A has the form

i dA/dz - 1/2 k" d2A/dt2 - i/6 k" d3A/dt3 = - n2k A [(1 -a) IA12 + a fh(t') IA(t-t')l2 dt'] (1)
0

The second and third term on the left hand side describe the influence of group-
velocity dispersion (GVD) and higher order dispersion, respectively. The first
term on the right hand side describes self phase modulation and the second
term represents the Raman-self scattering process using the response function
approach (cx = 0.2 and h(t') is the dimensionless normalized response function
which we take as a single sided exponential with a decay time of 70 fsec). In our
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model the nonlinear differential equation (1) is solved by the split-step Fourier
technique. In this way the effects of amplification can easily be taken into
account in the frequency domain. For the sake of simplicity the gain profile is
assumed to have a Lorentzian shape centered at 1540 nm with a spectral width
of 30 nm (3.8 THz). The associated frequency dependent phase shift is
calculated using the Kramers-Kronig relations. Note that the values for the gain
parameter G given below are defined as the peak intenity gain for the case
where additional nonlinear and dispersive effects (which lead to temporal and
spectral reshaping of the pulses) as well as bandwidth effects (which are
important for pulses with a spectral extent larger than the gain bandwidth) are
negligible. Since such pulse shaping effects cannot be neglected when
amplifying ultrashort solitons we will characterize the efficiency of amplification
by the net energy gain. Note also that saturation effects are neglected in equ.
(1) because the saturation energy for fiber amplifiers is in the order of 1 PJ and
therefore much larger than the pulse energy for sub-picosecond pulses which
typically is in the order of a few nJ or less.

3. Numerical Results

We have numerically studied the amplification of 100 fsec fundamental solitons
for values of the gain parameter up to G = 200 (23 dB). The dispersion
parameters of the amplifying fiber are assumed to be those of a standard
telecommunication fiber (GVD parameter D = -15 psec/(km.nm), third order
dispersion parameter k.. = 6.10 -5 psec3/m at 1540 nm). The fiber length (2.7 m)
corresponds to approximately ten soliton periods (the soliton period is 26.8 cm)
so that the amplification - at least for not too large values of G - should be
adiabatic. In the following we will briefly summarize the main features of
ultrashort soliton amplification. The temporal and spectral shapes after
amplification are shown in Fig. 1 (a) and (b) as a function of the gain parameter
G.
Since the peak power of a fundamental soliton scales inversely with the square
of the pulse duration the amplification causes a pulse compression in the time
domain. In the frequency domain this is accompanied by a spectral broadening
and an enhancement of the (differential) soliton self frequency shift which is
inversely proportional to the fourth power of the pulse duration. As a
consequence the pulse spectrum rapidly shifts outside the gain bandwidth and
the amplification of these frequency components stops. The further evolution of
the pulse is governed only by the combined effects of dispersion, self phase
modulation and Raman self scattering. It is important to note that the resulting
Stokes shifted pulses are fundamental solitons: the maximum deviation of the
numerically calculated time bandwidth products from the ideal value for a sech2

pulse is only 2%. Figure 1 (b) shows that during the formation of the Raman
solitons some energy is left behind at the original frequency propagating ahead
in time of the shifted soliton pulse. In an undoped fiber this energy would evolve
into a dispersive wave. In the active fiber these frequencies experience gain and
are progressively amplified which leads to the generation of a second pulse at
the original wavelength (see Fig.la). It can be anticipated that for sufficiently
large gains this process would repeat itself and a train of solitons at different
wavelengths would be produced. Figure 2 shows the resulting energy gain for
both pulses (total energy gain) and for the Raman soliton only. It should be
pointed out that the maximum energy gain for a 100 fsec pulse calculated
without additional nonlinear and dispersive effects is only 75 because the width
of the pulse spectrum is approximately the same as the gain bandwidth. It is
nevertheless evident that the maximum achievable energy gain is limited to very
small values (< 4) due to the gain enhanced soliton self frequency shift.
Although efficient amplification of ultrashort fundamental solitons in an Er-doped
fiber is hardly possible due to the enhanced SSFS, this effect can be used to
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generate Raman solitons over a large wavelength range using very short pieces
of fiber (negligible fiber loss!). The centre wavelength of these Raman solitons
can thereby be tuned by choosing the appropriate gain. This fact is illustrated in
Fig. 3 which shows the frequency shift of the Raman soliton as a function of the
gain parameter G.

4. Discussion and Conclusions

Our numerical results clearly demonstrate that the soliton self frequency shift
plays a major role in the amplification of ultrashort fundamental solitons in Er-
doped fiber amplifiers: efficient amplification is no longer possible when the
pulse duration is in the order of 100 fsec. It is important to note in this respect
that the SSFS will therefore also limit the amplification efficiency of initially
longer pulses. The pulse compression during the amplification process may
result in pulses as short as 100 fsec before the pulse has travelled along the
entire amplifier length.
We have also shown that the SSFS is distinctly gain enhanced. This is in
agreement with recently published experimental results [1] but contradicts
theoretical predictions that bandwidth limited amplification should lead to a
suppression of the SSFS [5,61. In both of these theoretical models the gain
profile is approximated by a parabola. This approximation is certainly valid as
long as all the spectral components are located in the vicinity of the gain peak
which, however, does not hold anymore if the SSFS becomes large. In the
parabolic gain profile approximation frequencies far away from the gain peak
experience an artificial loss and are suppressed. In our opinion this analytically
introduced loss - and not the bandwidth limited amplification - is responsible for
the observed suppression of the SSFS. It should be mentioned in this context
that a straightforward way to reduce the SSFS would be to use a fiber with a
small dispersion (the differential SSFS is proportional to the fiber GVD
parameter). If we take a value of D = -1.5 psec/(km.nm) instead of D = -15
psec/(km.nm) used in the calculations the amplifier length of 2.7 m would
correspond to only one soliton period. Preliminary numerical results show that in
this case the amplification induces severe pulse distortions and pulse break up
even for small values of the gain parameter G. Further details will be given in
the talk.
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1. INTRODUCTION

The use of active fiber lasers and am)lifiers for soliton generation and trainslission
seems to offer a breakthrough towards the application of nonlinear optics to all-optical
information processing systems. As far as picosecond solitons are concerned. erbiln-
doped fibers simply tbehave as linear amplifiers. However, it is very import ant to under-
stand what is the lower bound to the time width of a soliton that can be amplified in
practice. Moreover, the amplification of ultrashort pulses is subject to both Ramnan and
coherent effects which may add novel interesting physical effects to the soliton dynamics.

Several recent experiments [1-3] have reported the amplification of femtosecond
solitons in erbiumi-doped fibers. The spectral width of these solitons was comlprable to
the linewmdth of the amplifier. As a consequence, the observed gain was reduced with
respect to the gain measured for weak continuous wave signals. It was also observed
that the amplified soliton time width may remain essentially unchanged. Indeed. the
pulse shape is determined by two competing aid op)osite factors. From one side.
the anomalous dispersion of glass and the Kerr effect lead to pulse compression for
solitois or order higher than one. On the other hand, the pulse spectrui experiences
a finite bandwidth gain. This leads to preferential amplification of the on-resonance
pulse spectrum components, which would lead to pulse broadening. As we shall see, the
balancing between these two effects is unstahle.

In fact, in ref.[3] it was observed that upon increasing the pumping (or linear gain)
above a certain threshold value, the soliton is subject to a sudden temnporal compres-
sion, with substantial spectral reshaping. We study here by numerical and analytical
means this pulse collapse and the subsequent pulse train formation, that is activated
by the development of a self-modulation instability. This instability originates from the
breaking of the uniforin soliton phase. As we shall see, a train of equispaced ultrashort
pulses with different amplitudes is generated by the instability. We study the collision
process among these pulses in the presence of Ranan self-scattering. We anticipate that
a single compressed and amplified soliton may eventually exit frorn the fiber.

2. THEORY

Soliton propagation in the presence of finite bandwidth gain may be stmied by
introducing linear gain and gain dispersion in the nonlinear Schr6dinger (NLS) equa-
tion [3-5]. Indeed, previous numerical studies have shown that the presence of a soliton
compression effect may still be captured by this relatively simple model [3-5]. However,
that approximation is only valid in cases where the spectral width of the pulse is much
narrower than the amplifier bandwidth [6]. This condition is clearly not satisfied with
pulsewidtlis of 200 fs or shorter [1-3]. Moreover, the instability generates a train of
compressed plulses with typical widths of 50 fs. Therefore a correct analysis of feintosec-
ond soliton dynamics in erbiium-doped fibers requires that the coherent nature of the
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interaction between field and atoms is retained, along with intrapulse Raman scattering
effects [7j.

The coupled equations for the single mode electric field E in the fiber and the
polarization P and population inversion IV of the system of two-level atoms (that is
supposed to be the homogeneously broadened) in the active fiber read, in dimensionless
units,

OE +  2 R pJE32 + ( I - p ) "E(r)12f(t-)dr E+P

OP P
=-+ E (1)

- -(PE + EP*).
2

where 1 - p 2- 0.2 is the fractional Raman con/ribution to the nonlinear index of glass
[7], R is the the Kerr effect coefficient, and fl" is the host glass group velocity dispersion
(GVD). Furthermore, f(t) is the Raman response function of silica [7], and T2 is the
dephasing time of the atomic polarization.

Even in the absence of Raman effects, the system of coupled NLS and Maxwell-
Bloch equations (1) is, in general, nonintegrable by means of the inverse scattering
transform. For some special values of the physical parameters in eqs.(1), however, the
above system is integrable and soliton solutions exist. We will discuss these cases and
present some new relevant extensions of the theory of integrability to the system (1)
(with p = 1).

3. RESULTS

In the following we present numerical solutions of eqs.(1) that simulate the exper-
imental conditions in ref.(3), which permits us to establish the validity of the present
model. We have at the input of the inverted atomic system a pulse that is close to a
N=1 soliton of the NLS equation

E(z = 0,x.t) = Ao. ;"7,/ scch(ft) (2)

P(z.t = -T) = 0, 11'(zt = -T) = 1.

Here T is half of the computational temporal window.

Figures (1-2) show the calculated pulses and spectra at two successive distances
along the fiber. Ve have considered a fiber dispersion of D = -5p.s/mm .km1. and an
input pulse width at half maximum ro = 250fs. The estimated honogeneous linewidtih
of the erbium transition at A = 1.55pim is of Mono. which leads, in real lunits, to
T2  250fs. The doping concentration was set to N = 5 x 10 18cm -" , whereas the
atomic dipole moment of erbium is p = 2.5 x 10- 2 0(su.

Figure (1) shows the output pulse profile and spectra after 1.5 and 3 il iif vrhilp
doped amplifier, for a linear gain of 4.2 (lB/m and with A0 = 1.4. As call l), seexi.
the soliton collapses down to a width of about 40 fs. whereas in the frequency domnail
tle soliton spectrum exhibits three distinct spectral peaks. The relative height of these
peaks depends on the ratio between the input tilsewidth and T2.

Figure (2) separately illustrates the effects of the coherent slitoii dylauiiics after dli
co(ipressiol. and the effects of including Raman self-scatt('ring. Here the fiber leth
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is 6m and the gain is 7 dB/m. The figure on the left has been calculated without the
Raman term in eqs.(1), whereas in the next figure the Raman effect is included. In the
absence of the Raman effect, a train of pulses is generated. These are not independent
solitons: rather, the train may be thought as a chain of infinitely many coupled solitons,
in analogy with the self-similar pulse trains from a two-level amplifier in the absence
of GVD and Kerr effect. Indeed, we may introduce a new analytical description of this
pulse-train generation effects, on the basis of the self-similarity properties of eqs.(1).

Figures (2-3) show that in the presence of the Raman effect the higher inten-
sity leading pulse of the train gains energy from multiple inelastic collisions with the
other pulses. Eventually, this soliton separates from the background owing to soliton
self-frequency shift. Figure (3) shows the broad and rapidly oscillating down-shifted
spectrum that is associated with the emerging soliton.

4. CONCLUSIONS

In summary, we discuss both analytically and numerically the nonlinear dynamics of
femtosecond soliton compression, soliton train generation and collision in erbium-doped
fiber amplifiers.

This work was carried out in the framework of the agreement between Fondazione
Ugo Bordoni and the Istituto Superiore Poste e Telecomunicazioni.
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Figure (1J: Output pulse profiles and spectrum of the pulse at two successive distances
in the fiber.
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Recent demonstrations of the transmission of optical solitons armplified using the Raman
process [1] or the amplification process in the rare-earth-doped fibers [2, 3] promise not
only prospects to all-optical high speed transmission systems, but also to femtosecond laser
systems.

In this paper we analyze the influence of Kerr and Raman nonlinearities on the dynamics
of femtosecond solitons amplification in rare-earth-doped fiber. Raman self-frequency shift
transfers the central soliton frequency far from the gain bandwidth and as a result the process
of soliton amplification is finished. Our main purpose is to discuss utmost degrees of fem-
tosecond soliton compression and amplification in rare-earth-doped fibers and to investigate
optimal conditions of soliton transmission with conserving high signal-to-noise ratio.

The process of amplification of light pulses is describe by the well known Bloch eqs.:

02 pamP + 2 apamp

012 + 7 ~amp at + Q 2 pa p = -2N i IdI; (1)

ON7amp N - 2 OPj ' p
+ 7"m p  - E  at (2)

Ior correct description of soliton self-frequency shift in the timie domnain. it is possible to
use the model of two coupled oscillators with parametric interaction between nucleus and
electrons of molecule. From this model on( can derive the equation for l{aman polarization
and nolecular vibrations Q:

a2Q 2 0 Q2 1 < 2 (3)ar- t 2 , t + .- Ram Q ~ > 3
02 T 2Rarn at 2A!f 0Q

Period of molecular oscillations j
T~m = 2-r/QRam in silica core fibers is about 75 fsec,

therefore it is necessary to solve exactl eq. (1-3) without using slowly varying approximation
(SVA). Standard procedure of SVA for electromagnetic wave E (bul not for molecular wave

Q, when supposing that N'P .; o = const). provides the following sy\stem of eqs.[.1]:

du' 1 a2l_ . (;
1- - - + I- + bt): (.)

01'--m + I'( + i :(5)
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2 _) (6)Q
j) 2~ + 2 p + Q (2- 12; 6

671,jj =: btiKerr + hrIary; 6nrKrrr (1 I<, 8ila -2 (7)

'Variables Ii eq. (.1 -7) are measured in soliton units (see more detailed [5]).
A kev role in the process of short p~ulse amplification in rare-earth-doped fibers is played

bv tire relationship betweeco the amnplification length Zamp and dispersion length Zdi2 ,,. This

relationship is determined by a parameter G =Z7arp/Z-disp.
If the gain is sufficiently small using a perturbing technique, one can obtain thle one-

soliton souino -, -7)Nihaibtclyvring form-factor K =K(z) and velocitv

V = '(z) caused by frequency-depenident gain and Ramnan self-shifting effect:

y(Z, T) =K(z)scch[K(z)(-r - I '(Z)Z)ICXP[_ 2 1(Z)T + zi(V(Z) _ K 2 (z))z12]. (8

1'llhe sol ilon forri-factor K( Z) (defi nes riot only solitn 's amplitude, but also i, duration
jlz) =I /K(:) and energy 11' (z) =2A:(z).

Vhe sol it on energy increases as K (z) . anrd It means that, soliton adiabat ically transfers
to al in 4 r sl i ion, so-ca lled, Hain an high-energy sol iton . The degrees of soliton i ritensitv

Iincreasinig anid corlipress;ion rnay be obtained frorn verry sinmple condition of overlapping of
-Ai itn 'ri ni niti and gaini bandwidth. If wve use, thle original physi cal parameters this Mneans

that fte Intensity andt [pulse xvidth of the forming soliton arc:

h1~~~1/1 G/ I ~, 2~ pTAU~~ = G2,2 3 ; To / 7-1 I 'Z 117/. (9)

\\'here -,, ;,- 6 fsec( is the R a rian di(elay' time, 1 1ri 100 fsec determinetis a finite gainr
hairmwitth. P'' - grouip velocity (dispersion pa ra meter and gp-gIn e egh

F'or examinple. IN0 fsec Iniritial Iit on at. A = 1.3/m in erbium (loped fiber wi th qamp-

j() -2.1 -- Inmia\ he( a(i a bat1,ic ally co~mpressed to about mut 30 fscc with Increasing intcnsitv
tIpI to I 0. In c.ase onl nol- ad]ia bat ic arri plificat ioU process (G > 1) a onc-sol it -)n pulse t ra ns-
forriis. genecral Intoii a tiul t isol it on one. Besides, the energy of the noni-soli tori component
of thci radIi at ion grows thre ron - a(i a atit' regime of piulse amrnplificat ion an tilte process of
new% si it ots arisinrg Is llistrate l iiFg I (G 1.7 100N fsec. ^Tfl7) I ). Th (niartiics
of thIre[oirier spect rurmr t raiisforinat ion Is shown in Fig. 2. Ini tire [onrier-spect ruff, one
(air1 seeC paa in of colirponrenti 5CoHICInC(l wit ii tlrc sollioi airt carrying thre mrain share
(J e Trh.IIis Is so (ailed Ramnir i gh-energy soltort(e i.I) r iie ato h

l'oirier spect I'll Ili. wich corresponirs to t ie centiral frequenic ' of thre inrput pulse, colit iiuCs
ito he amiplified. arid acqurires a rat her comrplex st ru(t nre. Int the t11nn0 dortiairi. additional
ptlses a ppear.

I epen den c es of the degree of coot fression Tt/Tm,, on t he in it ialI duirat ion are givxen In
Fig 1 IiUtfsec, ' .h [li So 1 (11n uii s dt'p It tI Ihe a s' vITI pt ot cal (lepert dericies cori'esponldi r1ig,

to) Fon'inrniac (9), t Ire, (iril's (o. a) aro t hei resilts of irinirrical experini(nts. Thel( dependence
wOt Gi I" ; 2In a gouul agireerirent ( hle r'glini( is coeto thle adliahat ic WIC(). The asterisk

sln w t Ilie Ft'5i It T- . whIichi agrec we \ %t I V i t a111 c luat Mio s.

I It wt'v('r I II ,re; t'i ItI s if urn' iii'iiie ricalI ex p'rlIf iti'i pos)ed a ntItinhter of qinesti]of is. W lra t
an, tOli paramtiie'(rs oif thli sol oni forinned? \\ill I he I iulse' forned at the cenit(r tof thre gait)
hkildwidth Ithi a sohul n.' SI so.fhat will its paraitlt'trs be? To anrswer t hese anid simrilar
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questions we have applied numerical techniques based on the inverse scattering transform [6].

This technique allows one to find the number of solitons in the pulse and to calculate their

parameters, namely, form-factors Ki, defining soliton amplitudes and durations, velocities

(central frequencies) 14, coordinates of the center and phases. The method applied also allows

one to calculate important characteristics of the amplification process such as maximum

degree of compression To/Tot, energy coefficient of amplification ra(z)/ri(0), signal-to-noise

ratio.
Analysis of the soliton parameters in case of non-adiabatic amplification (Fig. 4, G = 1,

ro = 100 fsec, ymp = 1) shows, that during the amplification process the two additional

solitons (with form-factors K 2 , r 3 ) are appear. The dependence of the form-factor K, of the

Raman high-energy soliton reaches saturation owing to the escape of frequency from the

center of the amplification line.
The results of calculations of energy amplification coefficient are shown in Fig. 5 (7o

100 fsec, Yta mp z 1). The saturation of the form-factors dependent on G can be seen. Note,
that growth of G by an order results in twofold energy growth in Raman high-energy soliton.

The utmost amplification dependent on G is illustrated by the curve "Limit" (Fig. 6, -"o = 100

fsec, y,, = 1). Introducing a noise-to-signal ratio N, = (W0 - WI7)/Wi, where Wo(z) is

the total energy of the pulse and I,' = 2K, is energy of the Raman high-energy soliton, we

have investigate the dependence of the maximum amplification coefficient rl(z)/ (0), with
which the noise does not exceed a given level, on G parameter (Fig. 6, the noise level, is

indicated near the curves). The key peculiarity of these dependencies is the existence of a

distinct optimum, shifting towards small G as N, decreases.
Thus, combining analytical methods based on inverse scattering transform and numerical

techniques, one can describe in detail the dynamics of femtosecond soliton amplification and

calculate the conditions of optimum amplification.
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Recently, Agrawal' suggested a novel focusing effect in a self-defocusing medium. The transverse
spatial gradient of the field amplitude of a strong pump beam induces a refractive index profile that can
result in focusing and deflection of a weak beam. Below the band edge of a semiconductor, the optical
nonlinearity is self-defocusing; far enough above the decreased absorption, the nonlinearity is self-
focusing, but the > 100 tim length and large absorption there (a = 1 tim") of a semiconductor
waveguide result in no transmission.' Hence induced focusing is especially intriguing in a passive
semiconductor waveguide because self-focusing cannot occur.

The planar waveguide structure was grown in our Riber 32P molecular beam epitaxy machine
on an undoped GaAs (100) substrate maintained at 6000 C as follows: first a 1-jim GaAs buffer for
growth smoothing, then a 3-jim Alo.3Gao.,As bottom cladding of lower index than the guide material and
thick enough to prevent evanescent-tail absorption in the substrate, followed by a 1.2-jim guide region
consisting of 100 periods of 9.7-nm GaAs/9.9-nm Alo 3Gao.,As multiple quantum wells, topped by a 1.0-
;Lm top cladding of Al., 3Gao.vAs with a 10-nm GaAs cap layer. The substrate was then ground away
to reduce the sample thickness to 40 jm, after which the sample was cleaved to a length of 127 jim. We
have etched such planar-waveguide structures to form two-dimensional waveguides and directional
couplers and have studied their nonlinear (defocusing) behavior extensively."

To observe induced focusing, we use 10-ps pulses cavity-dumped at a 4 MHz rate from a
modelocked Stryl-9 dye laser synchronously pumped by an actively modelocked Nd:YAG laser. The
pump and probe pulses have energies of 150 and 1.5 pJ and are polarized perpendicular and parallel to
the growth axis, respectively. Use of 10-ps pulses with 30-ps delay between them avoids carrier diffusion
that would otherwise reduce or eliminate transverse effects with dimensions of a few microns or less.
Field-amplitude interference effects are not present because of orthogonal polarizations and the absence
of temporal overlap between pump and probe. The nonlinearity here is cumulative, so the induced
focusing (Agrawal's cross modulation) is mediated through the spatial profile of carriers (and refractive
index) prepared by the pump pulse; this index profile persists much longer than the pump-probe delay
time.

We have observed both induced focusing effects predicted by Agrawal. In the first effect, a
Gaussian-profile pump induces focusing for a probe of the same profile but displaced by about one beam
waist. Figure 1 shows the probe guide-exit transverse profile (perpendicular to the growth axis) with and
without the pump. The second effect is induced focusing without deflection by using a twin-peak pump
pulse followed by a concentric Gaussian probe pulse; see Fig. 2.

For the computations, the slowly-varying envelope A, of the intense pump electric field [E, =

Aiei(kz-wit) + c.c.] is assumed to satisfy the standard paraxial-wave equation:

aA, + L aAL + _d 20

&Z c at 2ik, I x2  ay2 I

-i I-xyz (l )2-IA, - a A, I2 njo2
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(a)

(b)
Figure 1. Induced focusing of a probe pulse
following a pump pulse displaced to the
right by one beam waist. The guide-exit
horizontal profile of the probe is shown
without the pump (lower-peak broader trace)
and with the pump.

(C)

Figure 2. Induced focusing of (a) a probe
input pulse by (b) an input twin-peak pump
is shown in (c) without the pump (lower-
peak broader trace) and with the pump.
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where n, = 6 - On,, 6nj is the change in refractive index because of the carriers generated by absorption
of some of the pump intensity I AI(t) 2 and is computed using the plasma theory,6 obtaining the carrier
density from

N(x,y,z,t + &) = N(x,y,z,t) + J a(xyz, 'JA,(xyzt)I dt', (2)it h"

where the carrier lifetime of a few nanoseconds is much longer than the 30-ps delay between the 10-ps
pump and probe pulses. One uses the plasma theory to compute a, and 6n, for the next 6z, etc. Because
the weak probe amplitude A, is much weaker than A,, it induces no self-defocusing or nonlinear
absorption. Consequently, the A, propagation satisfies an equation identical to Eq. (1) without the time
derivative and where n(x,y,z) and c,(x,y,z) are the values induced in the medium by the cumulative
effect of the pump pulse:

+ 2 ]2(3

Bz 2ikw I a2 ay2  2 nwo

Note that A, is polarized perpendicular to the growth axis (seeing both heavy- and light-hole absorptions)
whereas A, is polarized parallel to the growth axis (seeing only the light-hole absorption), as a result,
n, n., and or are different from n,, n,,, and ca. In the modeling, the bulk GaAs plasma theory is used,
so different detunings from the band edge are taken for A, and A.,. Equations (l)-(3) are solved by
alternations between free-space diffraction by fast Fourier transformation and nonlinear encoding of
amplitude and phase changes in the usual way,' using the parameters of our waveguide.

Equations (1)-(3) have the same structure as those we have used to describe the copropagation
of a strong pump beam and also two weak probe beams leading to the emission of a cone of light around
the pump beam in the far field.' Indeed, even the physics is quite similar; conical emission occurs
because weak light (generated by Raman amplification of resonance fluorescence plus four-wave mixing)
on the defocusing side of the AC Stark-shifted absorption line propagates through the spatial refractive
index profile induced by the strong pump beam.

The steady-state limit of Eqs. (1) and (2) have been solved for our ridge-waveguide nonlinear
directional coupler using the plasma theory to describe either a passive' or gain medium. Using the
parameters of our strip-loaded georketry (typically 2-/um strips with 2 /m in between and 0.7 m etch
depth with the same sample described above) and published refractive indices, we find good agreement
between computations and experiment for the linear coupling length (= 1 mm), crossover energy, high-
energy contrast, etc. The computed linear contrast is higher than measured (typically 1:3 to 1:5).

In summary, Agrawal's prediction of induced focusing in a self-defocusing medium has been
clearly demonstrated using the band-edge optical nonlinearity of GaAs/AIGaAs multiple quantum wells.
This novel effect illustrates that the spatially-dependent nonlinearities induced by an intense pump beam
can have very different effects upon a weak probe.
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Active optical waveguides offer interesting possibilities for performing nonlinear func-

tions in photonic circuits. By varying the injected carrier density one can change not only

the linear components of gain and index of refraction but also the nonlinear ones. Some

studies of ultrafast gain dynamics in AlGaAs(1) and InGaAsP (2 ) diode laser amplifiers have

been performed previously. Four-wave mixing experiments with large frequency detunings

in diode lasers (,4) have provided frequency domain measurements of the magnitude of

the nonlinear susceptibility of XPs ) . The effect of dynamic index changes has also been re-

vealed by the chirp and spectral changes experienced by ultrashort pulses traveling through

amplifiers ( ' ) . In this paper we discuss direct measurements of optically induced changes in

index of refraction in active AIGaAs waveguides. With femtosecond pump-probe measure-

ments sensitive, separately, to induced phase and amplitude changes, we have studied the

relative amplitudes of these dynamics as functions of wavelength and injection current.

We observe nonlinearity due to changes in carrier number, carrier heating and, for the

first-time, a large above-bandgap ultrafast optical Kerr effect. An interesting aspect of

this latter, instantaneous nonlinearity is that it may be utilized without change in carrier

number, by operating near the wavelength of nonlinear transparency (where stimulated

emission equals absorption).

In our experiments, we used femtosecond pulses from a synchronously-pumped, cavity-

dumped dye laser followed by a fiber/grating-pair pulse compressor. The devices studied

were channeled-substrate planar (CSP) AIGaAs diode lasers (Hitachi HLP 1400), biased

below lasing threshold. A novel time-division interferometer (TDI) used in conjunction

with the standard pump-probe technique enables accurate measurement of the pump-
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induced refractive index changes in the diode laser.(6 7) Figure 1 illustrates the TDI ar-

rangement. In addition to the variably-delayed pump and probe pulses, a third, reference

pulse is also transmitted through the active waveguide. Afterwards, an imbalanced in-

terferometer delays the well-advanced reference pulse so that it overlaps the probe pulse.

A ir/2 optical phase difference bias between the probe and reference is maintained by a

low-frequency stabilization circuit. At this point, the amplitude of the probe-reference

interference is linearly proportional to the phase shift induced on the probe by the pump.

The pump is chopped at a frequency beyond the cut-off of the stabilization circuit and the

signal is detected in a lock-in amplifier. Note that amplitude changes are canceled out by

the balanced detection scheme. The gain dynamics are observed separately, for reference,

by simply blocking the reference and monitoring the probe transmission to one detector.

Pulses traveling through the diode waveguide may experience either gain or absorption,

depending upon their wavelength and the level of diode injection current. Under conditions

of gain, the pump pulse induces a decrease in carrier density due to stimulated emission.

The corresponding reduction in gain, and increase in refractive index, persists for a time

on the order of a nanosecond (the carrier lifetime). Similar long term changes, with

opposite signs because carriers are being created, are observed when the wavelength is

tuned into the absorption regime, higher into the band. Between these two regimes, at the

point of nonlinear transparency, the long-lived changes can be avoided. Figure 2 shows

experimentally observed changes in amplitude and phase induced near this point. The

amplitude dynamic (lower curve) shows the gain being transiently compressed by the pump

pulse. Its recovery is comprised of an initial component, too rapid to resolve, followed by

a 1.7 psec component that is consistent with previous results attributing such behavior to

nonequilibrium carrier heatingM1 ). The optical phase change (upper curve) observed under

the same conditions also has a very rapid intial component followed by a 1.7 psec tail.

The difference is the change in sign between components. The 1.7 psec component shows

a positive change in index of refraction associated with the carrier heating term. On the

other hand, the initial unresolved component represents a negative change in index. It must

have a different origin. Since the two effects tend to cancel each other near zero delay, we

fit the data to a sum of two components and determine their individual magnitudes. The

peak probe phase shift (averaged over the pulse) associated with the faster component is



198 / TuB2-3

about -0.27r. This corresponds to a modal index change of -2.5x10 -4 . Since the pump pulse

has a peak intensity of 150 Mw/cm2 in the waveguide, we infer an intensity dependence of

the refractive index of approximately -5x10- 12cm 2/W.

Our experiments were performed with orthogonally polarized pump and probe pulses.

Thus, the Kerr coefficient that we measure is n 21 . The ultrafast component we observe is of

the same (negative) sign as, but larger than, those measured previously in a below-bandgap

study of AIGaAs waveguides( s}. It is consistent with those values if one assumes that the

resonant enhancement of n21 , observed as the wavelength was tuned toward the bandgap

energy, continues into the band. The observed positive index change due to carrier heating

is consistent with a simple Kronig-Kramer analysis based on the temperature dependence

of the gain. At this conference we will also present recent data obtained at different

wavelengths arid diode currents and will discuss in more detail the physical mechanisms

underlying the observed behavior.
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I.INTRODUCTION

There is great interest in nonlinear optical phenomena in a
quantum well structure. Although there are various energy levels
in the quantum well structure, most of nonlinear devices with the
quantum well structure only utilize either interband or intraband
electron transition. The interband transition is the transition
from a valence band to a conduction band, and the intraband
transition is the transition between the first and the second
quantized energy levels in a conduction or a valence band. When
we utilize both of the interband- and the intraband-transitions
simultaneously, the freedom of the device synthesis is greatly
increased, and light-controlled optical devices which are
indispensable for the future optical signal processing and
optical compating can be realized.

We have recently proposed and demonstrated theoretically
very fast all-optical modulation by the simultaneous utilization
of the interband and the intraband transitions in n-doped quantum
well structure [1,2]. Nonlinear third-order optical absorption
caused by the interaction between interband- and intraband-lights
is utilized in the modulation. In this paper, we demonstrate
experimentally the all-optical modulation by using a guided-wave
structure. In the following, the modulation principle, the
guided-wave structure, and the modulation characteristics are
described.

II.Principle and Guided-Wave Structure

The principle of the all-optical moduiation using n-doped
quantum well structure is illustrated in Fig.l. The energy level
Ecl is filled with electrons with n-doping, and therefore the
absorption coefficient for the light with photon energy of EcI-Ev
(interband-light) is very small (a). However, when the light
with the photon energy of Ef2 -Ec1 (intraband-light) is irradiated
to the quantum well, the electrons in the Ecl level are excited
to the Ec2 level and thus the absorption coefficient for the
interband-resonant light is increased (b). The Ec2 level is the
virtual level in the extended state. Therefore, the interband-
light can be modulated by changing the intensity of the
intraband-light due to the nonlinear third-order process. The
response time of this modulation is determined by the electron
relaxation time from Ec2 to E 1 levels (l-10ps) and very fast
modulation speed can be expected.

The guided-wave structure fabricated to demonstrate the
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all-optical modulation is illustrated in Fig.2. The interband-
light propagates through the ridge-waveguide structure with n-
doped multiple quantum wells. The intraband-light is incident to
the quantum wells from the substrate side through 45' gratings
since the element of the electric field parallel to the quantized
direction is necessary for the absorption of the intraband-light.
The interband-light is modulated by the intraband-light when it
propagates through the ridge-waveguide structure.

The wafer for the guided-wave structure was grown by MBE.
A10 2 3 Ga0 7 7 As cladding, multiple quantum well, and
Al0 .23Ga0 .77As cladding layers were successively grown on a GaAs
substrate. The multiple quantum well was composed of0 50 periods
of GaAs wells (50A) and A10 23Ga0 7 7As barriers (150A), and was
uniformly doped with silicon (n2 -3xl0cm- ). The wafer was
mechanically thinned to 100gm and 450 gratings with 2kum period
were formed on the substrate side for the incidence of the
intraband-light. The epilayer side was processed to the ridge
waveguide structure in which the interband-light can propagate.
Au/Cr electrode was deposited on the ridge side, and the device
was bonded on a s- lver heatsink with the up-side down
configuration.

III.Experimental

The all-optical modulation characteristics were investigated
through the following three-step experiments: 1)the estimation of
the absorption for the interband-light which propagates through
the ridge waveguide structure; 2)the estimation of the absorption
for the intraband-light; and 3)the investigation of the
absorption change for interband-light by the interaction with the
intraband-light.

The absorption coefficient for the interband-light
propagating through the waveguide was measured by using various
semiconductor lasers with the different lasing wavelengths of
780, 825, 830, and 850nm. Figure 3 shows the absorption
coefficient measured for these wavelengths. It can be seen that
the gentle curve indicating reduced absorption due to the n-
doping is obtained.

The absorption coefficient for the intraband-light was
measured by the Fourier transform infrared spectroscopy (FTIR)
method. For the measurement, a wafer with the same quantum well
structure as the modulator wafer but with larger numbers of wells
and barriers (500period) was used to improve S/N ratio. From the
measurement, it was found that the absorption peak existed at
about 10.6"m with the half width of 60meV.

The experiment for the interband-light modulation by
intraband-light was done by using the following two light
sources. A semiconductor laser with 827nm lasing wavelength was
used foi the interband-light. The wavelength was selected by
comparing the result shown in Fig.3 and the theoretical analysis
[31. A transverse electric atmospheric (TEA) CO laser with the
wavelengths around 10.6gm was used for the intraand-light. The

emitted pulse shape from the TEA CO laser with the mixed gas of
C02 :N2 :He=1:1:3 was as shown in Fig.4. In order to avoid the
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heating of the device due to the long tailing of the CO laser
pulse, the interband-light was also supplied by the pulse form as
shown in Fig.4. The modulation characteristics of the
interband-light by the intraband-light was measured by the
combination of a charge coupled device (CCD) camera and a
photomultiplier to obtain large sensitivity. Due to the slow
response speed of the measurement system, the experimental
modulation characteristics here were not real time but average
ones. The modulation characteristics obtained in the experiments
are shown in Fig.5. It is seen in the figure that the
interband-light was modulated by the incdence of the intraband-
light with the intensity of 100-200kW/cm2 and that the modulation
depth was about 60%. The modulation depth is almost coincident
with the theoretical value.

IV.Summary

We have shown experimentally the interband-light modulaCion
by the intraband-light in n-doped quantum well guided-wave
structure for the first time. This result indicates that the
nonlinear optical absorption by the interaction between interband
and intraband-lights is useful for the all-optical modulation.
By using a light source with much shorter pulse width for the
intraband-light and by using much faster measurement system such
as a streak camera system, we can expect to confirm that the
modulation speed is very fast (i-10ps).
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Semiconductor quantum-well structures can provide enhanced nonlinear effects compared

to those observed in bulk material. The largest irradiance-induced refractive changes occur at

wavelengths nearly resonant with the band edge or exciton absorption. If such a nonlinearity is

to be effectively exploited in a waveguide configuration, the absorption due to the active

quantum-well layers must be diluted to ensure sufficient transmission. Although this produces,

all else being equal, a proportional drop in the effective nonlinearity (n2), it does permit operation

at, or near to, the optimum wavelength where the figure-of-merit n2/cc is maximized. In addition

to the possible device potential of nonlinear optical waveguides, this configuration also permits

investigation of the nonlinearity using light polarized both parallel (TE) and perpendicular (TM)

to the quantum well. We present here measurements of nonlinear absorption and refraction,

associated with electron-hole pair excitation, in an InGaAs Single Quantum Well (SQW) centered
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within a strip-loaded, non-absorbing InGaAsP waveguide.

The samples used were 0.8gm thick InGaAsP waveguides (bandgap of 1.lgm) with a

7.0nm SQW of InGaAs (hh-e transition of the n=1 level of the quantum well at 1.5 l m). Ribs,

ranging in widths from 2.0 to 6.0 gm, were etched into the InP cover layer to form strip-loaded

waveguides. The samples were cleaved to lengths of 300-90011m, such that the natural reflectivity

of the uncoated facets could form a Fabry-Perot (FP) cavity. A cw NaCl-OH- color center laser

(tunable over ,-1.46-1.65gm) was end-fire coupled into the waveguide, while an acousto-optic

modulator (AOM) was used to generate quasi-cw (1.Sms long) triangular pulses. The output

power was monitored as a function of the incident power at various wavelengths. For photon

energies near the bandgap, strong absorption saturation was observed at powers above 5.0mW

(Fig. 1). This power level was sufficiently low to permit observation of this saturation using a

tunable, external-cavity diode laser. At photon energies less than the bandgap, the absorption

was sufficiently small to create a FP cavity with finesse of 2.2. An irradiance-dependent refractive

index could be observed as the FP resonance condition was modified with changing incident

power (Fig.2). The three curves in Fig.2 correspond to different initial cavity tuning conditions,

which were set by slightly heating the sample with an external source. It was found that the

index change induced optically was of the opposite sense to that obtained by direct heating of

the sample. This indicated that the mechanism was electronic excitation, rather than a thermal

effect. The observed lack of any optically-induced thermal effects, despite the relatively long

duration of the input pulse, contrasts strongly with our experience with similar GaAs/GaAlAs

SQW waveguides, where illumination times have to be kept down to microseconds to avoid

thermal nonlinear phenomena.

The PJPut measurements were fitted to the FP transmission equation, which included a

saturable absorption and saturable nonlinear index of refraction of the form

a = oco/(1 + N/N,,,) + aLs and n = no + aJN/(1 + N/N,,), where aO0 and no are the linear absorption

and refractive index, ats is a background, non-saturating absorption (such as a waveguide loss
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term), ay is the nonlinear refractive cross-section at low carrier density, N is the carrier density

and N., is the saturation density. In this model, an average intensity within the cavity was

assumed. For TE polarization at 1600nm, values of ao0 = 160cm 1 , 0 = -0.9x 1019cm 3 and N,,, =

2.Ox1017cm 3 were deduced for the quantum well. At 1486nm (in the bandgap), no FP cavity

resonances were observable due to the large absorption, and thus the average intensity

approximation was no longer valid. Instead, a good fit was obtained by considering a single pass

through a series of discrete elements with a saturating absorption. Values of ct) = 1.65x 104cm-

and Ns, = 6.8xl011 cm 3 at 1486nm were obtained. In these calculations, a carrier lifetime of lOns

was assumed. Comparable results were obtained for TM polarization, but at shorter wavelengths

since the principal absorption edge is now the n=l lh-e transition.

For the refractive tuning, the low saturation density limits the refractive index change and

thus inhibits switching and bistability for device lengths up to 2mm, assuming the natural facet

reflectivity. If the facet reflectivities were increased to 90%, bistability is predicted for operation

close to the bandedge, where the refractive cross-section is maximum. Further studies of this

nature should lead to complete characterization of this structure and permit the design of fully

optimized nonlinear waveguide devices for the 1.551m wavelength.
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The quantum well semiconductor laser has been shown to be the semiconductor
laser of choice for efficiency and thereby high power applications. The key
advantage of nonlinear devices fabricated in quantum well waveguides is that
they can be easily integrated with quantum well lasers. Nonlinear optical effects
in GaAs/AIGaAs quantum wells have been of considerable interest for sometime
(see ref(1) for a recent review). In guided-wave formats some nonlinear devices
have been demonstrated; a nonlinear directional coupler has been fabricated and
characterised (2),(3) and a saturable absorber for a mode-locking semiconductor
laser.(4) has also been demonstrated.

This paper describes the nonlinear optical properties of a GaAs/AIGaAs a single
quantum well waveguide and the fabrication and operation of a nonlinear optical
device, the asymmetric Mach-Zehnder interferometer.

Figure (1)

Single quantum well wafer

GaAs cap -- 0.04 0.6513.15 um

GaAlAs (Al,25%) 7-SQW Ga...1..... Om G0.0 1 3.1

GaAlA$ (A1,30%)
GaAs Buffer

Undoped GaAs

Caption: The single quantum well material used in this paper.

We have investigated both the refractive and absorptive nonlinearity of quantum
well waveguides fabricated in the material shown in figure (1)

In fig(2) we show the refractive nonlinearity of a quantum well waveguide which
was by measured using an interferometric technique(5). This interferometric
technique has allowed, for the first time, direct measurement of the refractive
nonlinearity in single quantum well waveguides
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Figure 2
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Caption: The refractive nonlinearity in a single quantum well waveguide.
Measured with a CW source with TE polarisation.

The electronic and thermal refractive nonlinearities have different signs the
electronic refractive nonlinearity is negative and the thermal refractive nonlinearity
is positive. It can be seen from figure (2) that at low powers the electronic part of
the refractive nonlinearity is apparent but it saturates and the thermal part of
refractive nonlinearity becomes dominant at higher powers. The value of
electronic refractive nonlinearity, n2, is 1.4 x10-12 m2/W

Figure (3a)
Absorptive nonlinearity
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Figure(3b)
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Caption: Saturation of the exciton peak in a single quantum well waveguide with a
CW source (a) TE and (b)TM polarisations Low intensity corresponds to 20 uw
(6.6 106 W/m2) in the waveguide and high intensity 10 m W (3.3 109 W/m2).

In figure (3) we show the absorptive nonlinearity for both TE and TM polarisations
for a single quantum well waveguide. In the TE polarisation the heavy and light
hole transitions are apparent and in the TM polarisation only the light hole
transition is obvious which agrees with theory and previous observations (6).
These measurements have been carefully calibrated by a sequential cleaving
technique.

Intearated Asymmetric Mach-Zehnder Interferometer

~raU v kMWS Intoe-ty
Proeloa ProBlgo

Caption: The layout of the integrated nonlinear asymmetric Mach-Zehnder
interferometer. The diagram on the right shows the operation of the device as
modelled by a nonlinear beam propagation method.

Figure (4) shows one version of the asymmetric Mach-Zehnder interferometer
which employs asymmetric Y-junctions to split unevenly optical intensity between
the two arms of the interferometer. In fig(4) the operation of the device is modelled
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by a nonlinear beam propagation method. The device modulates because the
difference in intensity in each arm results in a different phase shift in each arm via
the refractive nonlinearity. The integration of a nonlinear interferometer with a
quantum well semiconductor laser would enable the implementation of an
integrated coupled cavity mode-locking scheme for semiconductor lasers.

The operation of an asymmetric Mach-Zehnder interferometer has been
investigated under CW conditions. The pump was a CW Ti: sapphire laser
operating at a photon energy of 1.46 eV and the probe laser was a semiconductor
laser at a photon energy of 1.495 eV. With a pump power of 30 mW a modulation
of the probe has been observed of around 15%. The modulation under these CW
conditions is largely due to the thermal nonlinearity. The saturation of the
electronic nonlinearity is typical of resonant nolinearities and means that
complete fast switching in this device is not possible unless unrealistically long
devices are employed. However, for applications such as mode-locking it is not
necessary to have complete switching and a modulation of a few percent may be
sufficient

Other versions of the asymmetric Mach-Zehnder interferometer can be fabricated
which do not necessarily require asymmetric Y junctions for their operation. One
version employs an electric field to unbalance the nonlinearity in each arm of the
interferometer. The operation of this device is currently being investigated under
pulsed and CW conditions. In other versions the nonlinearity can be unbalanced
by selective disordering of the quantum wells which is used to control the exciton
energy in each arm of the interferometer.

In conclusion both the refractive and absoprtive nonlinearities of a single quantum
well waveguide have been measured and all-optical modulation has been
observed in a nonlinear integrated interferometer albeit thermal in origin.
Currently under investigation is the operation of an interferom'eter where the
nonlinearity in each arm is unbalance by an electric field and the fabrication of an
interferometer where the band-gap in each arm is adjusted by impurity induced
disordering
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To create ultrahigh-speed long-distance optical fiber
communication systems of new generation particularly soliton
transmission lines and to implement information optical
processing systems into practice it is necessary to develop
different functional devices having less than 10 ps high-speed
characteristics[1]. The best variant is the application with
this aim of light-controlled integrated optical switches and
gates, as the pulses of less than 10 fs duration are obtained
precisely by the optical methods. Promising from this point of
view is the switch based on nonlinear coupled optical
waveguides previously used experimentally in the
integrated-optical variant on lithium niobate [21 and gallium
arsenide [3] base as well as in quartz fiber light guides
[4,5].

Taking into consideration the fact that up till now there is
no universal material satisfying all the requirements necessary
for performing optical switching of ultrashort light pulses the
search for new materials of high enough third order
nonlinearity, low loss and high optical damage resistance is of
paramount importance. One of the most perspective crystals from
this point of view is potassium-titanyl phosphate (KTP)
possessing unique properties and permitting to obtain low loss
optical waveguides losses by comparatively simple way (by means
of ion exchange).

The aim of the studies was the realization of nonlinear
light switching in coupled channel Rb:KTP waveguides.

As is generally known [7,8] nonlinear directional coupler is
a system of two identical waveguides brought into sufficiently
close proximity that their fields overlap (see Fig.2). When one
of them is excited by low optical signal, light power at the
coupler output is distributed between two waveguides in the
following way, depending on their coupling coefficient:

P0 (L)=P1 (0)sin2 ((AP 2 +K 2 ))1/2)L) (1)

P1 (L)=PI(0)cos2 ((AI 2+K 2))1 /2)L) (2)

where A13 - is the difference of propagation constants in two
waveguides ( A(3 = 0 for identical waveguides); K - coupling
coefficient; L - coupler length. When light power in excited
channel increases crystal refractive index changes according to
Kerr law:
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n=n 0+n2 I (3)

where I - light intensity in a waveguide, n2 -nonlinear
-12 2

coefficient ( n =3 10 cm /kW for KTP) As the identity of

waveguides is disturbed and the value of detuning is
proportional to the light intensity, the signal at the output
of the directional coupler depends nonlinearly on the input
signal:

P1 (L)=PI(0)(I+cn(2KL;P1 ()AP /4K)) (4)

2=2 2
where cn(x;y) - Jacobi elliptic function; A s =c C n n2

4 2 0 02
E (x,y) dxdy, E(x,y)- normalized distribution waveguide mode

field.
The system of coupled waveguides based on KTP crystal was

produced for the experiment. The waveguides of 6 gm in width
directed along Y axis the spacing between them being 4 gm, were
obtained by Rb ion exchange from RbNO3 melt into the substrate

of KTP Z-cut within 15 min at a temperature of 3500 C. The
waveguides were monomode at 1.06 lim for TE- polarized
radiation. The light source was laser Quantronix-116, operating
in Q-switch and mode locking regime. The duration of pulse
train was 200 ns, a that of a single pulse in a train 200 ps,
while frequency of pulse sequence in a train amounted to 100
MHz. Maximum irradiation peak power was 500 kW.

Single-mode anisotropic polarization maintaining fiber was
used to couple beam into a channel waveguide. Light from the
fiber was fed into Rb:KTP waveguide through the polished
enqface by means of a system consisting of two
20 microobjectives. Light peak power in front of input
microobjective did not exceed 10 kW and was controlled adjusted
by shifting the fiber input endface. At the waveguide output
the signal was registered by the fast photodiode (the bandwidth
being 2 GHz) and the boxcar integrator (Fig.1).

In the linear mode (at low input signal) at the output of
the studied directional coupler almost all the light power was
concentrated in the initially excited waveguide (the length of
waveguides - 7 mm; the ratio of signals at the output being
10:1). The increase of input signal results in phase detuning
between waveguides and the rate of light switching changes. In
every laser pulse train peak power varies from zero to some
maximum value. Correspondingly while measuring power value in
each pulse from a train for two waveguides (in one of them the
output power increases when increasing input power P(0), in the
other - it decreases) it is possible to determine the switching
state for every value of input power. Fig. 3 shows the
distribution of pulse amplitudes in a train of two coupled
waveguides for the following cases: linear transmission of
switching pulse train through the directional coupler (the
ratio of signal amplitudes in two channels being 10:1) (a) and
nonlinear switching (b) of light power (the ratio of signal
amplitudes is 2.25:1 at maximum input peak power of 5 kW).
Consequently in case of input signal increase from 0 to 5 kW
about 40 percent of light power was switched from one waveguide
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to the other.
Thus the present parer for the first time presents the

data on the nonlinear coupling (in a subnanosecond range) in a
directional coupler based on Rb:KTP waveguides.
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Fig.1. Experimental setup: 1-NdYAG-laser, 2-Iens(f*10 mm),
3-single-mode anisotropic fiber, 4-microobjective, 5-photo-
diodes, 6-beams pltter, 7-nonlinear directional coupler, 8-
mirror, 9-polarizer, 10-filter, 11-attenuator, 12-total ref-
lection prism, 13-boxcar integrator.
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Although it has been known for some time that organic

materials can have large second and third order nonlinearities

[1], it is only within the last five years that there has been

a concentrated effort to try to make nonlinear devices out of

them. This has been at least partly due to many

misconceptions about organic materials which have been proven

inaccurate. For example it was widely believed they have low

damage thresholds, poor optical properties such as

transmission, are not easily processible into device

structures etc. In this paper we will review the linear and

nonlinear properties of organic materials, how waveguides can

and have been made out of them and some of the initial

nonlinear devices which have reported.

Appropriately engineered organics can have second order

coefficients much larger than their inorganic counterparts

[1]. For example, the d33 coefficient = 34 pm/V of lithium

niobate is one of the largest known for inorganic media. By

way of comparison, the largest coefficient in DAST has a

maximum coefficient of 460 pm/V! The trade-off however, is

that the edge of the optical transparency window moves to

progressively longer wavelengths with increasing activity, and

solving this problem is one of the outstanding challenges to

using these materials for doubling GaAs lasers.

Another problem is to fabricate waveguides from single

crystal materials. There are two options: 1) to make channels

out of single crystal materials by ion-exchange, ion milling,

etching etc. This approach has not yet been used to make

waveguide channel doublers. What has been done is to grow
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organic materials directly into waveguide geometries, for

example as the core of single mode fiber [2]. In fact that

particular case has shown efficient doubling using the

Cerenkov technique.

One of the unique features of using organic

nonlinearities is that one can construct non-centrosymmetric

media without resorting to single crystal growth. This can be

achieved using poling in which a strong DC field is used,

under appropriate conditions, to orient molecules which have

both large linear dipole moments and second order

hyperpolarizabilities [3]. The result is a net macroscopic

second order coefficient. Activities in excess of 50 pm/V

have been created in waveguide films in this way, and

efficient, phase-matched second harmonic generation has been

demonstrated [4].

This fabrication technique also highlights one of the

waveguide fabrication techniques unique to organic materials.

Namely, during the poling process a preferential orientation

is imparted to optically anisotropic molecules. Therefore

electric fields create regions of higher index for one

polarization, and lower index for the orthogonal polarization.

Therefore lightguide circuits can be made which are defined by

electrode patterns.

There are other techniques for writing channel

waveguides which work well with organics and not with other

materials. For example, illumination with light can lead to

trans-cis photoisomerization [5], breaking of bonds [6] etc.

which lead to local changes in the refractive index.

Typically, the refractive index and the nonlinearity are

reduced by illumination at the appropriate frequency. The

unilluminated regions form the waveguides which are nonlinear.

The non-resonant, ultrafast third order nonlinearities

of selected organic materials are typically at least one order

of magnitude larger than those associated with dielectrics or

semiconductors [7]. This is certainly true for conjugated

polymers in which electron orbitals are delocalized over many
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atoms. The largest values range from 10-12 to a few times 1013

cm2/W [8]. The lowest attenuation coefficients are less than

0.1 cm',occurring typically between 1000 and 1400 nm. Although

it was initially believed that many of these conjugated

polymers would be insoluble and therefore not useful for

spinning waveguide films, there has been progress in

developing spinnable versions of the some of the most

nonlinear materials [9].

Two material figures of merit have been identified which

materials must satisfy in order to be useful for devices.

They are W = An,,/aX where An, is the maximum index change, and

T = 203X/n 2 where i3 and n2 are the two photon and nonlinearity

coefficients respectively [10]. W > 2 and T < 1 are

desirable, and one of the principal problems is that the

wavelength dependence of these parameters have not been

measured. However, there are a few isolated cases which

indicate that there will be spectral windows in organics in

which the figures of merit will be satisfied [8,10].

Unfortunately the one attempt to make a switching device

reported to date failed because strong two photon absorption

occurred at the wavelength used, namely 1060 nm [11].

In summary, nonlinear organic materials are starting to

make an impact in nonlinear guided wave physics and devices,

as discussed in this paper.
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The utility of the ultrafast nonlinearity in semiconductor
waveguides operated below the band gap is limited by two photon
absorption P (a = #I where I is the intensity) which does not allow
a nonlinear 2w phase shift over one absorption length. [] However,
the two photon coefficient should be zero below half the band gap,
potentially allowing for all-optical device operation there.[2,3]
Here we report the first measurements of two photon absorption in
GaAs waveguides in the vicinity of half the band gap.

A tunable, synchronously pumped mode-locked NaCl:OH color
center laser was used to produce 8-12 picosecond pulses between the
wavelengths of 1.48 and 1.74 microns. The waveguides were 1.1 cm
long and consisted of a 1.3 pm layer of GaAs grown onto a 2.7 pm
thick layer of Al0 1Ga0 qAs which was itself deposited on a GaAs
substrate. The guide was defined by two grooves made by direct
laser writing to a depth z 0.5 pm [4]. The guide is single mode at
1.3 pm for a center-to-center width between the grooves larger than
8 pm. The guides used had a width of 10 pm.

Single beam experiments were performed first by using a half-
wave plate and a polarizer to vary the power into the waveguide.
The average power was measured before and after the waveguide and
l/T - P, where T is the transmission, was plotted versus input
pulse energy [5]. The slope of the resulting curve gave the two
photon coefficient, and the low power waveguide loss was estimated
from the intercept of the curves at zero input. Since the
waveguides were near cut-off at the longest wavelengths studied,
the linear loss also increased with increasing wavelength and had
to be normalized out of the data. Finally, we assumed a Gaussian
temporal pulse shape in converting the pulse width and energy
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values to intensity [6].

The results for P, after correcting for the factors discussed
above, are shown in Fig 1 versus wavelength. As expected, the two
photon coefficient falls to zero at half the band gap, i.e. 1.74
Am. We found that the wavelength dependence of the decrease agreed
well with theoretical predictions[7]. However, the magnitude of
the measured P was consistently a factor of about 4 higher than
predicted, suggesting the presence of other contributing factorb
such as free carrier absorption of the photogenerated carriers.

The free carrier contribution to the absorption was measured
using orthogonally polarized pump-probe beams. A strong pump was
transmitted through the sample which created carriers by two photon
absorption. A time-delayed, orthogonally polarized probe beam (<1%
of the pump beam) was then coupled into the channel waveguide and
its transmission was monitored as a function of probe delay. A
plot of probe transmission is show in Fig. 2 for low and high
intensities of the pump beam. At low intensities, since the
absorption due to free carrier absorption can be neglected, the two
photon absorption produces a response which is symmetrical in time
with a width given by the input pulse width. At high intensities
there is in addition a tail at longer times which corresponds to
free carrier scattering, i.e. by the carriers excited by the strong
pump beam. Therefore there was a strong contribution to the
measured P from free carrier scattering. Note that this free
carrier contribution also adds to the peak of the effective two
photon absorption.

Further analysis was performed to verify that extra
absorption was due to free carrier scattering. If these carriers
are generated by TPA then the number of carriers generated An is
proportional to 12. Since free carrier scattering is itself
proportional to I, the net rocess should be even higher order in
intensity, i.e. dI/dz = yI so that the effective absorption a
scales as 12. At a time delay of 40 ps (4x the pulse width), the
absorption contribution should be solely due to free carrier
absorption and should therefore scale quadratically with intensity.
This is verified by the data shown in Fig. 3.

There are other factors which identify the additional
absorption process as free carrier scattering. The absorption does
not fully decay back to zero before the next pulse arrives (in 13
ns). From the residual signal we estimate a decay time of 7-10 ns,
times typical of free carrier lifetimes. Finally, by assuming a 12
dependence of the free carrier scattering cross-section a on
wavelength, we estimated the free carrier absorption coefficient a
- aAn = 0.14 cm"1 at I = 1.56 pm for an average power of 230 mW and
a = 5.5x10 "' cm2 at 1.06 pm (8]. When compared to the
experimentally measured value of 0.48 cm' which also includes the
coupling losses, the agreement is reasonable.

In summary, we have found that both two photon absorption
and free carrier scattering contribute to the nonlinear loss just
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above half the band gap in GaAs waveguides for picosecond pulses.
At half the band gap, the two photon coefficient goes to zero.
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Figure 1. Two photon absorption coefficient
versus wavelength. The error bars show a 30%
error.
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Ferroelectric liquid crystals (FLC's) form the thermodynamically stable Smectic C* liquid

crystalline phase that is non-centrosymmetric and has macroscopic polar order. The symmetry
(C2) implies that FLC materials can exhibit second order nonlinear properties such as the linear

electro-optic(EO) effect and second harmonic generation (SHG). In most FLC's designed for
1,2

optical modulation applications these nonlinearities are small , but in principle could be made

large by specifically synthesizing liquid crystal molecules which self-assemble in such a way that

functional groups with large microscopic hyperpolarizabilities, P's, are oriented along the polar

axis. By adopting this approach to produce second order nonlinear material, the problems

associated with processing organic single crystals are avoided. Furthermore, the flexibility of the

liquid crystal technology can be used to design materials with specific refractive indices for phase

matching purposes and waveguide design. Waveguides in this material system are particularly

interesting as they allow a significant increase in optical propagation length with high electric field

generation capability; both important attributes for nonlinear optical phenomena. Preliminary work

has already been carried out on waveguide structures whose possibilities are numerous owing to

the ability to successfully align FLC's on many different substrates (including Si) 3.

Conventional EO process in FLC's involve molecular reorientation which leads to response times

less than microseconds. This paper, however, focuses on the linear electro-optic effect (Kerr

effect), which arises from excitations in the molecular electronic structure that can be affected on a

nanosecond time scale. Recently, we reported the novel FLC materials with large 2nd order

nonlinearities of this nature using SHG(X( 2)22(W314) = 1/4 X(2)22 (LiNbO3) }4. With these new

nonlinear materials, novel modulation schemes through the expected large FLC linear electro-optic
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should be possible. To demonstrate and measure high speed EO effect a prism coupled FLC cell is

prepared as shown in Figure 1. Two high index prisms (SF10 glass) coated with transparent

electrode Indium-Tin-Oxide(ITO) are used as the cell walls. A thin polyvinyl alcohol(PVA) layer,

which acts as both an aligning layer and a cladding medium, is then spun on top of the ITO prisms.

The thickness and the refractive index of the PVA layer is measured using ellipsometry techniques

and are found to be 1.5 Lrm and 1.514 respectively. After buffing the PVA, which defines the

direction of the FLC optical tensor, the prisms are brought together to form a cell of = 8 .Im wide

using polyspheres and UV optical adhesive. This prism module is heated to a temperature

sufficient to maintain the FLC in its isotropic phase and capillary filled.

With a d.c. field across the PVA/FLC/PVA region, the FLC molecules are fixed with their optical

axis along the z-direction. A HeNe laser beam(X--0.6328 ltm) with its polarization perpendicular

to the incident plan (TE polarization) is launched into the prism cell. The transmission is then

measured as a function of incident angle and shown in Figure 2. The coupling peaks, which refer

to waveguide TE eigenmodes, occur when the component of the wave vectors parallel to the gap

are equal for the wave in the prism and the wave in the FLC layer. At the position of the peaks,

guided radiation propagates for a distance varying from 2 to 10 mm before coupling evanescently

into radiation modes.

To demonstrate the high frequency EO effect a high voltage (20-300V), high frequency (0-

200KHz) pulse train is applied to the prism module. To insure that the FLC molecules do not flip

to an alternative state, a bias voltage of 20 V is always applied across the cell. The electro-optic
effect for C2 symmetry in the FLC materials can be expressed by:

3
n, r2 Ey

2

for electric fields applied along in the y-direction. This small change of the refractive index will

modulate the effective index, or propagation constant P, of the waveguide modes. Recall that the

propagation constant is related to the incident angle through the relationship 3=knpsin(O ), whereP
k=2f/2T, np is the refractive index of prism, and 0 is the incident angle. Thus the small change of

P
Op will shift the position of the waveguide mode. By fixing the incident angle at a specific mode

where 50% transmission occurs, intensity modulation can be detected using an avalanche

photodiode. A typical result is shown in Figure 3a. The EO coeffirient r32 calculated from above

experiment is found to be =0.3 pm/V for the commercially available SCE9 with significantly

increased values expected for novel materials to be measured in the near future. Due to the large

capacitance of the PVA/FLC/PVA films used in these initial experiments the modulation frequency

was limited to 10k H1z. By patterning the electrode, the capacitance of the module can be reduced
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and improved frequency response is expected. This future work will be presented at the

conference.

Theoretical analysis indicates that this prism coupled waveguide technique is very sensitive as

compared to alternatives such as the direct interferometric measurement of phase modulation, or

Fabry-Perot multiple reflection interferometry. For experimental conformation of measured results

however, this latter measurement technique is also used on Fabry-Perot etalon FLC cells prepared

as follows.

A thin Al layer (200 A) with reflectivity 85% is coated on a pair of I" diameter optical flats.

Photolithographic techniques are used to form 2 mm diameter electrodes in the Al layer; the small

size being necessary to reduce the cell capacitance. PVA (400 A) is spun coated onto the substrates

as an aligning layer. The flats are then brought together to within 8 pim to form the cell which is

filled under vacuum with FLC SCE9. A d.c. biased, high voltage pulse train is applied to the FLC

cell and the modulated transmission of a HeNe laser beam is measured (see Figure 3b). Initial

experiments indicate the two measurements are consistent within experimental error although it can

be seen from Fig.3 that this latter method is indeed less sensitive than the former prism coupling

technique. However, due to the smaller capacitance of the Fabry-Perot cell and the low resistance

of its Al electrodes, we are able to modulate the field up to 200k Hz. Results indicate that the

measure EO effect persists to this frequency as expected, and should be present at much higher

frequency(GFIz). Experiments at greater frequencies are being planned at the present time.

In conclusion, a prism coupling waveguide technique is presented for the measurement of high

frequency EO effects in ferroelectric liquid crystals. Measurements indicate an electro-optic
coefficient r32 of 0.3 pm/V for SCE9; a commercially available FLC material. Higher

nonlinearities are expected for novel specially synthesized materials now under investigation.

.................................................................................................................-
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Figure 2. Typical transmission of the prism coupled FLC waveguide cell. A waveguide
mode is intensity modulated by a high voltage pulse train through the electro-optic effect.

(3a) Prism Coupled FLC Cell. (3b) Fabry-Perot Cell.

Figure 3. 200 V voltage pulase train was applied to prism coupled and Fabry-Perot cells.
The sensitivity of 3a is higher than 3b for an order of magnitude.
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Introduction
Several materials and methods are investigated in the search for devices for efficient frequency doubling of
infra-red diode lasers to blue. Such compact light sources would find important applications in i.e. optical
data storage, displays and spectroscopy.
For efficient second harmonic generation (SHG), the phase-matching condition must be fulfilled. In the
quasi-phase-matching (QPM) scheme, phase matching is accomplished by periodic modulation of the non-
linear properties of the material. Quasi-phase-matched SHG of blue light in waveguides has been demon-
strated in lithium niobate [ 1 ],[2], in polymers [3] and recently very encouraging results have been obtained
in KTP (4). Lately there have also been reports on quasi-phase-matched SHG of blue light in lithium tantalate
waveguides [51, [6].
In a ferroelectric material, like lithium niobate, lithium tantalate or KTP, the modulation of the non-linear
coefficient is obtained by periodic reversal of the ferroelectric domains. Two different methods have been
demonstrated for periodic domain inversion in lithium tantalate. The first method uses electric fields applied
by interdigital electrodes to induce periodic domain reversal [6], and the other technique is built on periodic
proton exchange followed by heat treatment below the Curie point [5]. The domain inverted waveguides
analyzed in this paper were fabricated using the second method.
The shape of the reversed domians is not the same in the different materials. KTP seems to exhibit laminar
domain-inverted regions, similar to the ideal case shown in Fig. 1. In lithium niobate, the domain boundaries
show a triangular shape as indicated in Fig.2. The shape of the domain boundaries in lithium tantalate is
instead semicircular or somewhat elliptic. This is shown schematically in Fig. 3, whereas Fig. 4 shows a
micrograph of a periodically domain inverted lithium tantalate sample.

INVERTED INVERTED

DOMAINS DOMAIN

WAVE-

GUIDE t t t

SUBSTRATE
(SINGLE DOMAIN)

Fig. 1. 'The ideal waveguide structure in LiNbO, or LiTaO Fig. 2. The actual waveguide structure used for
for quasi-phase-matching. The waveguide passes regions quasi-phase-matched SIIG in LiNb0 3.
with alternating domain orientation, corresponding to
alternating sign of the effective nonliner coefficient.

t t t I t t

Fig. 3. The actual waveguide structure used for Fig. 4. The etched y-face of a periodically domain
quasi-phase-matched SIIG in LiTaO3, inverted lithium tantalate sample. The period is 12 $.tm.
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The influence of the triangular shape of the domain boundary on the conversion efficiency for QPM SHG
in lithium niobate has been reported previously [7]. In this paper we present calculations on the conversion
efficiency for QPM SHG in lithium tantalate. We report on some experimental results and make comparisons
to the lithium niobate case.

Theory: Influence of the shape of the domain boundary on the conversion efficiency
The period of modulation required to phase-match generation of blue light in LiTaO3 is -3.5 g.m. To facilitate
the photolitographic process a modulation with a lower periodicity, used in a higer order, is often considered.
The periodic modulation of the nonlinearity along the waveguide can be decomposed in spatial Fourier
components, and the conversion efficiency depends on the relevant Fourier coefficient [7]. For the waveguide
structures which we consider, the duty cycle of the modulation, and thus also the relevant Fourier coefficient,
varies with the depth. Therefore the Fourier coefficient has to be included when evaluating the conventional
overlap integral over the cross section of the waveguide, as shown in Ref 7. The expression for the n-th
Fourier coefficient c(z), in the case of elliptical boundaries is:

2 2
c.(z) = sin I n-- .b- l-(zla)2  for -a 5 z 5 0

c.(z) = 0 otherwise

The geometrical parameters used are explained in Fig 5. In an ideal laminar structure the function c.(z) would
be constant. For example: in a laminar structure with 50% duty cycle used in first order we would have
cn(z)=cI(z) = 2/n.

T Fig. 5. The geometrical parameters, used to describe the
z b -domain inverted regions for LiTaO3. Note that the duty-

y cycle refers to the value at the surface.

duty-cycle: 2b/"

Experiments
Quasi-phase-matching waveguides have been fabricated in c-cut LiTaO 3 using a one-step fabrication pro-
cedure based on periodic proton exchange followed by heat treatment below the Curie temperature [5). Slab
and channel waveguides were characterized by prism coupling. Third order quasi-phase-matched SHG
experiments were carried out using a Styryl 9 dye laser as fundamental light source. For a 12 pim wide channel
waveguide a normalized conversion efficiency of 0.4 % W' cm 2 was measured. Using a 6 pm wide channel
guide, a value of 2 % W' cm 2 was obtained. The near fields were measured at the fundamental and second
harmonic wavelength. The channel waveguides used were multimode for the fundamental wavelength, which
made it difficult to launch the light exclusively into the lowest order mode, and this may have decreased the
conversion efficiencies.
Numerical results

Using the experimentally determined effective indices, refractive index profiles were determined for the
waveguides. It was found that the slab waveguides with very good accuracy had a gaussian index profile.
Therefore a model commonly used for graded index titanium-diffused waveguides was used for the channel
waveguides for numerical calculation of the field distributions. The calculated distributions showed good
agreement with the measured near-fields. Using such data, calculations of the conversion efficiencies were
carried out for various geometrical parameters for the domain-inverted regions. In Figs. 6 and 7 results are
shown for a 12 pm channel waveguide, and for varying duty-cycle.
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Fig 6. Calculated conversion efficiency for a waveguide Fig 7. Modal fields in depth and the shape of the
length of I cm and fundamental power of 100 mW as function c,(z) for the optimal duty-cycle according to
function of the duty-cyclefor the domain-invertedregions Fig 6.
(cf Fig 5). 3rd order QPM. Modal fields (cffig 7)fitted
to the experimental case. (alb)=0.8
Three maxima can be observed in Fig 6. The two minima corresponds to cases in which the duty cycle - at
the depth in the waveguide, where the modal distributions are concentrated - takes a value ( 1/3 and 2/3
respectively) such that the third Fourier coefficient c3(z) passes through a zero-point as function of z.

In our experimental case we have a duty-cycle of 0.8, which according to Fig. 6 is close to a minimum. The
measured conversion efficiency is in good agreement with the calculated value. By increasing the duty-cycle
it should be possible to increase the conversion efficency by one order of magnitude. Calculation showed
that for this limited mode confinement the conversion efficency is not more effficient when going to 2nd or
1st order QPM. Calculations with other, realistic, waveguide profiles have, however, given conversion
efficencies up to at least 35 % Wt cm 2 using 3rd order QPM, and still higher values for 1st order, see Figs
8 and 9.

CONVERSION EFFICIENCY CONVERSION EFFICIENCY

aLLIF1CBOLJN MY ELIJIC BOUNDA& Y
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a 05 IF 050 '
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Fig 8. Calculated conversion efficiency as function of the Fig 9. As in Fig 8, but for 1st order QPM.
duty cycle for another modal distribution than in Fig 6
and 7. Third order QPM. Same fundamental power and
waveguide lenght as in Fig 6. (a/b)=0.8
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Discussion
The mode confinement, in particular in depth, is essential for high conversion efficency. As the modulation
depth in 1 st order QPM is only a third of the modulation depth in 3rd order QPM, this is particularly important
when working with 1 st order QPM. In order to gain by going to 2nd or I st order QPM a tight mode confinement
is more important for LiTaO3 than for LiNbO 3.This is related to the following two factors: firstly, in LiNbO3
the domain boundary may be buried without geometrical changes, which is not possible in LiTaO 3.Secondly,
the shape of the c(z) function for 3rd order QPM, makes it possible to efficiently utilize interaction between
modal fields over a larger depth in LiTaO 3 , than in LiNbO 3. The second factor indicates that it should be
easier to come close to the theoretical limit, corresponding to an ideal laminar structure, when using 3rd order
QPM in LiTaO 3, as compared to LiNb0 3.
Conclusions
The shape of the periodic domain boundary that is obtained during domain reversal by heat treatment is more
promising in LiTaO 3 than in LiNbO 3. In particular it should be more easy to come close to the theoretical
limit when using third order quasi-phase-matching. In order to utilize the possibility of a more efficient
interaction by going to first order QPM, it is, however, critically important to obtain a very tight mode
confinement. To achieve an improvement compared to our first experimental results, the duty cycle is an
essential parameter to optimize. A better mode confinement is also important and can be obtained forexample
by fabricating the channel waveguide separately after obtaining domain inversion.
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We consider grating induced optical bistability (OB) arising from the resonant excitation of a given

nonlinear guided mode. In that case it can be shown, using the coupled-mode formalism(l), that in

the whole bistable domain

a) the transverse field map of the resonantly excited nonlinear guided mode corresponds to that of

the associated linear one which is known.

b) the Kerr-type nonlinearity only modifies the longitudinal wavevector component.

Thus the rigorous theory of diffraction(2 ), previously used to study grating-induced plane wave

OB(3), can be replaced by a much more simple one which works as follows :

i) determine the complex longitudinal wavevector component of the linear leaky guided mode p,

1pL, through the solution of the associated linear homogeneous grating problem(2) ,

ii) use the rigorous theory of diffraction in linear optics(2) to determine the in-coupling efficiency, tp.

of the incident plane wave,

iii) use the coupled-mode formalism to derive the analytical expression( 4) of the complex nonlinear

longitudinal wavevector component pNL

Considering a plane wave incident on a Kerr-type grating coupler, points i) to iii) show that the

knowledge of the guided field amplitude, Agw , no longer requires a complicated numerical

integration, as in ref. 3, but can be obtained in a simple analytical way by the following expression

t
A =A r

P( a)
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with:

Ai : amplitude of the incident plane wave

13=k 0 sin0

O : angle of incidence
'4= 31 - + IA 12

.- p nonlinear coefficient derived from the theory of ref.(4).

Moreover, we have found that the reflected amplitude, Bn, of any radiated diffracted order, n, can be

obtained very easily : it suffices to replace, in the linear expression(2) of Bn , the linear zero, 13
L , by

the nonlinear one, 1 zNL, where pzNL has the same intensity dependence as 6pNL. This is a

consequence of a). We then get the following expression of the reflectivity of a propagating

diffracted order n:

13- 1
B =r Z- A

p (2a)

where rn is derived from the rigorous theory of diffraction in linear optics( 2)

and

=13 Z+ p[ A 2 (2b)

The following is worth noting : the range of validity of this method is only determined from the

knowledge of the rigorous solution of the linear regime which requires a much lower computation

time than the nonlinear theory of ref.3. Indeed the modal formalism presented here applies whenever

the associated linear transmittivity can be approximated by a lorentzian in the vicinity of the nearest

electromagnetic resonance.

When this criterium is fulfilled the agreement is very good : we consider a nonlinear grating coupler

(fig. 1): the results are plotted figs. 2a and 2b for a wavelength of 1.06 tm. The angles of resonance

and incidence are respectively : 47.73' and 47.33' .
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Let us emphasize that this method takes rigorously into account the groove depth (8) of the grating.

Thus this method is not a perturbative one with respect to 8. This is due to the fact that only the

nonlinear term is taken perturbatively into account through the relations ( I b) and (2b). The effect of

the grating is linear and is dealt with by an exact linear calculation of the diffracted orders(2).

In the case of finite width incident beam(s), diffraction induced transverse effccts (along x) in Kerr-

type grating couplers can be analyzed using the following equations directly derived from eqs I a

and 2a) :

dx , xU -

r

A'gw(X) • guided wave amplitude

2n(X) : reflected amplitude

To summarize, we have shown that the simultaneous use of both the rigorous theory of diffraction in

linear optics(2) and the coupled mode formalism(l) provides a convenient mean for studying the

response of nonlinear grating couplers. This method, whose accuracy can be easily checked, allows

an easy access, not only to the guided wave (i.e. to a resonantly excited evanescent diffracted order)

but also to the radiated diffracted orders. This leads to the possibility of studying the influence of

transverse effects on the field map of diffracted orders whatever their type, evanescent or radiated.

inay be.
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1. INTRODUCTION

Waveguide configurations are promising candidates for all-
optical switching and modulation due to the combination of
diffractionless propagation of the fields (large interaction
length) and the strong confinement of power . Both peculiari-
ties enhance the effectivness of the nonlinear processes that
produce the needed induced index change.
The phenomena on which nonlinear guided wave devices are based
can be categorized as weakly and strongly nonlinear. When the
nonlinear contribution to the refractive index is much smaller
than any variations in the linear refractive index that define
the waveguide the guided field profile is assumed to be
unchanged and perturbation methods can be used to describe the
nonlinear mode coupling. The most studied weak nonlinear
device to date has been the nonlinear directional coupler
where the intensity of the input signal determines the rout-
ing of this signal, thus representing an all-optical switch.
In the case of large nonlinearities where the induced
refractive index changes are comperable with the index
discontinuities the very guiding mechanism is affected. The
large induced index changes result in the arising of nonlinear
guided waves (NGW) which exhibit power-dependent field
profiles and propagation constants and can be unstable in
certain domains of the nonlinear dispersion curve. If one
attempts to excite an unstable NGW (e.g. via end fire
coupling) it cannot be captured by the guide and the power is
expelled e.g.via a spatial soliton leaving no guided power at
the waveguide output. Hence, there is a large difference in
the transmission for either low or high input powers. This
device may be used as an all-optical modulator.
The desirable material property required is an off-resonant
pure dispersive, and thus ultrafast, Kerr nonlinearity (local
dependence of the induced index change on the intensity as
AnNL = n21) because resonant nonlinearties are accompanied by
absorption which can provide serious limitations to all-
optical devices. Unfortunately, dispersive nonlinearities are
relatively weak and saturate in many materials at relatively
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the conventional guiding mechanism basing on total internal
reflection as well as the related evanescent coupling between
adjacent waveguides do not meet these requirement optimum. The
guiding mechanism is relatively stable against induced index
changes and the evanescent coupling is weak and restricts the
separation of the coupler elements to few micrometers.
This is the motivation to investigate novel guiding schemes
which rely on resonance effects as Fabry-Perot action or Bragg
reflection. We intend to show that these schemes fit better to
all-optical requirements because the guiding mechanism itself
can be affected very sensitively by nonlinear index changes
lifting some stringent material requirements.

2. THE REMOTE NONLINEAR ARROW-COUPLER

An ARROW (Anti-Resonant Reflecting Optical Waveguide) consits
of a low-index film sourrounded by a few (typical two or
three) cladding and substrate films of high-index material.
The guided waves are essentially leaky waves with propagation
losses of about 0.4 dB/cm for a well-designed ARROW.
A combination of two identical ARROW's constitutes an ARROW-
directional coupler having the peculiarity that the fields in
the coupling region are sinusoidal rather than evanescent.
This has the consequence that the coupling behaviour
reproduces periodically with increasing guide separation.
Thus, even in the linear regime this device can be used as a
remote coupler up to distances of some ten Am [1]. A typical
power transfer between the guides is shown in Fig.l.

Fig.l Linear ARROW-coupler with 15.6 Am guide separation

Until now, remote coupling was only reported in the strong
nonlinear regime using spatial solitons [2].
Endowing any coupler component with a Kerr-like nonlinearity
the device can be used as a remote all-optical switch. The
switching characteristic was calculated using a coupled
supermode theory [3] and is plotted in Fig.2. It is clearly
shown that the switching characteristic is steeper than that
of conventional monlinear directional couplers which can be
attributed to the resonant guiding mechanism.
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Fig.2 Output- versus input power of a remote ARROW-coupler for
different guide separations (n2 = 10-15 m

2 /W)

3. THE NONLINEAR ARROW-CUT-OFF MODULATOR

The radiation losses of a single ARROW change abruptly alte-
ring the optical thicknesses of the high-index cladding films.
This is the basis in designing a nonlinear cut-off modulator
[4]. When these films exhibit a self-focusing or defocusing
Kerr nonlinearity the refractice index can be controlled by
the power localized within these films. When the ARROW is
initially in a low-loss state it can be tuned into a high-loss
one increasing the power. This applies also for the reversed
situation. A numerically calculated input-output characteri-
stic is depicted in Fig.3. There are some indications that the
distinction between weak and large nonlinear effects loses
some ground for ARROW-geometries because very small changes in
the refractive index affect the guiding mechanism.

U

6.86 Sk.00 21.88 3.6

Inp.i 14.. In W/o - I16

Fig.3 Output power of a nonlinear ARROW in dependence on the

input power ( device length = 125 Am ,n2 = 10-15 m2 /W)
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4. THE NONLINEAR BRAGG REFLECTION WAVEGUIDE

A Bragg reflection waveguide (BRW) consists of a low-index
film in contact with two semi-infinite high-index periodic
superlattices. Bragg reflection within the stop gap of the
superlattices constitutes the guiding mechanism. Only when the
propagation constant is situated within this stop gap guided
waves can propagate. When the central film is nonlinear
nonlinear Bragg guided waves may emerge the propagation
constants of which are subject to a power-dependent dispersion
relation. We discuss the corresponding dispersion curves and
investigate the stability of NGW's situated on different bran-
ches. The majority of NGW's turns out to be unstable and
evolve into spatial solitons captured in the central film [5].
Furthermore the stop gap can be shifted changing the guided
power. This effect can also be exploited for cut-off
modulation.

5. CONCLUSIONS

The nonlinear cut-off and switching behaviour have been
investigated for ARROW- and Bragg reflection waveguides. The
resonant character of the guiding mechanism offers some
potential for novel all-optical schemes.
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Photonic Bloch Waves and Field Microstructure
in Nonlinear Gratings: An Intuitive Approach

P.St.J. Russell,
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1. Introduction

Coupled wave theory is commonly used in numerical simulations of reflection from nonlinear grating struc-

tures. By contrast, the complementary photonic Bloch wave (PBW) approach has rarely been adopted,

perhaps the only example being recent work on gap solitonsl' 2 . Bloch wave theory3' offers an alternative

physical intuitive picture that encourages one to think in terms of field microstructure, leading to a range

of simple explanations for the behaviour of light in linear gratings. In this paper the dispersion relation and

field microstructure of nonlinear Bloch waves are found, and used to clarify the physical mechanisms that
lead to regions of bistability, instability and oscillation for incidence of a monochromatic plane wave on a

nonlinear grating half-space.

2. General nonlinear dispersion relation

The nonlinear Bloch waves are the grating's normal modes. In the two-wave approximation they are modelled

by a pair of superimposed plane waves of constant amplitude:

E(z,t) = -(V exp{-jkf, r} + V,exp{-Jkb- r}) exp(jwt) + c.c. (1)
2

whose k-vectors are related by Floquet's theorem ki = ki, + K where IKI = 27r/A is the grating vector and

A its period. Vh and Vf are the field amrnlitudes and f and b are forward and backward labels. This pair of

waves propagates through the grating A'th a fixed gr,-ip velocity or decay rate. Putting (1) into Maxwell's
equation, assuming a linear grating dficsi. ried by X t) =X' , os(Kz), Y, >0a mknsa r.X, n (z,,, > 0, and making standard

approximations, it is straightfnrwar' show that the field amplitudes obey:

6) ( 0)(2)
K + ,VhVj Si + A( fj + VbI 2 ) vb 0

where c = XTY k,,/4n, and the nonlinear dephasing parameter A is

A = [3X(3)wpIS,,/8(1 - X!)) . (3)

where S,, is the incident Poynting vector. Sf and 6), are the corrections to the mean linear wavevector k,

needed to yield kf and kb, i.e.,

k*2 = (k,, +6,) 2 .

Solutions of (2) are easily found algebraically for a given boundary condition, yielding up to three different

(5/, 5h, Vf//IV,,) sets and hence three different nonlinear Bloch waves.

For a purely distributed feed-back (DFB) structure (Figure 1), kb and kf are anti-parallel, and we write

= 6f = (5,, + t9) (4)
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grating extends to z-infinity

- Bloch wave
V

bz-0 input boundary

Figure 1: Boundary condition at DFB half-space.

where t9 = 2k, - K = 2no(w - wB)/c - 47rno(A, - ))/A and AD is the vacuum Bragg wavelength. The

parameter -1 is the perturbation to k, that appears in the vicinity of a Bragg condition, i.e., kf = ko + -y.

As written, the matrix equation (2) illustrates succinctly the various regions of behaviour. At A = 0, the
standard linear dispersion relation is obtained, as illustrated in Figure 1 for Bloch waves with group velocities

pointing into the grating. Floquet's theorem forces the field microstructure (created by interference) to

mimic the grating structure. Fast and slow PBW's exist, for which the optical power is partially or fully

redistributed by interference into, respectively, the low and high refractive index regions of the grating. For
linear gratings, the ramifications of this picture are fully explored in a separate article4 .

As the nonlinearity rises, the mean wavevectors in the grating are increased by A(jVf I2 + 1Vb 2 ) (on-diagonal

matrix elements) and the effective grating strength by AVbV i (off-diagonal matrix elements). The fringe

microstructure of the Bloch wave, having the same periodicity as the grating, acts either to enhance or reduce
the grating strength. A fast PBW in a grating with a positive A will experience a gradual diminution in

grating strength, leading to modulational instability when the induced nonlinear grating cancels the linear

one at

= -AvdVf. (5)

The slow PBW's, on the other hand, will experience a nonlinear enhancement in grating strength as the

power is raised. Concurrently with these effects, the average refractive index of the material rises. The full

picture is thus of a complex interplay of Bragg condition dephasing and grating enhancement/depletion.

3. Dispersion diagrams

This behaviour may be summarised graphically on a k1 -t9 diagram, as depicted on Figure 2 for the special case

of plane-wave incidence on a DFB half-space (Figure 1). Under these circumstances the boundary condition
at z = 0 is very simple: Vf = 1 (the normalised amplitude of the incident plane wave) and 1/b = ±./y7
where 0 < 77 _ 1 is the reflection efficiency. For each value of 0, the matrix equation is then solved for
permitted values of -y and Vb and the results plotted on the kf-t9 diagram. A succession of different cases
is now explored: (a) In the absence of a grating, the solution is the straight line (-y + 0)/ = -A/c - t9/2c

expected of a monochromatic plane wave travelling into the grating half-space. It is the sloping (- ...-..) line

on the diagrams. (b) Introducing a linear grating, the usual stop-band opens up at the Bragg condition.

The branches with negative group velocities (kI/(t9 < 0) are suppressed - they play no role in the grating
hialf-space. On its red-shifted branch, the k-vector is longer than predicted in (a), i.e., the PBW is a slow
one. The opposite is true on the blue-shifted branch. As mentioned above, this behaviour is the result of

the periodic PBW field microstructure; power is redistributed into low/high index regions. (c) Increasing

the optical nonlinearity or the input power level, two effects are seen: i) as expected from very simple

considerations, the Bragg condition shifts to lower frequencies owing to the nonlinear increase in the average
propagation constant; ii) the stop-band branches gradually develop distortions owing to the appearance
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of a nonlinear grating through interference of the backward and forward waves in the Bloch wave. These
distortions are most severe where the nonlinear grating is strongest, i.e., close to the band edges where the

fringe visibility is greatest.

4. Refractive index profiles

The linear, nonlinear and nett refractive index profiles across the grating planes are plotted in Figure 2 for
ten different Bloch waves. In cases 1 and 3, the nett grating strength is zero, meaning that the forward and

backward waves are no longer bound together - this will cause modulational instability. In cases 1,3 and

5 the nonlinear grating strength actually exceeds the linear, reversing the sign of its grating ripple: a fast
Bloch wave turns into a slow. In all these cases the Bloch waves are likely to be unstable since the nonlinear

grating equals or dominates over the linear.

On the slow stop-band side at intermediate levels of nonlinearity, parameter regimes exist where the nonlinear

PBW is "evanescent", whereas the linear PBW is propagating. This occurs at t/2c = -2.5 for A/r 1 in

Figure 2. The analysis here is not valid in these regions, since evanescence is not compatible with stability
for nonlinear waves, for the level of optical nonlinearity will fall off as the PBW amplitude decays; at some

point inside the DFB structure the PBW will start to propagate, causing light to leak through and violating

the evanescent condition. It is likely that instability and oscillation will occur in this range.

For high levels of nonlinearity, the stop-band ceases to exist, although the region of modulational instability

(approximately between points 3 and 5) widens. On the red-shifted stop-band branch, however, bistability

arises where two or more travelling-wave solutions exist, with high and low reflection states.

5. General discussion and conclusions

To observe the effects described here, the nonlinear index change must be comparable to the index modulation
depth of the linear grating. The two waves bound together by the grating forms an entity insensitive against

weak perturbations. Slight changes in refractive index (A/, << 1) will slow down or speed up the Bloch

wave without disturbing its field microstructure or group velocity dispersion. This occurs ft'r example on the

edge of the blue-shifted stop-band, where the negative GVD of the linear Bloch waves is uodisturbed by the

nonlinear index changes needed for gap soliton formation. A quite different situation occurs when A/n - 1,

for now the nonlinear index perturbation is comparable to the grating index modulation and the Bloch
wave entity is susceptible to gross distortions in its normal mode shape. This is reflected in the stop-band

distortions seen in Figure 2. An interesting aspect of this regime is that the optical path length does not

determine whether strong nonlinear effects are seen or not; they are caused by modal shape distortions and

not cumulative phase delays between co-propagating waves.

For a grating of modulation depth 10 - 5 at AB = lynm in an optical fibre with n 2 - 3 x 10- 8 m 2 /Watt and
a core area of 1 jzm 2 , a power level of a few 100 Watts would result in the behaviour depicted in Figure 2.

In order not to straddle the whole stop-band at once, the incident bandwidth would need to be of the order

of 10- of the optical base frequency, i.e., some 0.3 GHz.

In conclusion, the nonlinear PBW approach leads to an easily solvable algebraic dispersion relation, a clear
field-microstructural explanation for PBW behaviour, and may be used to delineate regions of stability and

instability for incidence on a grating half-space.
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In 1973, Hasegawa and Tappert predicted that the nonlinear refractive index of silica

fibers can compensate for Group Velocity Dispersion (GVD), resulting in the so-called
optical solitons which propagate without distortion. 1,2 Both 'bright" and dark" solitons

were identified that correspond to the negative and positive GVD regions of the spectrum,

respectively. Since then, owing to their potential applications in high bit-rate fiber

telecommunication systems, optical solitons have been intensively investigated both

theoretically and experimentally. Soliton propagation of bright pulses has been verified in

a large number of experiments and the possibility of its application in long haul fiber

transmission has been demonstrated.

However, the difficulty in generating negative pulses has hardly limited the number of

experimental observations of dark solitary wave propagation in fibers. A first experiment

on the demonstration of dark soliton propagation was performed in the picosecond regime

at 600nm but did not provide clear-cut results because the corresponding characteristic

length for soliton propagation Zo exceeded the attenuation length of the fiber. 3 More

recently experimental observations on dark and gray solitons have been achieved in the

femtosecond regime for which the soliton characteristic length (Zo=0.3m) and the 620nm-

wavelength are not compatible with applications to long distance soliton-based optical

transmission systems. 4 -6 In our communication we report on experimental observations

of picosecond dark soliton propagation on a fiber length up to 1 ki.

The experimental arrangement is depicted in Fig. 1. We started with 3.2-psec, 850-nm

pulses from a mode-locked Ti:Sapphire Tsunami laser. Pulses are tailored by a spatial

amplitude and phase filtering technique that provides 5.2-psec (FWHM) dark pulses on a

35-psec (FWIIM) square shaped background pulse. 3 Even- and odd-symmetry dark

pulses as well as odd-symmetry dark pulses interaction were investigated. We present

here measurements on propagation of odd-symmetry dark pulses that correspond to the

NLSE dark-soliton solution.
2
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The generated 5.2-psec odd-symnmctry dark puSes are launched into a 960)n1 long
single-mode optical fiber. This length corresponds approximately to 2.5 X the length Z,

characteristic of these pulses. Although the fiber attenuation corresponding to the working

wavelength (2dB/km at 850nm) is not negligible ucr such a distance, our computer

simulations have exhibited a soliton-like adiabatic behavior with pulse shape and

amplitude close to those of the fundamental dark-soliton solution of the Nonlinear

Schrodinger Equation (NLSE). At low input power we observed substantial broadening

of the dark pulses due to GVD, but at powers corresponding to the first order soliton we

verified a distortion-free propagation. Such a result which is in quantitative agreement

with numerical predictions, constitutes a first evidence for long-distance dark soliton

propagation and tends to demonstrate its possible application to optical fiber

telecommunication.

Observation and control of the dark pulses wcre performed in both temporal and

spectral domains by means of streak camera and spectrograph measurements. Due to the

high sensitivity of the output pulse spectrum with respect to initial conditions (input pulse

shape and amplitude) the systematic spectral analysis, which is an original aspect of our

experiment, turned out to be a very efficient regulation tool.
Fig.2(a) presents the measured input pulse intensity profile. The streak camera

resolution is 6.7psec and does not allow for the observation of the complete dip that

corresponds to the target hyperbolic tangent shape. Also the square shape of the broader

carrier pulse is not visible. However, the input pulse shape can be properly checked by

means of spectral measurements. The shaped pulse spectru, m is presented in Fig.2{b), it

has been measured by means of a spectrograph and a photodiode array with a resolution

of 0.02nm. Experimental results for this odd-symmetry dark pulse propagation are

presented in Figs 3(a to f). Curve (a) is the temporal profile of the pulse at the output of

the fiber at very low power (i.e.: in the linear regime). Because of GVD we observe a

broadening of the dark pulse up to a factor of 2, while its spectrum remains unchanged as

shown in Fig.3(b).

At an input peak power of 0.55W that corresponds to the fundamental dark soliton, the

temporal dark peak narrows to its original duration, while the background pulse broadens

giving rise to a triangular shape. Also, due to self-phase modulation acting on the

background pulse, the spectrum broadens (the two main peaks move appan and small

wings appear). This particular situation is illustrated in Figs. 3 (c) and (d).

Curves (e) and (f) show the results obtained at twice the ampitude of the fundamental

dark soliton, i. e., at a peak power of approximately 2.1 W at the intput of the fiber. At

this power, the dark pulse would normally iend to the stable second order ESNL dark-

soliton solution which means that its width would decrease by a factor of 2. On curve (e)

we observe indeed a narrowing of the dip as compared to the first order soliton (curve
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(c)), but due to finite background and losses, the factor of 2 is not reached. All the results
presented here are in excellent quantitative agreement with our computer simulations.

In summary, we have investigated nonlinear propagation of picosecond dark pulses

over 1 km single-mode fiber in the near infrared. Odd-symmetry dark pulses were shown

to propagate without distortion at the power corresponding to the NLSE fundamental dark

soliton. Our results constitute a first evidence of dark soliton propagation over fiber

length compatible with optical telecommunication systems. Further data relating to even-

symmetry dark pulses propagation and dark solitons interaction will be reported.

This work was supported by the lAP- 10 program of the Belgian Government.

References

IlI A. Hasegawa and F. Tappert, Appl. Phys. Lett. 23, p.142 (1973).
121 A. Hasegawa and F. Tappcrt, Appl. Phys. Lett. 23, p.17 1 (1973).

131 P. Emplit, J.P. liamaide, F. Reynand, C. Froehly and A. Bartdlmy, Opt.

Comitun. 62,p.374 (1987).

141 D. Krokel, N.J. Ialas, G. Giuliani, and D. Grischkowskv. Phvs. Rev. Lett.60,

p.29 (1988).

151 A.M. Weiner, J.P. tteritage, R.J. lta\,kins. R.N. Thurston. E.M. Kirschner,
D.E. Leaird, and W.J. Tomlinson, Phs. Rev. Lett. 61, p. 24 45 (1988).

161 R.N. Thurston and A.M. Weiner, J. Opt. Soc. Am. B8, p.47 1 (1991).

Figure Captions

Fig. 1: Experimental set-up. The shaped pulCs con ,it of an intensity depression separating two

steps of opposite phase,,. Fiber: non-polari/ation-preserving 960-m single made fiber,
dispersion 3.49 10' sec-/m, los,.es 2dB/km. effective area 28.3 prm-, effective nonlinear

index 2.66 10201m2AV

Fig.2: Odd-symmetry input pulse streak camera mcItSurCment (a) and spectrum (b).

Fig.3:Temporal intensity profilcs and SpCCtr of the pulses after propagation through the fiber.
Measurements are given as a function of the intput pulsCs peak power: (a,b): Pin=0.04W

(linear regime). (c,d): P = 0.55\W* (c.f): P, = 2. 1W.
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HEjm self-guided modes : vector solutions and stability
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Self-focusino in a mnedium of intensitN-dc pendent refracti~e index has becn extensivecly studied since the
60's. A particular case of self-frcusine, is the self-guided mode tor \\hich the natural tendency of a light
beam to diffract is exactly compensated bN thc presence of a positix e Kerr-law nonlinearity. A self-
guided miode can also be seen as a mode of the w\avcuide it induces I 11. In tis paper. we present a study
of the HEIrn seif-c-uided modes of circular cross-section in an ideal (homiotecneous. non-saturable and
%kithout absorption) Kerr-law nonlinear miediumn. Although scalar theory predicts. within its domain of
validity, that these miodes are unstable. our exact vectorial analysis show\s that they are stable to
c vIi ndri cal perturbajtions. This result is in accordance with the recent wkork of Chen and Sn~der wvho
established the need of' takine, into account the polarization of' sclf-guided cylindrical TE and TM
modes 2

The electrical field E of a \a~ e in a uniform miediumi obeys the vector wkave equation

V'E - V(-)+ k2 wi E (pI),-

where k and &, arc respecti'. l\ the v. a'. numiber and permittiv in lece-space and n(_ is the linear part of

the refracti'.e-index. The nonlinear polarization. PNI-. can be w\ritten ini terms of the E-field

- A IEIE + 1FE2 *(2

w\here .A and B are the niaterial\, Kerr coefficients,, B\ definition. the intensity profile of a circularly
A

s'. mmetric eCl f-L'L idcd mode is in'.ariant dlonl, it,, direct ion of propaca_, tion . Z . anid in the azi muthal
diec )~ $. Th'Itdmu therrc i a.c a Iiwiplc harmionic dependence onl both c'. i ndrical coordinatcs

0 and z. The E-tield (,t the HF,,, ,cif-Luided miode is thus expressed as

=(4 ) 'A ± i e(nJ. + , A)Li } epli (±( +/3c (3

'.O ere er. ec0 and c: are real functions of t- only, and I3 is the propagation constant of the mode. In addition,

Cr and eo are both miaximumi and equal in i-4) V hlile e-(0 ). The field of Eq. 3 is primiarily circularly
polarized. the ± sign indicating left- or right-hand polarization. The left- anid right-hand solutions are

A A
degenerate. We emiphasize the fac.t that the primiaril X or %" pol arized v ector modes wkould not ha\ e a
circularly ,.nimietric modal intensit'. l For the sake of simiplicity. V. e only present results of- the case
wAhere B3=0 in Eq. 2. For other cases of ph'. sical interest '.' ith B3tO. the results are almost identical. since
E , <1E12 '..hcn E is, primiaril circularl\ polari/cd.

Using Eqs . 2 and 3. the three \ct.:orial components of Eq. I reduce to three coupled. one-dimnisional.
differential equations, in f,,. e') and c,. These three eqUations are then solved numeriically anid the HE],,,
miodes are found as, the discte bound solutions. In a civerinomnlinear material, there is an infinite
numnber of solutions for each HE:,, mode. \%j ih one degree of freedom. C.O. spotsize. po'.cr or propagation
constant. Two examples of HE,1 field dis tributions are shown in Fig,. 1.
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HE1 self-guided solutions of the scalar and vector wave equations are compared in Fig. 2. In both cases.
we see that there are no restrictions on the spotsi/e radius. (T. of the mode. The major difference is that the
scalar self-guided mode is only defined for one specific power. P. [4]. while its vector counterpart can
carry any power P above P.. This result is cruci]d as it is responsible for the stable or unstable nature of
the solution. The scalar and \ector solutions coincide only in the weak-guidance limit, when a.-4- and
,--O., where i=(,2,,n-2,/,, is the prolile height parameter and n,,,. the refractive index in r=-O. The

results obtained for the higher-order HE1,,, solutions are very similar. except that the powers needed to
excite them are higher (e.g. PtHEI2)=6.6 P(HEII) ).

We are able to describe anal\ ticallv the properties of the HE1 1 self-guided mode using a first-order
gaussian approximation. If a waveguide is weaklv-euidin2 (small I). the vector fields of its modes can be
expanded in powers of ._1 []. At the zeroth order. the field of a mode is TEM and obeys the scalar wave
equation. The first-order correction. in _11' 2. is longitudinally polarized. Considering only these first two
terms. the components of Eq. 3 become

0,.r) = edr) '(r) : ez(r) (O'()lkno (4)

where P(r) is the corresponding solution of the scalar wave equation. The field distribution of the
fundamental, scalar, self-guided mode is well described by a gaussian function. This gaussian field
induces a waveguide with a gaussian refractive-index profile. satisfying the self-guidance condition [6]

V = k o-, ,7. = 2 (5)

where V is the waveguide parameter and u, the spotsize radius of both the mode and the waveguide. The
field distribution may then be written as

P(r)= "/ak \ e: -/ (6)

The power of the scalar. gaussian mode. ii en by
S 2,"t ,yr c

= lt I & l j - dr= A k2  1.1 P, (7)

is independent of oT,. Its propagation constant is equal to [6]

fi = + I()

Using Eqs. 4. 6 and 8. we can calculate the power of the first-order gaussian field. P,. and deduce an
approximate expression for the spotsize of the HE, , self-guided mode as a function of power

A 1 I1
0 ( P) =n _ (9)

A

where P=P/P =Pg/P,.,?. The results obtained from Eq. 9 are compared to the scalar and vector numerical
results in Fig. 2 \Nhich shows a good agreement between the vector and first-order gaussian results.
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The problem of predicting the stability of self-guided modes to perturbations can be reduced to a simple
physical argumentation. A self-guided mode is a light beam of shape. spotsize and power chosen to
produce an equilibrium between diffraction and self-focusing. For a light beam with more power but the
same spotsie. self-focusing o\ercomes diffraction and the beam compresses as it propagates. Similarly. a
beam with less power than the mode expands as it propagates. From these simple facts. it is possible to
predict the evolution of a beam that is close to being a self-guided mode. by looking at the mode's Cy vs. P

A Adiagram, as shown in Fig.3. The tP) characteristic curve of the mode separates the u-P plane in two

reions. A beam in the region left of the curve has a tendency to diffract. while a beam in the right region
tends to self-focus, as indicated by the arrows. Since we have assumed that the nonlinear medium has no

A

absorption. a beam -an only evolve along a vertical line on the -Pdiagram. if there is no radiation loss.
A

Let us assume that a beam is launched with power P0 and spotsiie so=,SIZ=0). which is close to the self-
A A A

guidance value. o'to). Opposing arrows at power Po indicate that s(-) will oscillate around olPo) as the
beam propagates and thus that the self-guided solution is stable to cylindrical perturbations. It is then easy

, A
to see that the condition for stability is simply utrP)<0. The scalar result of Fig. 2 is therefore
characteristic of an unstable solution, while the vector result shows stability. It is important, however, to

A
notice that the tolerance on the power of a stable light beam is as small as the slope of oP) is large. For a
beam of spotsize radius larger than the wavelength, a \ery small loss of power would mo\e the beam from

A A A

the stable (P> I) to the unstable (P< I ) region of the u-P plane. In practice. only beams of extremely small
spotsize could remain stable over a significant distance of propagation in the presence of absorption or
other loss mechanisms,

The exact vector niode calculations lead us to believe that, conlrary io what has previously been observed
experimentally or predicted from the scalar theory, the circularly symmetric HEl,,, self-guided modes of
an ideal Kerr-law nonlinear medium should be stable. Moreo\ er, the first-order gaussian approximation is
sufficient to describe the essential features of the vector solution: field shapes and stability diagram. The
actual observation of ihese modes in an absorbing medium \would however require beams of verv ,mall
spotsi/e.
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Fig. 1 Field components of HE,1 self-guided modes are shown in solid lines. Dashed lines are first-order
gaussian field components (Eq. 4). Fig. I a) is the almost circularly polarized mode of a weakly-guiding
waveguide: large spotsize. small ,. negligible e. and er=eo. The field of Fig. lb) is more intense in r-O
and induces a larger A: ez is significant and er can be distinguished from eo.
,A;=2r/kno is the wavelength in the medium.

5
Fig. 2 Spotsize versus

4 power for the HE, I self-

f guided mode. The scalar
.N and and first-order gaussian

(in dashed line) approxima-
a tions are compared to the
Ch exact vector solution. The
V 2 exact first-order gaussian curve is
N obtained from Eq. 9.

S1 st order gaussianE 1 aproi

I- scalar .approximation

approx. "." ......
0 l ..

0 1 A 2 3
normalized power, P=P/Ps

Ib) stal e
a) unstable

A 2 3cyiXfor >1

0 1 A 2 3 0 1 A 2 3
P P

Fig. 3 Beam evolution diagrams for a) the scalar result and b) the vector result of Fig. 2.
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For long-distance data communication based on coherent optical transmission in single-
mode optical fibres, the use of soliton pulses ab information carriers has raised a large
interest since the NLS soliton concept (solution of the nonlinear Schr6dinger equation)
in dispersive optical fibres by Hasegawa and Tappert [1] and its first experimental veri-
fication by Mollenauer et al. [2]. High bit rate transmission capacity may be achieved
by this technique if the minimum distance between solitons (5 to 10 times their width)
avoids the interaction between them [3]. Recent experiments have demonstrated: (i) soli-
ton transmission over more than 4000 km in a noi.shifted-dispersion single-mode fibre
(hereafter called n.d.-s.f.) in which losses are periodically compensated by Raman gain [4],
and over 9000 km in a dispersion-shifted fibre [5] (hereafter called d.-s.f.); (ii) generation
and transmission of high-bit rate optical solitons (up to a repetition rate fbit = 20 GHz)
in dispersion-shifted fibres, losses being compensated by amplification in an Er3 4- - doped
fibre, using a color-center laser [6(a)], or a directly modulated distributed-feedback laser
diode [6(b)].

However, in all these successful experiments the propagation of rather short trains
of solitons (Nbit < 2 kbit) was studied. The soliton's width 7",) varying as the inverse of
its amplitude E0, and the separation between solitons being necessary to avoid interaction
between them, a large information rate requires correspondingly higher laser intensity.
Then the question arises : for high ent.tugh optical intensity and for continuous data transfer
can stimulated Brillouin scattering (SBS) distort the information transmission? We show
[7] that for n.d.-s. fibers and random phase solitons the information may be perturbed
above some power threshold (Ptr,. _ I W) at a distance L, - 400 km for currently high
bit r tes (fbit - 22 GHz). For this reason it appears interesting to use d.-s. fibers : SBS
information degradation will be moved to distances L, > - 400 km at fbd Z 440 GHz
(cf. figure).

SBS is a parametric instability which is able to deeply modify and deplete the signal
envelopes when the intensity of the stimulated backscattered Stokes waves attains their
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level. The SBS threshold condition is proportional to the signal amplitude and width
(which can be considered as the pump for SBS) and inversely proportional to the separation
between palses. Once the threshold is reached, even though the action of one pump soliton
only produces extremely small Stokes and sound waves, their step by step amplification due
to the interaction with the consecutive solitons prevails over their spontaneous damping.
This cumulative effect for both the sound wave and the backscattered Stokes wave leads
to the nonlinear SBS interaction stage where the information is perturbed. Until now
this effect has been neglected for soliton-based optical-fibre communication due to its
small growth rate compared to the dispersion penalty for high fbit transmission capacity
and also to the small optical power level P used in actual fibre-systems (P -,- few mW).
Even if the small number Nbit of solitons (digits) in trains demonstrated until now is
not sufficient to stimulate Brillouin scattering up to a detectable level, it is interesting to
evaluate SBS limitation for a continuous train of digits in low dissipation fibres, where
losses are compensated by additional gain effects [41-[61.

Two main situations are analysed by studying analytically and numerically the time
dependent coherent three-wave equations for SBS with periodic signal pulse input [7] :

(1) coherent case where the solitons have the same phase; and (2) random case where the
phase of each soliton randomly changes with respect to that of the neighbouring solitons.
In a n.d.-s. fiber and for a train of well separated solitons, the SBS thresholds (for 0.2
dB/km optical attenuation) range from a peak power Pthr - 1 mW at fbit - 0.7 GHz for
the coherent case (1) [point A in the figure] to Pthr : 860 mW at fbit - 20 GHz for the
random phase case (2) [point B in the figure]. For a soiton train of peak power P = 1
W at fbit = 22 GHz the maximum number of bits Nbit transmitted without perturbation
by SBS, ranges from only 50 kbit for case (1) to 45 Mbit for case (2). The corresponding
critical fibre length L, which is required for strong perturbation of the soliton profile at a
continuous signal input (hereafter called signal damage length) is inversely proportional to

fhit or to flit (cf. figure).
Let us summarize the analytical basis for these results. The spatio-temporal SBS

dynamics is described by the coherent nonlinear 3-wave model which takes account of the
sound wave inertia. The "slowly varying" amplitude envelope of the soliton acting as the
pump wave EP, the backscattered Stokes wave Es and the acoustic wave E, satisfy

(a + 0, +p)Ep -^y,,E s E. ; (t - a + -y.s)Es = ,,EpE ; (at +yn)Ea = y,,E-YE*

n n

where -y,,, -ys and -,, are respectively the damping constants for the soliton, Stokes and112", 1t, 1 2 0.
acoustic waves. -y,, is the SBS coupling constant i8j given by ,. 1 2,,,., 20.8

m s ' V 1, for an optical fibre of fused silica with refractive index n, - 1.44, an elasto-
optic coefficient P12 =0.28. a '.,mnd velocity c,, 5.96 - 103 m s-1 an unperturbed fibre
density p, = 2.21 xi0 kg m 3 and a pump wavelength A - 1.55 pm .We neglect the
pump attenuation -yp since we can assume that losses are restored by periodic repeaters
(or additional gain effects) which do not interact with the scattered waves, the Stokes and
acoustic damping rates being respectivel "rys - .1.7 103sec - ' and -, 5 < 10 sec - 1 . In
order to obtain the instability growth rat- 1, we solve the eigenvalue problem .periodic
step pump functions formed by narrow square pulses of amplitude E, and width a separated



258 / TuD5-3

from each other by a distance b > a. For sech-like soliton pump pulses Ep = Eo/cosh(t - )
we perform numerical computation of the SBS equations. By measuring the one-soliton
width ro), which is inversely proportional to the pump amplitude E 0 , in characteristic SBS
time units -r = (-yoEo)- ', which are also inversely proportional to Eo, we can define a useful
dimensionless soliton width a only dependent on the fibre parameters by the following mean
value

1al u e 1t - t o T oo 7 r e A n i,,a =- sech _ )dt =7r - ( ) P12 N ,71 TO" 2 Pu Can2

where D = Ik"(27rc/A2) is the group velocity dispersion (GVD). For D =21 psec/nm/km
(n.d.-s.f.) and for the given data, the above formula yields a _ 6.7 x 10- 4 . [ Whereas

for d.-s.f. we can have D =1 psec/nm/km and a i_ 1.4 x 10-1]. For the same n.d.-s.f.
data and for an effective cross section S = 25 jtm 2, the one-soliton peak power is given by

P[W] -- 4.7x 10-14 [E([V/m]] 2 _ 5[7[ps] -2 _ 102 [r[ns] - 2 . In order to avoid interaction
between solitons we shall take the separation rate (a + b)/a 20/7 between them. Then
the bit rate fbit depends on the peak power P, namely fbit - -oE 2.24 x 1010 P[W]

(for n.d.-s.f.) or fbit " 10"/-P[W (for d.-s.f.)

We shall obtain threshold bit ratesbit hr for both cases (1) and (2), by defining (a+b)thr
as the separation (periodicity) needed for SBS instability. Let us give simple expressions

(the explicit values calculated for the n.d.-s.f. case) :
(1) coherent case : SBS threshold -yoEo > +b(7s-y)1/2 (typically P > 1 mW), namely

fhr yroEo _y y . ~ o " < which needs
ethr - (osO)12 (typically cbhr 0.7 \ ). - <

J z (- -- 7~a'/ Jbit -- 07 or 7 E '~hc ed

very high pump powers [P > 270(-+)2 mW], the growth rate is 7 = +b)o afbit.

This yields a signal damage length L,[m] = 10(c/n,)/-y = 10 C 140/v [W]. For

> ' which is satisfied for pump powers P < 270(-+) 2 mW, the growth rate is

yielding Lkm] =10(c/no)/y =10 ' 466/P[mW].
a+b )( E ) Y (afbi,) 2  to -

(2) random phase case: The computed SBS mean growth rate verifies very well a formula
deduced from Lichtman et al. [9] for SBS gain concerning phase shift keying (PSK), namely
If .. ..2(-+b) aE This imposes a more stringent threshold -yEj, > 2(+) s for

- 2~ imoe stinet2 o
well separated solitons (typically Pth, > 1 W). The threshold bit rate is also independent
of the pump amplitude fth[ _ 0Eo 2 - s polA,,2 ( 22 GHz for the given

data), and fixes an upper limit for the information rate transmitted along the n.d.-s. fibre.

The signal damage length is L,[km] = 10(c/n,)/y = 20 (- 400/VP[W] for n.d.-s.f.

and _ 8 x 103/ P[Wj for d.-s.f.).

The figure shows in log-log scales the minimal signal damage length L,. due to SBS
for different bit rates, for both coherent and random cases, and in the last case for n.d.-s.-
and d.-s. fibres. To each bit rate fbit, and for the choosed separation between solitons, the
soliton peak power is written in the right y-axis for n.d.-s.fibres. Points A and B determine
respectively for the coherent and the random cases the threshold bit rates, under which
there is no signal damage even for very long fibres. Since no SBS has been observed

until now in optical transmission experiments, we shall conclude that conditions in these
experiments are closer to the random case, where much more higher bit-rates and peak
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powers are required. Because a cx -,D and L, cx (a 2 fbt)- 1 , the situation is much more
comfortable with respect to SBS degradation for d.-s. fibers, as can be seen on the graph:
uipper right line. Note that for this d.-s. fiber (D 1 psec/nm/km) the peak power
corresponding to the bit rate fbit is divided by a factor 21 (as is shown on the right y-axis
scale).

7a 5x10 7 sec';7= 4.7X10 3 se&'

~'~ Q 0' 200kW xj

iO12O

12 04 OV 2k

random thresl

1'0  alternate ph. thresh. 00m

9- coherent thresholdA

1m M~ i 0m 00m 1 km 10km 100km
Lc
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The photorefractive effect in semiconductor materials

is attractive for processing low intensity near-infrared

optical signals which are important for optical communication

and optical computing. Photoinduced large nonlinearity in

GaAs materials has been extensively studied in bulk material.

A few is desl with optical waveguide of GaAs materials though

the signal amplification in GaAs waveguide via two wavemixing

has been proposed.

The large photorefractive in bulk GaAs materials is

due to photo-induced gratings. The large electro-optical
coeff 4 cient of the GaAs is responsible for the photo-induced

gratings. The electric field between the fixed positively

charged center and the diffussion electrons causes large bi-

refrigence.The fixed positively charged centers are from the

ionization of the native defect EL 2These deep level defects

are at about 0.9eV below the conduction band.Light of 1.06m

can excite and ionize EL2 to offer fixed positive charged

centers and free electrons. The free electrorns has a distri-

bution accordin., to the distribution of the light intensity.
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The number of the free electrons from photo-ionized deep

level defects is much larger in the bright area than in the

dark area. The free electrons begin to diffuse from bright

area to the dark area. A electric field between the diffused

electrons and the fixed positive charged centers was built

up that the index grating due to electro-optical kerr effect

is formed if two beams interfere each other in the material.

We proposed here there is also nonlinearity enhancement in

optical waveguide even if there is no grating formed in the

waveguide.

The four . Ga 0 . 7 5 A10. 2 As

layer GaAs/ 0 GaAs
_ _ Ga O " 9 7 Al 0.3As

GaAlAs wave - Ga O . 7 5 Al. 2 5
A s

guide we I

analyzed 74 substrate

is shown in Fig.1 Four layer ootical waveguide with

Fig.1. The twinlayer core layer.

waveguide is designed for single guided mode at wavelength of

1.06 nm. It is charaterized with twinlayer core layer. A bar-

rier of 0.035 eV is formed at the interface in the twin-layer

core of the Ga0 .7 5 Al 0 . 2 5 As/GaAs/Ga0 .97 Al 0 . 3 A s / G a o . 7 5 A1 0 . 2 5 As

to facilitate the free electron diffusion to one cide of the

waveguide. This directional diffusion creates an electric

field at a fixed direction to optimize the photo-induced ref-

ractive index change. If the incident light is at wavelength

of 1.5pm, then the ionization of the deep level defects is

only in the GaAs layer. The suitable deep level dopants can

also be chosen to meet this needs. The direction of the inner
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built electric field is in the direction (100).

The barrier is at the position near the peak intensity of

the fundamental guided mode where only one peak intensity can

exist in the waveguide. We choose the thickness of the GaAs

layer to set the E E(z)1.

interface at the (eg) 1.

position where (v 
.

the intensity of 2

the guided wave 1 1.5

has fallen down

to 80% of the

peak intensity ,_

of the guided 1 z

power in the
Fig.2 The band diagram and the intensity

waveguide. distribution of the guided T3 mode
The most of in the four layer waveguide.

the free electrons will produced in the GaAs layer and will
diffuse to the boundary of GaAs/Ga0 .75A10. 2 5As. The photo-

induced electric field can be calculated

Ein (NeL/Ef 0 )LkL/(1+k 2 L2 )I

where L is d/2At. N is the free electron density produced by

photo-ionization. The power density in waveguide can be much

larger that in the bulk. Two photon absorption will dominate

the process and offer more free electrons. We expected that

less power will be needed to build up a inner built electric

field as strong as that in the bulk material.

The four layer waveguide may grow by liquid nhase epi-

taxy technique. A mini-prism may be integrated with the

waveguide in a single pass liquid phase epitaxy technique
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such as we indicated in the other paper we contributed to

the topical meeting.

We believe that the photo-induced nonlinearity

enhanced by the twin-layer core waveguide structure will

find variety of practical uses of nonlinear quided wave

devices.
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Polymers can exhibit both large and fast nonresonant third-order nonlineari-

ties which rely on ir-electron delocalization and conjugation, as well as good physical

and chemical properties suitable for the fabrication of nonlinear integrated optics dev-

ices. Soluble polymers with strong charge transfer states such asymmetrically suosti-

tuted 4-dialkylamino-4'-nitro-stilbene (DANS) and 4-dialkylamino-4'-nitro-diphenylbu-

todiene (DAN2) side-groups were originally developed for electro-optic applications

because of their large second order nonlinearities and low propagation losses in

waveguide form. Using nonlinear grating coupling we found a large value for n ,,

the Kerr coefficient. Measurements and analysis of the spectral dispersion of third

harmonic generation indicate that the dominant contribution to the nonlinearity is due

to the local cascading of second order nonlinearities."

There are two possible contributions to the third order nonlinearity in mater-

ials containing non-centrosymmetric molecules. namely the direct third order electronic

nonlinearity, and also a term due to the cascading of two second order nonlineari-

ties. This second term occurs when a local (at an individual molecule) field at the

second harmonic due to X(2:.w,wo)E(w) 2 mixes with the fundamental field via
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X(2) (w,2o,-w)E(2w)E* (M) to produce a field at (j. This leads to an index change pro-

portional to X(2) (w,2w.-w)X (2)(2ww,w)l E(M)I 2 E(w). The contribution to n2 scales qua-

dratically with the magnitude of the second order susceptibility, hence the name "cas-

cading nonlinearity". Note that since the mechanism is operative at a molecular

level,2 this nonlinearity still occurs with randomly oriented molecules for which there

is no net second order susceptibility.

Thin polymer films were spin-coated from a 0.2pum filtered cyclopentanone

solution onto fused-silica substrates with two ion-milled gratings of periodicity

A=0.6 pin and Icm apart. After spinning, the samples were cured in air at 140'C

for about I hour. The guiding properties of the films (i.e. propagation losses and

effective indices) were characterized at low powers. Indices at 1.064pm were 51.62

for DANS and 1.64 for DAN2.

First n2 and the two photon coefficient (TPA) 3 were measured at 1.06 pm

using nonlinear distributed coupling, a technique which has been used successfully

for evaluating nonlinearities in slab waveguides. 3'4  Since a nonlinear change in

index due to n, modifies the effective index of a guided mode. increasing the inci-

dent power changes both the coupling efficiency and optimum coupling angle for

grating coupling to waveguides. 3  Note that the shift of the angular resonance is sub-

stantially independent of absorptive nonlinearities (such as two-photon absorption)

which, instead, affect the waveguide throughput. As a result the two photon coeffi-

cient can also be measured. We used a Q-switched mode-locked Nd-YAG laser gen-

erating 30ps pulses at 1.064 pm at 10 Hz, and monitored both the light coupled out

from the second grating after propagation, and the lght transmitted through the

sample at the input. Figure 1 shows some typical data collected via the output

grating of a DANS waveguide with the input coupler set at the optimum low-power

incidence angle. The linear input coupling efficiencies 17 ranged between 10 and

17'X, in all the samples. Next, we measured 77 vs coupling angle, at fixed excitation

energies. In Fig. 2 we show typical results of experiments performed on DANS. The

coLupling dip shifts towards smaller (negative) angles, with AO0 indicating a positive

n,. The measured shifts were 16,2+0.015' for DANS and -E+0.0400 for DAN2, when

the pulse energy was increased from 5 uJ to 350 or 500 MJ. respectively. The ana-

lysis yielded n2 and TPA values of +7 ±lxI0 cm/MW and 0.-2 cm/GW for DANS.

and n, +l.q±0.1xl0 - cm 2 /MW and ce2 O-2 cin/GW for DAN2. Note that the largest

Kerr coefficient. +2.10 - cm/MW. is comparable to reported values for waveguides in

PMMA-MNA 5 and poly-4BCMU. The small TPA coefficients show little two-photon



68 / TuE2-3

enhancement of n2 and the large uncertainties in 3 indicate that this technique is not

suited for measuring it accurately.

The origin of the nonlinearity was investigated by tunable third-harmonic-

generation in a Maker-fringe arrangement. 7 Fig.3 shows the dispersion in the magni-

tude of X(3)(3w;o,o,.o) for a O.lm thick DANS film, as well as theoretical calcula-

tions based on a two-level model for the nonlinearity. Although none of the detailed

fits to the spectral dispersion of the data are acceptable, inclusion of the cascading

term (solid line) improves the fit to the peak magnitude by a factor of two relative to

the no-casrading case (dotted line). These results indicate that second order local cas-

cading dominates the third order nonlinearity in these materials and that the resulting

non-resonant third order nonlinearities are large.
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Nonlinear frequency conversion in waveguides has been investigated since the first days of
integrated optics, but practical applications were hampered by a lack of suitable pump lasers and
the often inconvenient phase-matching characteristics of the available waveguides. Recent
developments in high power (> 100 mW) single-mode diode lasers and quasi-phase-matching
techniques have led to renewed interest in waveguide frequency conversion. Periodic modulation
of the optical properties of a nonlinear medium, quasi-phase-matching, is an attractive technique as
it decouples phase-matching from birefringence and thus allows any interaction within the
transparency range of the medium using any component of the nonlinear susceptibility tensor. The
most efficient form of quasi-phase-matching involves periodic reversal of the sign of the neali~near
susceptibility (X(2)) of the medium, with a period equal to an odd multiple cf the coherence length
of the interaction. In ferroelectrics, such a periodic sign reversal in ,(2) can be accomplished by
periodic reversals in the orientation of the spontaneous polarization. Periodic incorporation of
dopants has been found to induce domain reversal in several ferroelectrics, e.g. Ti or Li in
LiNbO 3, H in LiTaO3, and Rb and Ba in KTP, leading to rapid progress in device demonstrations
in these material systems. [1 - 5] Several milliwatts of blue light generated by quasi-phase-matched
(QPM) frequency doubling have been demonstrated in LiNbO 3 [3],[6], KTP [4], and LiTaO3
waveguides [5], as has QPM difference frequency generation of 2.1 Iri radiation in LiNbO 3
waveguides. [7]

The efficiency of waveguide frequency conversion devices depends on the magnitude of the
nonlinear coefficient of the medium, the refractive index profile of the waveguide, the dispersion of
this profile, and, for QPM interactions, the form of the modulation of the nonlinear susceptibilities.
In this paper, we present measurements and modeling of these quantities in annealed proton-
exchanged (APE) waveguides in LiNbO 3 substrates with domain reversals created by in-diffusion
of patterned Ti films, and the implication of the results for the conversion efficiencies of visible and
infrared nonlinear devices.

Most of the QPM devices in LiNbO3 and LiTaO3 use APE waveguides, which are attractive for
nonlinear optical applications because they, unlike Ti-indiffused waveguides, are more resistant to
photorefractive damage than bulk LiNbO 3. These waveguides guide only extraordinary-polarized
modes and thus are inappropriate for birefringently phase-matched interactions. However, APE
waveguides are well suited to QPM interactions, which generally use only extraordinary modes in
order to take advantage of the large d33 coefficient of LiNbO 3. An additional advantage of APE is
the low process temperatures. typically below 400'C. which minimizes interactions between the
domain patterning and the waveguide fabrication.

The basic fabrication process for these devices [1I consists of first creating a substrate with
periodically reversed domains by patterning a Ti grating on the +z face cf a LiNbOl substrate,
indiffusing the film at a temperature (1 100*C) close to but below the Curie temperature, and
cooling the substrate to room temperature. Domain reversal with the same periodicity as the grating
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occurs in the doped regions, with a cross-section that is typically triangular and penetrates to a
depth som.what smaller than the period of the grating (Fig. 1) For ease of fabrication, domains
three coherence lengths long (third order quasi-phase-matching) are typically used. Channel
waveguides are formed in this substrate wi-h an Al mask by proton exchange in benzoic acid,
followed by removal of the mask and annealing at 333'C to drive in the protons and lower the
maximum concentration.

It is useful to describe the efficiency of waveguid2e frequency doublers according to
.'P =7PPLf , (1)

where P2o, and P, are the powers at the secund harmonic and the fundamental, and 77 [%/W-cm 2J
is a normalized conversion efficiency accounting for the mode overlap and the nonlinear
susceptibility. The effective length of the device, Lf, is the length over which phasematching is
maintained. Typical results for third order QPM channel waveguide devices for SHG of 410 nm
radiation show r1=40-60%/W - cm 2 , substantially smaller than the theoretically predicted
efficiency = 300 %/W-cm2 .

The normalized conversion efficiency of Qi'M waveguide devices depends on the overlap of
the modal fields with the periodic modulations of the nonlinear coefficient. As the duty-cycle of the
inverted domains is depth dependent, the overlap calcuiation is often sensitive to small errors in the
modal fields and the domain shapes. For the purposes of optimizing this overlap, a model for the
dependence of the waveguide parameters on the processing conditions is essential. Several
characteristics of the APE process render such modeling difficult. Both the index of refraction and
the diffusion coefficient of protons in LiNbO3 are nonlinear functions of the proton concentration.
The concentration-dependent reduction in the nonlinear susceptibility in proton e'xchanged (PE)
LiNbO3 further complicates the modeling.

Recent reports suggest that the nonlinear susceptibility is reduced by approximately 50% Li PE
waveguides, and recovers gradually with annealing. [8]-[101 These results sugge' that it should
be possible to create large index difference (An = 0.12) shallow waveguides Vith tight mode
confinement and good overlap with the shallow domains characteristic of first order gratings, and
thus produce very efficient devices. Our efforts to build devices using PE waveguides were
unsuccesful, with no visible second harmonic produced even with kilowatts of 1.06 .tm radiation
launched into the as-exchanged waveguide from a Q-switched Nd:YAG laser. We were thus led to
investigate the effect of proton exchange on the nonlinear susceptibilities in a simpler, non-
waveguide geometry. The difficulty in this measurement is to eliminate the contribution to the
second harmonic generation of the LiNbO 3 substrate, which could be large compared to that of the
thin film of PE material. This was accomplished by focussing 532 nm radiation on the surface of
an x-cut crystal and observing the backward propagating 266 nm second harmonic radiation. This
backward wave is generated in a layer within a wavelength of the air/LiNbO3 :nterface; the short
absorption length of the 266 nm radiation eliminates any signal generated at the interface between
the proton-exchanged layer and the substrate. The backward second harmonic produced in crystals
with a PE layer was 10-4 that from untreated substrates, suggesting that the nonlinear susceptibility
of the PE layer is very small. This observation is consistent with our device results, but contradicts
the conclusions of the earlier studies. The results of Ref. [10] for surface SHG with a 1.06 g.m
fundamental may be reconciled with ours if the contribution of the PE/subctrate interface is
incorporated into their analysis. The source of the discrepancy with Refs. [S] and [9] is not clear,
but may have to do with the rather complicated deconvolution of the linear and nonlinear effects
necessary for their analysis. We are currently extending our study to include the recovery of the
nonlinear coefficient with annealing.

For modeling the waveguide fabrication process, the dependence of the diffusion coefficients
and the refractive index change on the proton concentration are needed. Planar waveguides were
exchanged to various depths (de) in pure benzoic acid, and annealed at 333'C for times (ta). Using
prism coupling and IWKB analysis, we determined the refractive index profiles as a function of the
processing conditions. The lie depths (da) and the surface indcx change (Ana) of the annealed



272 / TuE3-3

waveguides are plotted in normalized form vs a noiinalized process parameter -r = talde2 . For long
,t the depth increased as 4-r, as would be expected for linear diffusion with Do = 0.55 pim 2/hr. For
short times, the diffusion is highly nonlinear, but can be accurately predicted with a concentration
dependent diffusion coefficient given by

D(C) = Do[a + (1 -a)exp(-bC)] (2)

where the best fit is obtained with a = 0.1 and b = 12. The results obtained by numerical solution
of the diffusion equation with this diffusion coefficient and initial step profile characteristic of the
exchange process are shown in Fig. 2. These results are extracted under the assumption that the
change in the refractive index is proportional to the proton concentration at least up to 70% of the
surface concentration after exchange, a conclusion that is supported by the constant area under the
refractive index profile with annealing over this range of concentrations, and by the success of the
model in predicting the modal properties over a broad range of processing conditions. We are
currently extending this work to x-cut substrates, in order to obtain the other independent diffusion
coefficient for modelling channel waveguide fabrication. By repeating the measurements at several
wavelengths the plot of the dispersion in Ana shown in Fig. 3 was obtained.

A final issue that arises in understanding the effect of APE on the efficiency of QPM devices is
the changes that the APE process induces in the domain structure. As the processing is at
temperatures 700 K below the Curie temperature, we expected that such effects would be
negligible. However, recent studies have shown that domains change after APE from their initial
triangular form to a more circular form similar to that observed in LiTaO3 crystals (Fig. 1). The
mechanism for this modification, and the dependence of the effect on process conditions, is not yet
clear.

With the results for the dependence of the diffusion coefficients, the refractive indices, the
nonlinear susceptibility and the domain structure on proton concentration, and the dispersion of the
index, it will be possible to accurately model the performance of QPM frequency conversion
devices in APE LiNbO 3 waveguides. Results for the recovery of the nonlinear susceptibility with
annealing and measurements of the diffusion coefficient in the x-direction will be reported, as will
be optimized designs based on these data. We expect to observe substantial increases in the
conversion efficiency in these optimized devices.
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Fig. 1. Inverted ferroelectric domains revealed by etching the polished y -face of z-cut plates. (a)
Prior to proton exchange. (b) after annealed proton exchange process. Note change from triangular
to semi-circular shape.
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Fig. 2. Waveguide depth after annealing, da, normalized to the exchange depth, de, and surface
refractive index change after annealing, Ana, normalized to surface index change of the PE
waveguide, Ane, plotted vs square root of anneal time, ta, normalized according to r = ta/lde2.
Dashed lines calculated with asymptotic linear diffusion coefficient, Do = 0.55 m2/hr. Solid lines
calculated with nonlinear diffusion coefficient given in the text.
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exchanged waveguides.
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1 Introduction

Polymers of aromatic heterocycles such as thiophene and pyrrole have been actively inves-
tigated for their promising electrical and optical characteristics. However the use of these
materials in waveguide structures has been constrained by morphological and synthetic bar-
riers. Specifically, larger oligomers are less soluble causing multiphase chemical kinetics and
irregular morphology in the metal-catalyzed coupling syntheses.[1] Electrochemical prepara-
tion methods also produce grainy or fibrillar material, most probably because the heteroge-
neous boundary conditions on film growth change as insulating or semi-conducting material

is deposited on the electrodes. [2] We report here a synthetic approach to the polymeric
heterocycle polythiophene using electronically excited argon metastables to activate organic
precursors. This method is seen to produce dense, uniform films with desirable thiophene
linkages and excellent optical properties.

Polythiophene films have been studied extensively as third-order nonlinear materials.
Third harmonic generation measurements of magnitude and phase in the 950-1904 nm range
have shown that polythiophenes have a X(' ) which is comparable to that of polyacetylenes
[3, 4] while degenerate four-wave mixing at 602 nm has demonstrated sub-picosecond re-
sponse times [5]. However, optical measurements have primarily been performed on alkylated
polythiophenes which are more soluble and thus more easily cast into uniform films.

Plasma Assisted Chemical Vapor Deposition (PACVD) has also been used to generate
polythiophene films. [6] This technique injects thiophene directly into an electrical discharge.
Since the time scales for chemical reaction and diffusion in these reactors are short compared
to the gas residence time a lot of parasitic chemistry can occur. The resulting films therefore
typically contain a nonaromatic hydrocarbon component which would inhibit conjugation
length and therefore X(3).

2 Film Deposition

The vapor pressure of thiophene is sufficiently high (tens of torrs at room temperature) that
one can exploit gas phase kinetics to generate polymer precursors. A schematic drawing
of our reactor is shown in figure 1. Thiophene is entrained in a flow of argon and injected
downstream of a flowing plasma. The main argon flow is excited with 10-30 watts of rf power
at 13.56 Mllz which generates electrons, ions. radiation, and metastable argon atoms in the
discharge region. The electrons and ions diffuse and recombine in microseconds. At typical
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flow velocities of cent imeters per se('on d only mnetast ab les a re l eft, i thle flow wvhen thle organ Ic
is introduced. Th'its greatly reduces thle ring decomposition observed in traditional PECVD.
lypical dep)osit ion rates for this met hod are 0.25-1 As' for high-quality filmn deposition at

a. total svsteni pressure of approximiatelY 0.5 torr.
The organic precursors have ionization pot entijals well b~elow thle energy of the argon

nmetastab~le ( 11.6 (A"), and t lie profke of thle deposit is changed by electrostatic b~ounldary
conditions (we observe film thickness variations onl a spatial scale comparable to a Debve
lengthI). NVe therefore hyl.pothlesize that the miechianism of film formation involves Penning ion-
izat ion of' the p~recursor by t lie argon mectastable. Thle resulting molecular ion is transported
to thre surface by a nibipolar (liflusioli and dleposits as film. Thle other species produced by thle
dlecomposi tion of' t Ii oIlieiie are conveniently stable gases (acetylene, ethylene, diacetylene,
and 11 2 ;), which are exhaustedl with the main argon flow.

3 Filmn Ch ara c t ens tics

The films" grownl by tIs technique appear- smooth under Nomarski microscopy for filml- thick-
iresses of several microns. Atomic force microscopy confirms this smoothness, with a mnea-
surecl l MS roughness of 5 .-1 over one /2areas. This is Ii cont rast, to elect rocheinically
gFrown filmns, which typically exhibit a fibrillar structuire for thicknesses of several microns.

Large non linear suscep~tibili ties require extensive 7- conjugation along the carbon back-
bone of the tliopliene polymer chains. 2-5 polymerization accent uat es this conjugation.
while 2-1 polYierizat ion tendls t~o limit the extent, of tilie conijugat ion. The films grown using
hiioplienec precursor exhibit a mixtunrc of 2-I and 2-5 polymnerizat ion based onl infrared ab-

sorp~tion bands at bothI 790 and 680 cm 1 . Changing to a less volatile (2,5)-dichlorotliopliene

priecursor results almost exclusively in the desirable o - n' linkages (figure 2).
The stoichioniet rv of a dlepositedl Film onl a beryllum surbstrat e has been assessed usingr

R~ut herford liacksc-atter-ing Spect romietrv [7]. .A typical film composition IS C4.0 50.s5±.O;ICO.:33 ±.oci.
From t ilis stoichiornetr rv one( infers an average chraini length of approximately, five I hiophene
units if thle chains arc termi nat ed by chlorine atomns.

The ab~sorp~tion coefficienits of Films dleposited from t hiopliene alrid diclilorothlropliene p)re-
cii rsor01s are shown Ii fig :3. '1'lie, latter film exhibits anl ab~sorp~tion edge at, app~roximatecly
60)( nlin, t vp cal of Well-conjugated polytloplrene. Ili conitrast, the bandga P of the film from
Ii i1ophlie precursor has shifted to about 500 n ni. as expected~ for the (I - 3 li nkages present.

'lire reIfractive Indi~ex of thle film is was det eriined by specctroscopic el 1i psomet ry. A :300 nm
hick fil o il ngass, was, mieasured at 7-0 (degrees angle of incidence for wavelen-ths bet ween

30(J and 800 i111. 'Illre /a,~ I data was well fit by an isotropic film model1( withI a dispersion
rehi tion of thIe form n 2 =2.69! + 0.01 A' + 0.0062A" where A\ is in /1.

Iitial1 wa vegi rde ex pcreni t s were p)erformied withI a 6000 A thlick filmii depositedc on anl
oxiIizdlicon siubst rate. 700 i i 1ighit fromn a Ti:Sapphiire laser was edge coup)ledl inmto tilie

wavegi ride anrd ob~served to propogat e over 5) ciii. Ihle lengthI of thre su bst rate. \Vavegu ide loss
it a 'r t ut r a.re 11)ii i t ~ '
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4 Summary

We have illustrated a new gas-phase synthetic route to dense, uniform, organic polymer films
using the activation of a volatile precursor by metastable argon atoms. This method should

be compatible with microelectronic practices such as CVD and ion etching. The addition
of organic material outside the active plasma is shown to be essential to the controlled
production of optical- quality films. The a - o' polythiophene films produced by reaction of

2,5 dichlorothiophene with Art have been characterized by optical absorption, spectroscopic
ellipsometry, Rutherford backscattering, infrared absorption, and atomic force microscopy.
Waveguide propogation has been observed, V(3) - 10- 1esu at 602 nm on an early sample.,
and additional nonlinear optical measurements arc in progress.

ELECTRODES (TO 13.56BULE
MHZ POWER SUPPLY)II

CAPACTANCE' Tq HIOPH-NE INJECTOR

OUMlTZ CRYSTAL AND SAMPLE HOLDER

LOAD PUMP

MANIPULATOR ARM DIAPHRAGM

Figure 1: Schematic drawing of the flowing afterglow deposition system
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Nonlinear optical cavities have been proposed for many applications such as
bistability and optical switching. They have recently found an important application as the
fast modulating element in coupled-cavity mode-locking. In this paper, we address the
problem of the dynamical instabilities at the output of an all-fiber ring cavity synchronously
pumped by a pulse train from a sync. pumped dye laser. Our analysis is based on a
numerical simulation of the Nonlinear Schroedinger (NLS) equation and is primarily
intended to explain recent experimental results1 .

The system under consideration is depicted in figure 1 (extracted from
reference(I)). The electric field inside the cavity after N round trips (EN) can be described
by the following equation:

EN = Yo{vl-EIN exp(j QE + j Vx exp(j4 ) P(EN-)} (1)

where K is the intensity coupling coefficient, y, the amplitude losses and j explicitly
represents the phase shift of nr/2 across the coupler. Note that (E, the external phase
factor, also appears explicitly in order to allow for the existence of a chirp (i.e. (pE = cot

+ Ct2). En therefore represents the amplitude of the electric field (namely A0 sech(t) at the
input of the cavity). The operator P(ENl) represents the propagation of the pulse along
the fiber according to the beam propagation method (BPM) applied to the NLS equation.
Finally p. is the static phase shift of the cavity.

In the case of a cw input the nonlinear ring cavity is well known to show bistability,
period-doubling and chaos2 . However, when it is synchronously pumped by a train of
pulses the whole sequence of dynamical instabilities is likely to occur within each single
pulse (for a medium with a very fast nonlinearity like an optical fiber). This gives rise to
new phenomena as the group velocity dispersion (GVD) starts filtering out the very fast
oscillations resulting from the intrinsic instabilities of the system. Accordingly, a trade-off
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between local and global constraints will result from the interplay between the GVD and
the instabilities. This situation is depicted in figure 2 where the output of the cavity is
computed from equation(I) for 1 psec (FWHM) input pulses and for different values of 02

(the GVD parameter). For a negligibly3 small 02 (fig. 2a) the output of the system is
characterized by a period-2 solution on the "cavity time scale" since it alternates between
pulse(l) and pulse(2) from one iteration to the next. However a very fast oscillation (in
the femtosecond time-scale) appears on top of these pulses in such a way that a period-2
scheme is also followed on the "pulse time scale". (Note that the energy of these two
pulses is essentially the same). A comparison with figure 2b where P2 is increased to 2
psec2/km readily shows that these fast oscillations are limited by GVD which simply acts
as a time constant for the system. For a larger value of 032 (corresponding to the nominal
value for a silica fiber at 600 nm) the output of the system remains in a stable state as
is shown on fig. 2c. In this case the continuity constraint imposed by the GVD is such that
the instability on top of the pulse is averaged out by the stable lower part of the pulse so
that the pulse is globally stable. For a higher input power the system eventually reaches
a global period-2 state where the energies of the two pulses are now clearly distinct
(which fortunately allows for an experimental verification using an electronic detector).

Group velocity dispersion also plays an indirect role in increasing the threshold of
instability when chirped input pulses are considered in the analysis. (As a matter of fact
in the experiment GVD is a constant while the chirp parameter C is, at least in principle,
allowed to vary.) This is extremely important since the typical unstable behavior of the all-
fiber ring cavity, as experimentally observed, was characterized by the sudden
appearance of "bubbles" in the envelope of the output pulse train. Numerical simulations
as well as indirect experimental evidence have shown that such a behaviour could be
explained neither by an internal phase (4<,) drift nor by input power fluctuations. Indeed
these bubbles can only be explained if the amount of chirp in the input pulse is allow to
vary from one pulse to the next. Using values of C ranging from 0.0 to 1.0 typical
experimental results can readily be reproduced. Moreover one can infer interesting
information about the evolution of the chirp out of a sync. pumped dye laser.

Relevance of these results to coupled-cavity mode-locked lasers will be discussed.
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Fig. 1 Experimental set up of the all-fiber ring cavity
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Fig. 2 Output pulses as computed from (1) for:

a) A, 8.5 w"~, N = 0.2 psec2/km c) A0 =8.5 w"2, P2= 50 psec2/km

b) A. 8.5 w2, P2= 2 pseC2/km d) A0. 10.5 w"2, P2= 50 psec2/km

The other parameters are: rP= 1 psec (FWHM), L (cavity length) = 2.65 in., X, =600 nm,

C =0, 0.= r i 0.5.
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Over the last decade, fibre-based devices incorporating single or multiple linear
directional couplers have been the subject of theoretical and experimental investigation. These
include fibre resonators [1-6] and linear [4) and nonlinear [7] loop mirrors. Except in [6] and
[71, the devices involve linear propagation of a continuous wave (cw) or long pulse input.
Only [7 studies operation with narrow pulses. Fibres have been incorporated in laser
systems since the development of the soliton laser [8]. Recently, lasers with rare earth doped
(neodymium [91 or erbium [101) fibres as the active medium have been developed. All the
above laser systems involve linear coupling to and from the fibre.

Here, we consider a novel type of passively mode-locked fibre laser in the form of a
loop resonator with nonlinear coupling to and from the active medium. The first device
studied consists of a nonlinear directional coupler (NLDC) [11,121 with amplification and
nonlinear pulse-shaping occurring in a length of fibre connecting the output of one channel of
the coupler to the input port of the same channel. Acting on results obtained for this
configuration led to the inclusion of a second NLDC to improve the output from the device.

Pulse propagation around an amplifying, dispersive nonlinear fibre loop closed by a
nonlinear directional coupler [11,121 was numerically studied using the split-step Fourier
method [13] with absorbing boundaries implemented as suggested by If et al. [141.

With a single coupler. a very sharp threshold is observed between decay and growth of
a seed pulse. A finite gain bandwidth was included, which has a saturation effect and allows
a steady state to be reached. The behaviour above threshold is illustrated in figure 1.
Fluctuations in the energy become negligible after approximately 30 circuits. The steady-state
output intensity profile consists of a central pulse with 'shoulders' and low intensity radiation
leading and trailing the main pulse. The steady state output is not strictly dependent on the
form of the initial pulse launched.

The above simulations suggested that a double coupler configuration should produce a
larger and cleaner output. Figure 2 shows the steady state output from the extra coupler after
14 round trips. Comparing with Figure 1, a marked improvement in the peak output
intensity occurs with shoulders no longer present. In the figure, low intensity radiation is
present brut is approximately 1000 times less than the peak value.

P. E. Langridge acknowledges support through a SERC studentship. This work is
supported in part by SERC Grant GR/F 75087.
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Figure I
Evolution of a single seed pulse (shaded) injected into a
nonlinear fibre loop with nonlinear coupler over 200
round trips. After transients, the pulse shape settles to a
steady state conaisting of a pulse plus background
"ripples'.
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FIBER-OPTICAL ELEMENT FOR

ULTRASHORT PULSES CONTROL AND SWITCHING

D.V. Khaidarov

Thermal Physics Department, Uzbek Academy of Sciences

Chilanzar "C", ul . Katartal 28, Tashkent, 700135, USSR.

Telephone (371 2) 76 66-78. Telex 116162 TIAZO Sti.

Fiber optical interferometers are outlook for ultrafast all

optical light control and switching. Here the fiber - optical

loop is discussed as an element for fundamental soliton

self-switching and for ultrashort pulses formation.

The loop is the two beam interferometer which consists of

ingl c mode directional coupler with two output ports joined

by single mode fiber with a length L (11 (Fig.1). In the FOL

radiation pa:;ses through the coupler, then, after splitting,

propagates in the loop along opposite directions, returns back

to the coupler and interferes there. In the linear case loop

transmiittivity P0 is connected with the splitting ratio of the
2

coupleor (10') :0P A)=12( ) 1). In general part of the radiation

P guidcd to the loop output depends on the phase difference (P

between counterpropagating radiations which causes switching:

1=O( P 0 sin2 (P/2)

Optical. solitons, are the most convenient pulses for using

in such devices due to their quasi particle propagation which

makes possible high contrast and avoidance of the pulse break-up

under swi tching. Here the passage- of the fundamental soliton

through the fiber optical loop is discussed in contrast to 1 Il

where soliton like pulses with varying amplitude (nonfundamental

sol itons ) were considered at. the loop input.

Amplitude of the -.oliton at the input port is described by

the expresiion q. (rL=,;vch(%) (r=t/ 0  normalized time). When

the solitons di;persive length Ld= 0/I1 2 k/dI32I is much longer

then the coupler one 1 (1,dl >]) the nonlincarity in the coupler

doesn't influence on the soliton coupling ratio. This fact has

been tested numerically. Thus the nonlinear phase increases and

the pui r;(, ;hapc modifier, only in the loop.
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PASSAGE OF THE SOLITON THROUGH THE LOOP. Case 1: a<0.25 (or

(0>0.75). Af ter the ccupler only one perturbed soliton

propagating in one direction in the loop is formed [3] and the

switching is not the case. At the loop output soliton q(%) with

the form factor 2(/Qi is derived q(VT)=Wsech(X%). The

duration T and the energy E of this soliton are concerned with

initial ones T/% t0 e- 1:E/E () =Pza (Fig. 2.3).

Case 2: 0.25<(X<0.75. Two counterpropagating solitons are

formed and interfere in the coupler. It is necessary to take

into account the soliton's phases (P1  =X 2 /2 [31; where
~~~=LIL ~ ~ ~ ~ ~ , 1 .( 21-) ( ia oio' hs

E L Ld' ae1.2 =(2V/ ,2- 1 ' (I '1 2 = -IS l t r' h s

difference (P is expressed as (p2(( a I +/ (1, -(19>) E . The val1ue of

the P may be calculated by the expression:

p E/E 0 = ael + 1ae + ra L-ae1a 21' rech(I'') sech( a2 rVIdl

Upper sign maximal P, lower - minimal. The switching contrast

KPz / in is maximal near the point (=0.5 ( a1=0.45, K -30 ). At

(1=0.45 and t,500 ( L=L d 100m ) switching could be observed for

the solitons with energy difference only about 5%.

COUTPLTR

1nth epermet Tolions wihdrto t  0+0f
0

(X=1.5+ 1.3IVm) were f ormed via cascade St imu lated Raman Scat te-

ring (SRS) in the single-mode fiber (21. Dispersive length LI of

the f ormed s;ol itonfs was I10+30cm in the whole spectral region.

Q-switched arid mode- locked CW Nd:YAG laser (A.=l .064.Lm) was used

as a pump source. SRS generator and the loop were designed from

one piece of the single mode fiberi. The coupler with length
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l 0.5cm and losses about 0.1dB per pass have been used. Experi-

mental data of the soliton transmission through our loop

(L:2mj15) are in agreement with the theoretical curves (Fig.

3,4). The deviation P from P0 is observed at the point (1v0.3

corresponding to the first transmission maximum.

1.01.5 SOITON MAX

1.55

1..0.

0 .2 5 0 .0 0 2 5 1I N

Fig.2: Soliton duration. 0.0 _,

Fig.3: Loop transmission. 0.0 0.25 0.5 t

TIlE SOLITON INTERACTION WITH THE CW RADIATION AT THE OTHER

WAVELENGTH IN THE I.oOP. The nonreciprocal phase shift () of the

CW radiation could arise under cross phase modulation (XPM) from

soliton propagating in the loop in one direction. This situation

could be realized by using spectral selective coupler with

coupling ratio for soliton 1=1 , and for CW radiation (1=0.5.

Under this conditions from the CW radiation high contrast pulses

are formed with the intensi ty envelop described in the

nondiF.sersive approximation by the following expres3i n:
2

1)'I ;in"(T (L)/2), where 1' intensity of the CW radiation at

the input of the loop. Nonreciprocal phase difference (P('[) is

given by the following expression:

,L

(P(T1 (PTPJ~ech 2 (V T

where T ?=4n 2 10 1 ./; T=At/,0 " n 2  nonlinear refracted index; 10

soliton peak intensity: A=(l/u--1/u ); u,u 0  - group velocities at

the wavelengths of the CW radiation (X) and the soliton (X 0
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To take into account dispersive evolution of the radiation

in the loop the computer simulations have been done. It showed

that formed pulse is of minimal duration and maximal intensity

at Tlx (L0.75Ld ) for soliton and pulse wavelengths 1.6%1 and

1.061. Pulse has nonconstant phase during its envelop: frequency

chirp exists, and pulse could be effectively compressed to

about one half of the soliton duration (Fig.4).

I/I. UY0
in

1.01/

2

0.51
3,

' 1

0.0 OL :-----L
. 0 1 2 3

/ /
~/
/ / ql,,2 -1

/ 
/

Fig.4: Soliton (1) and generated pulse at 7=0. 2: T-%; 3: T 2%.

Compressed pulse (4) at 1=0, Tl't

Intensity solid line, pulses chirp - dashed line.

Besides the above mentioned ways for use of the fiber-

optical loop it could be used as a nonlinear mirror in the fiber

]Isers or in the additive pulse mode-locked (APM) lasers. By

using of the loop as a mirror one could avoid additional

discrete optical elements in the devices and consequently,

decrease optical losses. Some our experiments connected with use

of the loop as a mirror in the APM YAG laser will be described.
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THE SPATIO-TEMPORAL DYNAMICS OF THE LIGHT PULSES
IN THE NONLINEAR WEAK-GUIDING OPTICAL WAVEGUIDES

LA.Melnikov, R.G.Bauer

Chernysheusky State University, Astrakhanskaya,83,
Saratou, 410071, USSR

The formation of the solitons owing to self-phase modulation
(SPM) occurs at relatively small intensities [1]. In this cases
the transverse beam profile may be considered as very close to the
spatial profile of the fundamental mode. For shorter pulses or
larger intensity when n21/An=l (n21 is the nonlinear part of ref-
raction index, An is the difference of core and cladding index) it
is needed to include into consideration other third-order effects
such as self-focusing (SF) [2]. For the pulse parameters control
it is interesting to investigate the transmission of the ultra-
short pulses in periodical waveguides. In the step-index wave-
guides the transverse structure of fields is strongly dependent

from excitation of modes of continuous spectrum of transverse
wavenumber, and it is useful to derive the corresponding
expressions.

1. For the parabolic graded-index fiber the envelope of the
electric field obeys the equation (in dimensionless variables zi,
r/a, t/r)

2ia'/azA'1%t(V-r2. R I I2)*OC82f/8a 0 (1)

where V is the characteristic frequency, R=I/ie ic=n/2n2 V,
T=1', o-signW, I is the diffraction length, a is the core

radius, Ir is the group-velocity dispersion. Usually pulse durati-
on T is much more larger than r and we can solve Eq.(l) in two
step. First we omit the dispersion at the distances comparable to
I and we find the approximate solution through the trial solution
*=A(z,)exp(-P(z,t)r?2). The equations satisfied by this subsidia-

ry functions have been obtained using the method from Ref.3 and

may be written as follows:

2idA/dz+(V-2P)A+3RIAI2A=0, idP/dz=IP2-l+iRIAl 2, 7)=ReP, (2)
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with the solution A(,t)-A(O.t)[4z,lt)] /2x

x exp(iVz/2-ildz'1(z')[1-3RIB12]), where B-A/i'12. 'rz)=-O) x

x (cos 2z+72(O)(I-RIBI2)sin z)-:! It should be noted that B is a
constant along z, but strongly depends from t. It is worth to mark
that the SF critical power in Eqs.(2) is four times larger than in
aberrationless approximation of Ref.2b. This leads to the correct
sign of the "chirp" in our treatment in difference from the re-
sults of Ref.2b. At the second step we find a variation of A due
to group-velocity dispersion and nonlinear chirp. Using Eq.(1)
with r=O we have:

2iaA/az+a 2A/a2+(V-2P(z, t, RI Al 2))A+4RI Al 2A =0, (3)

At a small R and after averaging on z Eq.(3) is reduced to the
nonlinear Schrodinger equation. In Fig.lab we demonstrate the
evolution at the fiber axis of the initial pulse
*(O,r,1)=exp(-O.lt-r,2) for a=1, R=0.6 (a) and ac=- R=O.6 (b). Due
to SF and waveguiding the beam minimum (intensity maximum) is ob-
served at z5i/2.The evolution of pulses after this maximum depends
from the sign of dispersion. At the negative dispersion the regime
corresponds to the disturbed multi-soliton oscillation (Figla).
At a=-/ we have observed ordinary pulse spreading (Fig.lb).

2. In the periodic waveguide where V(z)=V(I+mcosQz) and for
Rc. we have observed the destroying of N-soliton regimes at a
value of S near to the soliton beat frequency. In Fig.2ab the
evolutions of 3-soliton and I-soliton pulses are shown at m=O.2
and G-=4. It should be marked that modulation slightly varied 1-
soliton pulse but strongly modified the N-soliton regimes. It is
interesting to pointed out the similarity among the regimes in
periodic waveguides and in fiber with SF.

3. The nonlinear propagation of an ultra-short pulse in a
step-index fiber may be considered as the evolution of a pulse in
the condition of longitudinal transient regime which is characte-
rized by the excitation of leaky modes and spatial wave. The exis-
tence of these modes of continuous spectrum of transverse wave
number continuum is determined the transversal field structure
[4]. Using the decomposition of the Fourier transformation of pul-
se field in terms of guided modes po(r,w) and continuum modes
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IAI2

6.45--
z=5.

5.16- a)

3.87-

2.58--0

1.388-

J. 04 1 - Z0-* 894-,. . b)

.347_ -

.00 321
0 4 0

Fig.l. Pulse evolution in parabolic graded-index fiber
with self-]oc.using, sell-phase modulation and group-velocity

dispersion. a) v=l, R=0.6, b) a=-I, R=0.6

V(q,r,o) and excluding the equations for continuum mode amplitudes
we obtain the equation for fundamental mode envelope including the
effects of radiated field:

2iaA/z+.a2A/ea*+2RIAl 2A+4R2 [fdqF(q)fdz'{14(z)A(z)l2 x
0 0

x A(z')C(q,z-z') - A(z)21A(z')12Ah(z')D(q,zz'))] =0. (4)

Here F(q) is connected with the normalization integral of q-th mo-
de, C,D are the products of overlapping integrals of fundamental
and q-th modes including phase factors. The whole field in the
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waveguide may be written as follows:

6.7 75 -9i~=

a) b)b)

This models of nonlinear pulse propagation in optical wave
guides allow to estimate the contributions of SF in graded or
step-index fibers and the stability of soliton regimes in the fi-
bers with modulated parameters. This results may be useful for the
analysis of pulse-con trol devices based on the nonlinear
wavegu ides.
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Soliton Propagation in Media with Non-central Symmetry
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Guangzhou 510631, P. R. China.
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The second-order susceptibility describes the energy

transfer of second-order nonlinear optical effects in media with

non-central symmetry. In the waveguides made of this kind of

media, however, if the phase-matching condition is not satis-

fied, the effects are very weak in the propagation distance that

the wave interaction length is much longer than the coherent

length (the wave interaction length can be very long, when the

guides have low loss.). It is theoretically demonstrated here for

the first time that the waveguides in this case can support the

envelope solitons described by nonlinear Schrodinger equation

(NLSE).

For simplification, we limit ourself to one-dimensional

linear polarized wave propagation. With the limitation, the pola-

rization P in the media is[1]

* higher terms. (1)

In terms of reductive perturbation method[2], which is one of the
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asymptotic methods describing far fields[2], and has been succes-

sfully applied to discuss the soliton propagation in optical

fibers[3], the solution of one-dimensional Maxwell wave equation

(ODMWE) [1,4] is supposed as:

E z t=i/ ) M (1[,T)exp[ im( z-tWt)l, (;2)

where u 0% are the slowly varying envelopes, and "- are slow

variables (' *~=~,~= t- 'Z),~ 3 aA), and E, is a

small parameter(<<), u P)(p+l) are called as the pth-order self-

harmonics, and their phase-matching condition is satisfied auto-

matically, which is different from the harmonic generations[l].

Substitution of Eq.(1) and (2) into the ODMWE, following the

same but easier step in ref.[3], we have:

E= F(1/2)u exp[i( z- Wt)+C.C. +o(., (3)((3)

with dispersion relation W(L3)=0An 0((A )/c, and u 1  is described

by

I u1. T ut =0, (4)

no'.

where (0"= (0/bc32 . Here " is effective nonlinear-index

coefficient (NIC) defined as

_ (t2) - t Z 2 xn n z n +( ) [2/(c' P - noo )-I/ (not -noj " )]/(4not), (5)

where n is NIC, noel=n,(mw ) linear refractive index at frequency

m w, the relation between n. and that n,=3 /(8no) [41 is

used, and )is the n-dimensional Fourier transform of

(n=2,3).

Eq.(4) is also the NLSE, except the effective NIC n is



294 / TuF2-3

instead of the NIC n,, i.e., envelope solitons can propagate in

the waveguides, too. The main difference between the waveguides

and the fibers is that nZ might be negative, but n. in the fibers

is positive. So, it is possible that bright solitons[4] can exist

in the normal-dispersion regime for the waveguides. We should

note that, similarly to the fibers[3], it is expected that a

reduction factor should be multiplied to the coefficient of the

last term of Eq..4) for the three-dimensional guided waves.

Analogy of Eq.(4) with the NLSE in the fibers also shows

that the nonlinear refractive index (NRI) in this case can be

expressed as

n((AO, Il 1 )=nO(CO)+ lnZEI . (6)

The appearance of the effective NIC is due to the additional

contribution of IL-) to the NRI. X L  has been known to be unable

to directly devote to the NIRI[5J. It is found here, however, that

the second-order and zero-order self-harmonics can be generated

at the second-order in e because of non-zero Z). The interac-

tion of them and the wave itself will give the additional refrac-

tive work.

The optical waveguides in which the soliton propagation

predicted above can be experimentally demonstrated are thin-film

waveguides and crystal fibers[6). It is expected that the

conventional glass fiber can also be as the candidate since the

high-efficiency second harmonic generation has been found to be

exist if the fiber is illuminated with pump radiation for several

hours(7J. Because one can follow the standard procedure to study
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the wave propagation when a self-organized (2) grating is

introduced[4], Eq.(4) can directly be applied to this case pro-

vided that in the efficiency NIC is substituted by the

grating.

By usc of Eq.(6), our results can be easily extended to

study the other nonlinear optical effects connected with the NRI

in the media with non-central symmetry.

It is expected that our find will result in some further

theoretical and experimental researches, and quest for applica-

tions.
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ON THE MECHANISMS OF COHERENT PHOTOVOLTAIC EFFECT

FOR SECOND HARMONIC GEfIERATION IN GLASS FIBERS

V.O.Sokolov, V.B.Su]itnov
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Different models have been suiggested for photoinduoed

second-harmonic generation in silioa fibers [1,21. The model with

charge carriers redistribution in the core of the fiber due to

coherent photovoltaic effect was proposed in [3-15]. The coherent

photovoltaic effect means that direct current appears in the

glass under coherent pump and second-harmonic light waves. Theory

of this effect was proposed in [161 but the expressions presented

there are too complicated to get estimations of photocurrent and

also the semiclassical method used there is not adequate to the

phenomena. One of the possible mechanism of such effect was

proposed in [4-8,11,13,151 but there is no consistent calculation

of the photocurrent. So, the question on the microscopic

mechanisms of coherent photovoltaic effect is still open.

Our aim is to find the direct current as a linear response

to the external second-harmonic field in the electron subsystem

of silica created by the external pump wave with frequency 11.
Linearizing the density matrix with respect to second-harmonic

field tQ the current density can be expressed through the

averaged commutator of the current density and velocity

operators. The averaged commutator was expressed through second

harmonic of the non-equilibrium two-electron Green's function,

for which the equation can be written in the ladder-type

approximation [17-191. This integral equation contains the

one-electron non-equilibrium Green's functions, which can be

found by perturbations with respect to the pump wave amplitude t
[20]. Solving the equation we obtained next expression for the

direct current density created due to electron excitation from

the localized states to conduction band:
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P e2ltN y p Re[ , 2W) L) p.](ni-np)8(Ep-Ei-AA)+
~DC- ( 2M2 p pPl

e 2 1 N - p{3 upRe[(', *)D*p(wjip/M)(exip, [) ( n i - n p ) , (I
+ 4p)m2 p

- [6(F P-E.- A) -3(E P-E .-2hl)]

Here N is the defect concentration, m is the effective mass ( m u

m for SiO2 ), jp> is a delooalized state of electron with impulse

p ( plane wave ), i> is a localized orbital of the defect, Ep is

the energy level in the conduction band, Ei is the energy level

of the defect in the gap of silica, ni and np are the equilibrium

occupation numbers of the li> and Ip> states, respectively; Tp is

the transport relaxation time, Dij= (wij /2W) (e td )
wij= (Ei-E.) A, ij=<ilxlj>.

It is easy to recognize in all terms of (1) the usual

expression for the drift part of ourrent derisity [21] but with

some non-equilibrium distribution function of the electrons

photoexoited to the conduction band from localized states. This

leads to the next interpretation of the discussed phenomena.

The transition probability P(t) between two states n -, m

under biharmonic excitation

V(t) = h exp(-imt)+h exp(ilt) + H ezp(-i2Qt)+H exp(i2£t), (2)

contains not only constant term but also time dependent ones

varying with pump (0) and seoond-harmonic (211) frequencies:

P(t) ( )mn 2 + eap(±i2[2t) + (3)

h=Hmn 1mndir

(w mn T -i)(wmnT2I +ib) (ren± U +i6)(Wmn±2 -ib) (

where the summation over the double signs is implying and

terms oc H2 and also terms oc eXp(+i3Qt) were neglected. We

consider here the adiabatic growth of excitation (2) ( 6 is the
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adiabatic parameter ) from t -o, when the system was in the
state n. The expression (3) shows, that the distribution function
of the electrons in the conduotion band must contain time
dependent terms:

An p(t) = An1 (p)oos(Ot) + An2 (p)cos(2Qt+T). (4)

We can see from (3) that first term in (4) appears due to the

impurity ionization by the interference of the second-harmonic

and the pump fields. The second term in (4) appears due to the

excitation of electrons only by pump wave. The direct current can

be obtained from general expression

= e n(t) i (t) (5)
by two ways. First, field in (5) is electric field of

second-harmonic wave and n(t) is second term in (4). Second,

field t in (5) i- electric field of pump wave and n(t) is first

term in (4). This leads to (1), where first term describes the

drift of non-equilibrium electrotis under seoond-harmonic field,

and second term describes the driT;r of nori-equilibrium electrons

under pump field. It can oe seen from (3) that second mechanism

takes place when energy difference between electron levels is

either tfl or 2tl. This agrees vith the second term in the

right-hand side of (1). The electron excitation due to

interference of pump and second-harmonic waves with absorption of

the energy 2 was discussed in [4-8,11,13,15]. The first term in

the right-hand side of (1) was discussed in [2,10,14].

We estimate current density about 10-6 A/cm 2 for the defect

concentration N P4 2-10 11 cm-3 ( plain waves for conduction band

and hydrogen-like localized wave function ) under fields 4

e3.108 V/m and E20 P, 3'107 V/n.

For this phenomena we propose some germanitun defects. Their
characteristics were obtained by MNDO method in cluster

approximation.
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Correlation of UV-radlation with the process of second

harmonic generation in Ge-doped optical fibers

F.B.Balkabulov, P.V.Chernov, S.K.Isaev, L.S.Kornlenko,
A.O.Rlbaltovsky, Yu.P.Yatsenko

Physics Department of Moscow State University

Moscow,117234,USSR,tel. (095)939-31-94

To clarify the mechanism of second harmonic generation

(SHG) in Ge-doped optical fibers, it is very important to

know what leads to formation of permanent X(2) grating. Some

of the reports [1-3] considered strong internal dc fields to

be the main reason for writing such gratings. In other papers

(4-6] a lot of attention Is paid to formation and orientation

of color centers and permanent defects. In this great role

can play UV-radlatlon due to simultaneous generation of the

third or fourth harmonics .

We present here some additlonal evidence of strong cor-

relation between the preparation process for the induced SH

and parametric generation of third and fourth harmonic in

Ge-doped fibers.

1.We used silica fibers that were single mode at 1064 nm

and supported 3-4 mo)des at 532 nm. With proper matching it

was possible to excite only the fundamental mode for both wa-

ves. The core was doped with 10-11 mol% GeO2 and the cladding

was doped with 1-2 mol% P205 and F. In some experiments we

use also fibers with smaller concentration of GeO2 .
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A Q-switched and mode-locked Nd:YAG laser operating at

1064 nm was used as a pump source. Trains of 100 ps IR pulses

with peak power of 20 kW and repetition frequency 1 ,2 kllz run

through KTP crystal to generate SH. Then the both seed waves

passea through a polarizer and were coupled into the fiber.

The light emitted from the fiber was analyzed with a monoch-

romator.

2.To optimize the process of seeding we investigated

first the influence of fiber length and intensity ratio for

seed SH and IR waves P2/P1. In our experiments the conversion

efficlensy reaches maximum 0.1 % for optimal fiber lengths

not exceeding 15-20 cm. In a broad range of the seed SH in-

tensities with IR wave power kept constant the conversion ef-

ficiency has the same saturation level but the time of achie-

ving this level varied from a few minutes to 20 minutes when

P2/P 1ratio decreased from 1/50 to 1/1000.

The most interesting result is: immediately after the

two seed waves are launched into the fiber the TH and FH ge-

neration at 355 nm and 266 nm starts. TH and FH pulses corre-

sponded to pump pulses in duration and broke off at once when

any of two seed waves (IR or SH) was suppressed. The TH sig-

nal from the output end of the fiber was 104-105 times weaker

than the seed SH signal. FH signal was 103 _ 1 4weaker than

the TH one. We relate this to strong absorption at 266 nm in

glass. We observed also UV fluorescence In the 380-410 nm re-

gion with a weak peak at 396 nm.It emerged either from the

fiber end or from side surface. The fluorescence pulses had
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exponentially decaying tails of O.lms duration.

All three types of UV radiation are strictly correlated

with the processor seeding.The stronger UV radiation at the

beginning of the seeding process the faster saturation level

of the induced SH was reached. Fig.1 shows a typical depen-

dence of preparation time on the intensity of 396 nm radia-

tion. Using four fibers with different percentage of GeO2 we

revealed strict correlation between GeO2 concentration and UV

radiation. Fig.2 demonstrates sharp decreasing of generated

TH with decreasing GeO2 concentrationM(mol%).

T I +

8

4 
+-

4

0 +
+

F 0 2 6 10 M

Fig.1. Preparatlon time T(min) vs Fig.2. TH intensity I(a.u.)
fluorescense intensity F(a.u.) vs GeO2 concentration M

3.The fact that TH and FH emission strictly depends on

the simultaneous presence of IR and SH pumping indicates

four-wave parametric mechanism of their formation through

X(3) .As it has been already discussedin [5] such processes

can be very effective in media with resonance levels close to

TH or FH frequences.In [5] P-doped fiber was considered. It
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is well known that Ge-doped fibers have a sharp absorption

line at 242 nm and 103 weaker line at 330 nm. These lines

are connected with the excitation of covalent bonds In oxygen

deficient germano-sillcate glass.Excitation of these bonds

gives rise to fluorescence peaked at 396 nm with relaxation

time 0.105 ms. Thus, parametric TH and FH processes can be

resonant and effective.

We should take into account and speculate that TH and FIH

can break covalent bonds and form well-known Ge-E centers

which can be oriented according to interference pattern of

two seed waves. New experiments are in progress to check the-

se speculations.

In concluslon,we have found that the process of seeding

Is accompanied from the very beginning by generation of third

and forth harmonics. This generation is parametric and invol-

ves fundamental and second harmonics photons of seeding wa-

ves.The fluorescence discovered at 400 nm shows that paramet-

ric generation can have resonant character connected with ex-

citation of covalent bonds In oxygen deficient germano-

silicate glass . A strict correlation Is revealed between

UV-radlatlon and seeding time of induced SH.

References
1. R.Stolen, H.Tom, Opt.Lett. 12, 585 (1987).
2. V.Mlzrahl, Y.Hlbino,G.Stegeman, Opt.Commun. 78, 283 (1990).
3. E.Dlanov, P.Kazansky, D.Stepanov, Kvant.Electr. 16, 887
(1989).
4. J.Gabrlagues, H.Fevrler, Opt.Lett. 12, 720, (1987).
5. A.Krotkus, W.Margulls, Appl.Phys.Lett. 52, 1942, (1988).
6. U.Osterberg, Electr.Lett. 26, 103, (1990).



304 / TuF5-1

THEORY OF PHOTO-INDUCED SECOND-HARMONIC GENERATION
CAUSED BY PHASE TRANSITION IN DEFECTS SYSTE IN SILICA GLASS

E.M.Dianov, V.O.Sokolov, V.B.Sulimov
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38 Vavilov St., Moscow, USSR SU 117942 Phone 132 8303

To describe inducing of non-zero macroscopic second-order

susceptibility in a centro-symmetric media such as the glass

we suppose that a pump wave excites electrons from certain

"donor" states in the middle of the v-SiO2 forbidden gap to

defect states near the conduction band edge and the

conformation of each defect changes significantly owing to

pseudo-Jahn-Teller effect with a certain number of electrons

placed in the proper state of the defect. Our cluster

calculation performed by MNDO method proves the pseudo-effect

to occur in Ge and Al atom substituted for the Si one and in

-Ge-O-Ge= diatomio center with a certain defect state occupied

by two electrons or by one electron, respectively. The relaxed

conformation of the defects is stable since their spontaneous

decay is forbidden. We suppose that a phase transition occurs

owing to cooperative pseudo-Jahn-Teller effect in the system

of defects created in the glass by the pump wave, that it is

described by a vector order parameter and that it is caused

by small relaxation of each of the defects with non-zero

polarizability bW. Under these assumptions macroscopic

second-order susceptibility is proved to be

ijk = (1iTjk + X2jyik + 11k6ij) where X (2) = nb"'6R/R, 6R/R
being mean relative atomic displacement in relaxed defect, n

being defects concentration. Bloembergen's relations [1] are

valid forX (2) since X (2 )  
-(2) = (2) = (2)Qy9 X (2)

(2) ijk xxy =xyx yxx y' yyy
3X (2 ) y . So the results of [2] are explained by our theory and

therefore those do not prove the SH generation to be caused by

strong electrostatic field induced in the glass by the pump

wave, as supposed in [2]. Our computer simulation of the

defects results in 8R/R " 0.1. The defect polarizability may

be estimated as b I (v'd) 3 (lw) - 2 with d being mean value of

dipole matrix element in the defect, V being number of the
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defect states. Since Vd ~ le, one finds for wavelength I tm:

vd 5.10-18 CGS and b ' 1 10-28 CGS. Assuming the mean order

parameter to be Ti 0.1 one obtains X(2) I 10 - 3 0 . n CGS
10- 12 CGS for n ~ 1018 om- 3 in good agreement with

experimental data (see review in [31).

Relaxed conformation of pseudo-Jahn-Teller center is

characterized by a vector J. While relaxing the defect in

point ga induces atomic displacements in glass interacting

with another one in the point gb . Energy of the interaction is

uab = - uab ja jb where gab = AbAa. The Uab can be foundsp s p
explicitly only using a certain microscopic model of defect.

However owing to randomness of the glass host one is only to

estimate a typical value of the mean interaction energy. For

Rab > (vd)1/3, Vd being defect's volume, the principal term is

uab o (AVd)2 X- (Rab)-3 with X being averaged elastic

constant of the glass (X ' E/3, E " 7.1011 erg.om - 3 being

Young's modulus of silica glass). Assuming (Rab) -3 ' n we

conclude that it is the product AVd which is to be estimated.

Three different approaches yield the estimations of one and

the same order: AVd V 10 eV.

We prove the interaction energy to decrease approximately
as R- 3 if R * (Vd )1 /3 . Hence with Rab , n - I1/ 3 the principal

term leads to the estimation of the mean interaction energy of

the two defects: U p (AVd) 2 nk -1 103. n. For n " 1019 om- 3
sp -

the interaction energy is U sp 10- 2 eV "' 100 K and hence the

phase transition in the defects system is possible at room

temperature. In mean field approximation critical temperature

of the phase transition is found to be Tc = 2zU/3 "' 100 K for

n o 10 18 om- 3 , U being the mean interaction energy, z ' 30

being the number of nearest defects giving rise to the mean

field. At T < T o a ferromagnet-like ordered state arises

characterized by non-zero mean vector <3> being an order

parameter of the phase transition: Ti = <>.

Using Landau's theory of phase transitions one obtains in

the absence of the external field for T < To: 2 = a(Tc-T)/2B,

i.e. a uniform order degenerated with respect to the 1

direction, a and B being constants of the theory. Hence both
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directional and spatial dependencies of Q(r) are determined by

the effective external field h(*) affecting the order

parameter. In Landau's theory generalized susceptibility aeij

describing order parameter response to external field in

vicinity of phase transition is aehij = lir 6T]i/6h j = ae 6 ih--1
where ae = [4a(T c-T)]-1 if T < Tc or ae = [2a(T-T )] if

T > To . Owing to singularity of the susceptibility ae in the

phase transition point, the system is strongly influenced by

any weak external field and the spatial dependence of the
order parameter i-() coincides with that of the 9(r) field.

The effective external field arises owing to

second-harmonic (SH) wave interacting with non-linear dipole

polarization of the defects induced by the pump wave. The

oscillating dipole moments di (ia) induced in the defects

interact with any SH wave coherent with the pump one. There

are two essential cases: (i) interaction with an "external" SH

wave generated in the glass owing to non-dipole or non-bulk

second-order processes or used for seeding and (ii)

interaction with an "internal" SH wave generated owing to the

induced macroscopic susceptibility X{ik
In the case (i) the effective external field is

,X(2) ij o ( I 2 ¢ ) 1 / 2

- Xi I 2n e1 (2+ 3 )cOs(AI) - e 2 (2- 3)sin(At)]

where A9 2_- 2 , &3 is the pump wave Stokes parameter and

-"= e+ie2 being its polarization vector ( = 0). In

general, h1 (r) is a helical field and gives rise to helical

spatial dependence of order parameter and susceptibility:

=T1 (elcos(Ar)-e 2 sin(A)

ijk ( ' = X [(el 1 cos(AV)-e21sin(Akr))Ojk +

+ (e cos(Ai)-e2 sin(Al)) aik + (e1 cos(Air)-e 2 ksin(Ai))6ij

So belical spatial grating of second-order susceptibility with

spatial period (Ak)-1 is formed in the defects system.

In the other case (ii) the effective field is
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h 1 c L 2Ti + 4-+ i(kwr) sin(Airr),

L being degree of linear polarization of the pump wave. Henoe

the effective field k results in an additional term in

effective Hamiltonian of the defects system breaking at T <_ T

the isotropy of initial interaction so that the final

Hamiltonian is of the same kind as that of easy-plane

ferromagnet.

In experiments with no seeding one obtains h1 ' 10-13 eV

for quadrupole SH generation in the bulk glass or

h 1" 10 - 10 eV for core-cladding boundary SH generation in

optical fibres [4], and in experiments with seeding

h I  10 - 7  eV. One obtains as well h2  - 10-10 eV or

h 2 , 10-1 4 eV in experiments without seeding and in those with

seeding respectively. Both hI and h2 fields are too weak to

orientate the defects if no phase transition occurs, but those

strongly influence the defects system in vicinity of the phase

transition owing to generalized susceptibility a singularity.

Using our theory we have managed to explain various

experimental peculiarities concerning the photo-induced SH

generation in doped silica fibres. Detailed discussion as well

as some other interesting results see in [5]. Thus we believe

the theory to explain practically all main experimental facts

known now.
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Distributed out-coupling of second harmonic generation in a waveguide

Z. Weissman, A. Hardy and E. Marom

Faculty of Engineering, Tel Aviv University,

Ramat Aviv 69978, ISRAEL.

Frequency doubling of diode-laser light has been studied recently, to obtain compact short-

wavelength coherent sources (e.g. green and blue) for various applications.' In some materials, a

strong optical nonlinearity is coupled with strong absorption and large dispersion, both of which

prevent an efficient out-coupling of the SHG radiation. In many cases the harmonic absorption is

strong, whereas the fundamental absorption is weak. This is typical to semiconductors in the

vicinity of the band-gap, as well as to some organic materials, which strongly absorb in the

green/blue region. In order to benefit from the large nonlinearity of these waveguide materials, it

is essential to overcome absorption and dispersion. Whereas dispersion effects may be reduced by

using various phase-matching techniques, absorption remains a problem. Here we propose a new

way to reduce the effects of harmonic absorption in an SHG waveguide, as well as those of the

dispersion.

We recently 2 pron, -ed to use a resonant first-order corrugation (in w) as a selective

reflector(w)/radiato'i%) for SHG waveguide resonators. By working off-resonance (see Fig. 1)

the reflectivity ut the grating in w can be significantly reduced, whereas the radiative out-coupling

in 2u) remarins virtually the same, with the radiated harmonic wavefront somewhat tilted from the

normal ,o the surface.

Due to the distributed out-coupling, the generated harmonic photons are constantly

extracted through the grating before being absorbed significantly. In addition, the radiated

harmonic photons are less affected by possible phase-mismatch in the waveguide. On the other

hand, the gradual field extraction prevents second harmonic power buildup. As a result, the

conversion efficiency is roughly proportional to the length L - rather than to L2.

To illustrate the potential of the proposed scheme, we consider the TM (w) TE (2w)
0 o

conversion in a three-layer air/GaP/AlP waveguide, described in Fig. 1. The conversion

ecct / lwi) was calculated by using the method of Ref. [I]. For comparison, we

calculated the conversion efficiency for an equivalent noncorrugated waveguide, with the same

power density. The results for the two cases are plotted in Fig. 2, as a function of L. It is clear

that the corrugated waveguide is more efficient than the noncorrugated one, particularly as L

increases.

Finally, to asses the quality of the radiated harmonic beam, we calculated the far-field

pattern for L=0.8mm. We note (see Fig. 3) that most of the beam energy is contained in a main

narrow lobe. The angular width of the main lobe is approximately lmrad, i.e. very close to the
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diffraction limit.

To conclude, a nonresonant first-order corrugation (in w) reduces the destructive effects of

strong harmonic absorption and (to a lesser extent) dispersion, through a distributed out-coupling

of the second harmonic power. The resulting harmonic beam has a narrow angular sp' ctrum in

the longitudinal dimension and thus the beam can be focused easily. By using such a grating

scheme, some semiconductor and organic waveguide materials could be used more efficiently for

frequency doubling of laser-diode light.
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Fig. I A corrugated waveguide with distributed out-coupling of the SHG power.
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normal to the surface): a. Global view. b. Magnified view of the main lobe.



Poster Session: 6

TuG 5:3Opm-7:O0pm
Boys Smith Room



312 / TuG1-1

NONLINEAR CDS GRATING COUPLER : C.W. AND PULSED OPERATION

M.Bertolotti, F.Michelotti ,C.Nisio, E.Fazio, G.Assanto(*), C.Cali'( +)

Dipartimento Di Energetica, Universita' di Roma I, Via Scarpa 16,00161 Roma, Italy
and
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(*) CREOL, Orlando, Florida, U.S.A.
(+) CRES, Via regione Sicilia, Monreale, Palermo and Univesrita' di Palermo, Italy

Distributed couplers, such as prisms and gratings, have been largely employed in
conjunction with nonlinear planar waveguides in order to study the nonlinear proper-
ties of the structures, suitable for all optical devices in integrated optics.
In the present work we report an experimental investigation of a semiconductor
nonlinear grating coupler realized onto a planar linear waveguide, where the giating
is burried between the guide and the substrate ( the periodicity is 0.8 um ) butover
the guide ,in correspondence of the grating, there is a thin layer ( 200 A) of CdS. A
single mode (, = 0.632 Mm) is supported by the guide while two modes are present
if an Ar laser or the second harmonic of Nd-Yag pulsed laser is used.

Radiation is coupled out through a prism . Input coupling effects have been
studied in both temporal c.w. and pulsed regime versus input power.
In c.w. operation all the obtained results are interpreted in terms of optothermal
dispersive and absorbitive effects, while in the ps time domain electronic nonlinear
bejiaviour of the CdS is the main responsible of the refractive index change of CdS.
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Polarization induced switching and bistability in a nonlinear prism coupler.
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Polarization may be an interesting parameter in optical computing devices 1. Polarization
induced irradiance switching was proposed as a new switching mechanism in nonlinear

Fabry-Perot (NLFP) etalons under oblique incidence 2. In this context, the stationary

response of Fabry-Perot etalons containing an anisotropic medium exhibiting a diffusive Kerr-

type nonlinearity was investigated 3. Here, we will adress the question of the influence of

polarization on the response of a nonlinear prism coupler (NLPC), where the waveguide

shows a diffusive third order nonlinearity.

Prism coupling of light into integrated nonlinear optical waveguides has been the subject of

extensive theoretical and experimental investigation over the past few years 4. It is established

that in the case of a diffusive nonlinearity, both plane wave and finite beam calculations yield a

bistable optical response in good agreement with the experimental observations 5.

Since a NLPC is equivalent to a nonlinear Fabry-Perot resonator (NLFP) under oblique
incidence 6, the modal theory developed to study the dynamical behaviour of the NLFP 7.8

applies here. In fact, the behaviour of all types of nonlinear planar resonators can be

described by this equation :

2iw0(a p 2/ (t2) " +[ - 230 + TU] Ag+iKMAg i Ai(t) (1)

Here Ag (Ai) is the guided (incident) field amplitude, p2 _ p2 is the detuning from the mth

resonance, Kn is the resonance width, and depends on the device parameters, as does . The

nonlinear term is described by U, where i1 is the sign of the nonlinearity.

For a diffusive nonlinearity, also the response for TM polarized light is governed by the same

equation. The linear, stationary response curves for TE and TM polarized light of the NLPC

under study here (Fig. Ia) are shown in Fig. lb.
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Fig. 1. a. Structure and parameters of the NLPC under consideration.

b. Linear and stationary response for TE and TM polarized incident light.

The nonlinear and time-dependent response of a NLPC, subject to an incident plane wave of
arbitrary polarization (characterized by a polarization angle 0, where 0 = 0 (900) for TE (TM)

polarization), is given by two equations of the same kind as Eq (1). These two equations, one
for each polarization component, are coupled through the nonlinear term, which depends on
the total waveguide irradiance (TE and TM).

In the dynamical regime, we solved these equations numerically, together with a Debye
equation for the nonlinear term U (y is proportional to the nonlinear refractive index n2):

t =-+ - + iAThF2 + (A (2)

We observed several interesting phenomena relying on a change of the polarization state of the
incoming wave. In Fig. 2 an example of polarization induced irradiance switching is shown,
i.e. the NLPC. initially in the high-TE state, is switched down, by changing the polarization

angle from 00 (point labeled 1) to 900 (label 2) and back (label 3) and keeping the incident
irradiance constant. The device cannot be made to switch up again using the same switching

mechanism, i.e. by only changing the polarization angle. This is a dynamical confirmation of
previous conclusions drawn from an analysis of the stationary response for a NLFP etalon 2.

Next, we consider the dynamic (Fig. 3b) response of the same device for a different detuning
(stationary response is shown in the inset). Here, an example of polarization induced

bistability is presented, where the guided wave irradiance of both the TE and the TM
component describe a full hysteresis cycle as a function of the polarization angle, the incident
irradiance again being kept constant. Also the total irradiance describes a hysteresis cycle (not
shown on the figure), but with a much smaller contrast than !he TE and TM ones. Notice that
a change of about 5' in the polarization state of the input beam is sufficient to create a change
of more than 50' in the polarization state of the guided wave.
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a Debye time of 50 ps and at a fixed value of the incident irradiance of 3 10-3.
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To summarize, we have investigated the influence of polarization on the dynamic plane wave

response of a prism coupler with a waveguide exhibiting a diffusive nonlinearity. Examples

of polarization induced irradiance switching and polarization optical bistability were shown.

These phenomena can be used in devices for polarization logic, for transducers from

polarization logic to irradiance logic and back, and as a tool to investigate the nonlinear

properties of materials. We wish to stress that the modal theory used here is valid for all

planar resonators of sufficiently high finesse. Hence it can also be applied to nonlinear

grating couplers, and to nonlinear Fabry-Perot etalons filled with an isotropic medium under

oblique incidence or with a medium exhibiting an intrinsic anisotropy.
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Nonlinear bent directional couplers
with asymmetrical distribution of nonlinearity
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Recently, the nonlinear directional couplers have been extensively
investigated as optical devices for ultra high-speed data processing [1-7].
They were analyzed for parallel waveguides [2-51 as well as for
configuration with bending waveguides [5-61, which is more insensitive with
respect to fabrication tolerances of the device length. In most of
previously analyzed nonlinear directional couplers there was assumed the
symmetrical distribution of nonlinearity. However, it has been shown that
for asymmetrically placed nonlinear material the required switching power is
lower than for symmetrical case [7].

In this paper the influence of asymmetry of nonlinear refractive index
distribution for transmission characteristics of nonlinear bent directional
coupler is analyzed. The coupled mode theory [8] is used and numerical
results show that the critical power is strongly dependent on asymmetry of
nonlinearity distribution.

The TE-type electric field in the investigated nonlinear bent directional
coupler (fig. 1.) may be expressed in the form:

E(x,y,z) = a (z) 6 (x,y,z) + a (z) e (x,y,z) , (1)
1 1 2 2

where C (j=1,2) are the normalized modes of the isolated waveguides and aj J
are their complex amplitudes. It is taken into consideration the Kerr-type
nonlinearity with the electric permittivity c=c +c El , and it is assumedL NL

that a distribution of a linear part of electric permittivity c isL

symmetrical (i.e. linear waveguides are identical). Then the coupled mode

G01UI1D E '1'

GUIDE '2'
Fig.1. Schematic diagram of a nonlinear bent directional coupler.
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equations for amplitudes a and a can be written in the form:1 2

ia' = 13a + qa + w fa 2 a
1 2 1 1 1

2'ia' = 3a2 + qa + w Ia a 2 ,a(2)

22 1 2 2 2

where the prime indicates differei-tLiation with respect to z and f3 is a
linear propagation constant. The linear coupling coefficient q is assumed to
be slowly dependent on z: aq(z)/az<<q/L (where L is an effective length of a
coupler).
Consequently w (j=1,2) are the nonlinear coefficients defined as follows:

J

W N4w 15 CSdxdy C , j=1,2 (3)

and there were neglected in eq. (3) the remained nonlinear coefficients:

ffdxdy c eN-L M 0, m=1,2,3.
NL 1 2

In the symmetrical distribution of nonlinear electric permittivity (i.e. for
CNL (-x)=c NL(x), C NL(-y)=e NL(y)) the coefficients (3) are identical w =w

'L N L1 2

but for asymmetrical distribution of nonlinearity w 1w . Following this it
1 2

is convenient to introduce dimensionless coefficient of asymmetry n =
(w -w2 )(o where Vo=(w +w ). The absolute value of this coefficient I71nlI is

proportional to the asymmetry of nonlinear medium distribution (17=0 for
symmetrical cases) and the sign depends on waveguide in which nonlinearity
is greater. The nonlinearity in the waveguide '1' correspond to 71>0 and
nonlinearity in the waveguide '2' correspond to 71<0 respectively. It is
assumed additionally that both parameters (o and n are constant and

independent on z (d0 /dz = dn/dz = 0).

Equations (2) are conveniently rewritten in terms of the real dimensionless
parameters analogous to the Stokes parameters:

SO = (laIl+la22) o/qo,
S = (Ia 121a 12

S,~ ~ )j 1 _la12 oP0/qo '1

S 2  (aIa aa2)v/q O,

S3  -i(ala - a1a 2)(/q , (4)

where qo = q(z=0). Then the evolution equations for parameters (4) are found

from eq.(2) in the form:

S ' = -2qS1 3'

S q (S +715 ) S
2 01 0 3

S ' 2qS I q 0( +71S )S2  (5)3 1 2 1q( 02n~
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and S = const.
0

The eqs (5) may be solved for arbitrary function q(z) slowly varying with
respect to z. In this paper there are analyzed bending waveguides analogous
to that from paper [5], i.e. for Ax-z 2 and then

q(z) = qo0eXp[-2 2] (6)

where 7 is constant.

Figure 2 presents the nonlinear cross power transmission I (L/2)/I (-L/2)2 1

versus input intensity for various values of asymmetry coefficient -. There
were used the dimensionless intensities I=a 1 12 o/qo=(S ±S 1)/2 where j=1,2

correspond to the intensity in waveguide '1' and in waveguide '2'
respectively. As an boundary condition it was assumed that the light is
iiitially launched to the waveguide '1' i.e. la 21=0 and consequently

S (-L/2)=S =1 (-L/2) and S (-L/2)=S (-L/2)=O. The numerical results were
1 0 1 2 3

done for parameters of bending waveguides 7=0.9 and q,=l.7. Such values

allows to cross-state transmission for low input intensities and correspond
to typical semiconductor-doped glass directional coupler structures [5].

The results plotted in fig.2. show that the critical value of input power
appears to be strongly dependent on asymmetry of nonlinear refractive index
distribution. For -q>O the switching power is lower then for symmetrical
configuration. Respectively for -a-0.3 the transmission is almost
independent on input intensity, but for the case n=-1 the nonlinear effect
appears approximately at the same input intensity as for n=l. Such behavior
leads to nonreciprocity in switching characteristics between channels in
nonlinear directional coupler. This can be the basis of construction logic
gates for signals incoming from various waveguides.
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The large optical nonlinearities exhibited ing realistic values of the nonlinearity and study
by Ill-V multiple quantum well (MQW) materi- its role as a function of its location within the
als I have afforded some optimism in achieving directional coupler. These compounds are im-
large all-optical switching ratios with low portant because they are useful in the region of
threshold power and short device length. By two important communications wavelengths: 1.3
using multiple quantum wells in the coupling as and 1.55pm. To take advantage of the large
well as the guiding regions, Kam Wa et al. was absorptive nonlinearities in these materials, we
the first to demonstrate partial switching between consider the case when the device is operated just
two parallel GaAs/AlGaAs MQW channel below the bandgap; ie., with small detuning be-
waveguides. 2 This device, however, exhibited low the resonance. This contrasts most previous
very high loss. Cada et al. argued that much analysis. In our analyses, we use the beam
better performance in terms of lower loss may be propagation method (BPM) to simulate such a
achieved by placing the MQW nonlinear medium device using realistic values for all the material
in the coupling region only, 3 but the experi- properties. We choose not to use the standard
mental device still exhibited only partial coupled-mode approach since, in the case of
switching.4 Several approaches to solve the negative nonlinearity, the coupling increases with
problem of the nonlinear directional couplers in power and the theory breaks down for large
semiconductors have been proposed and since no coupling. We simulate the response of devices
general exact analytical treatment including ab- using two different placements of the MQW
sorption and nonlinear saturation is available, nonlinearity: in the guiding regions of the two
approximations or numerical simulation must be waveguides and in the coupling region only.
used. In this regard, Caglioti et al. 5 presented a The model for the nonlinear refractive
more complete analytical estimate for the char- index and saturation is assumed to be given by
acteristics of nonlinear directional couplers for n2=nb2 +8X where n is the total complex index
operation above the resonance with large (including absorption), nb is the total complex
detuning. index at very high powers (E----)-), and 8X is the

In this paper, we consider the potential resonantcontributiontothesusceptibility, which,
characteristics of a nonlinear directional coupler for a saturable two-level system can be written
in quaternary Ill-V semiconductor materials us- as 6
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using the method of Born and Wolf9 for the
8X = i__ _ 2 bsa2 calculation of the mean refractive index. This

1+62+q2E2 +l/Isat approach is reasonable in the region where the
where 81 is the normalized detuning from reso- excitonic contribution to the low-power refrac-
nance, q1 and q2 are real constants determining tiveindex can be ignored. With a ratoof the well
the maximum index change and the saturation to barrier thickness of 2.5, the index of the MQW
intensity respectively, and E is the electric field layer is 3.273 for TE modes and 3.267 for TM
amplitude. The approximation is based on the modes. The power dependence for the refractive
premises that index and absorption of these materials are also

not well known. Therefore, we borrow the data
n = no + I + (/I.) from ternary MQW materials expecting the values

1 +(l/In,,,) , for the saturated absorption and refractive index
where no is the low power complex refractive tobesimilar. AccordingtoParketal., I forMQWs
index, Ansat is the maximum complex index in GaAs/AlGaAs, the low power absorption co-
change at the specified detuning, I is the local efficient just below the bandgap is about 1000
intensity, and lsat is the saturation intensity. This cm-1 and the saturated index change is as large as
approximation turns out to be very good since -0.10. AccordingtoMilleretal., 4,10 thelowpower
Ansat is considered to be muzh lower than no. absorption coefficient just below the bandgap is
These constants are related by about 1000 cm- 1, the saturation intensity is about

2n0 Anss(l+82) n 2(l+6 2) 200 W/cm 2, and the maximum change in the
q, = - (t and q2 - 2,+; refractive index is about 2x10 -3.Accepting these

(81+0) values for InGaAsP/InP materials is justified
where r is the free space impedance. For all the since the samenonlinearmechanisms areexpected
modeling in this paper, we assume that 8t=1. Since to be dominant in each case.
the imaginary part of no can be neglected, this Figure 1 shows the first device structure
implies that the imaginary and real parts of Ansat under consideration. It consists of the MQW
are equal. nonlinearity placed only in the guiding regions.

The specific quaternary material system The low-power coupling length lc= 5 3 2km. We
considered in our investigation is InGaAsP/InP
and MQWs made from these materials. Very low
loss was achieved for bulk InGaAsP layers on
lnP by Mcllroy et al. 7 Therefore, for our analy- n P n = 3.21
sis, we consider the absorption and nonlinear 2.51.t i n
index only in the MQW layers and neglect them
in the InGaAsP and lnP layers. The linear indices 0.751t MQW - n=3.273 _

for In1 -xGaxAsyPI-y and InP are well known. 8 L. 1.54m lnP n = 3.21
order to operate at a wavelength of .=1.3 tm,
slightly longer than the bandgap wavelength, we 0.75gin MQW n=3.273
chose the arsenic fraction to bo Y=0.47 and the
gallium content to bex=0. 1894y/(0.4184-0.013v) 2.5gi2. tn InP n =3.21for proper lattice match with InP. This gives an
index of 3.424 for the InGaAsP layers and an
index of 3.210 for InP at the chosen wavelength.
Sirce refractive index data are scarce for MQW Figure 1. Device structure with MQWs in the
layers in these materials, we approximate these guiding regions.



TuG5-3 / 327

25. . . ------ '- 140

- 1000 ".P=1 (W/rn)

" - 2 0 " "1. " 1 2 0

0,'. P=100 100
. P=1000

'E " A ..... P: 10000 -80

>M) 10 L ' 60: 0.001 x '"I

04t. -5 U"5

0'-5" 20
LU

10 -71... I , i 0 1 " 0

0 275 550 825 1100 0 400 800 1200 1600 2000

z (rn) z (PM)

Figure 2. Result of propagation through the device Figure 4. Result of propagation through the device
of figure 1 with an absorption coefficient of figure 3 with an absorption coefficient
of 333cm-. of 1000cm"1.

start with an estimate of the low-power absorp- layers with arsenic fraction ofy = 0.21 whichhave
tion for the MQW regions of 333cm-1, i.e., the refractive indices of 3.310. Taking a more con-
low power refractive index servative estimate for the low-power absorption

x10-3 i. From the data above, coefficient for the MQW region of 1000cm- 1,
n=2 -3.4 Fiue2sfigure 4 shows the cross talk for input powers

Ansat=-2xO -3 . Figure 2 shows the power re-

maining in the excited waveguide versus length over several orders of magnitude and the loss for

along the propagation direction z of the direc- the two extreme cases, calculated using

tional coupler for varying powers over several cross talk = - 10 lo 1 P 2  ]
orders of magnitude. No switching is observed. n(P+P 2 )J

Figure 3 shows the second device struc- and

ture under investigation in which the MQWs are loss= -10 log(Pl+P2)l
placed only in the coupling region and lc=609pLm.Ltin 1F
The waveguides are formed by the two InGaAsP versus propagation length along the device. P1 is

the power in the waveguide excited, P2 is the
power coupled to the other waveguide, and Pin is
the total input power. Partial switching is observed

2.tm InP n = 3.21 onlyforz=c. This result is in excellent agreement
with the experimental results of Cada et al.4 At

I lm InGaAsP n = 3.310 low power, at best only about 3dB cross talk may
be achieved, but at high power, much better

2girn _ MQW -n=3.273- (10dB) switching is observed. Figure 5 shows

the results when the low-power absorption co-
IRm InGaAsP n = 3.310 efficient is 333cm - 1 (all other parameters are

assumed to be the same). In this case, reasonably
21.tn InP n = 3.21 good switching is achieved at z=lc and z=21c. For

this case, figure 6 shows the cross talk versus

power for one, two and three coupling lengths.

Figure 3. Device structure with MQW in the coupling The curve for two coupling lengths exhibits a
region only. better switching fraction and sharper switching

,,haracteristics, but at the cost of increased losses.
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Figure 5. Result of propagation through the device Figure 7. Surface plot of the cross talk versus power
of figure 3 with an absorption coefficient and device length.
of 333cm-1.

These results are in qualitative agreement with if the MQW nonlinearity is placed in the coupling
those of Caglioti et al.5 for positive nonlinearity, region only. For the data we used, based on
This may be contributed to the fact that with the measurements in ternary materials, we observe
nonlinearity placed in the coupling region only, that the quality of the device is marginal at best.
the modes become more guided as the power However, it is a worth while endeavor to measure
increases as in the case with positive nonlinearity the nonlinear properties of these materials since,
in all layers. Finally, figure 7 shows a surface as we (and others) have shown, the characteris-
plot of the cross talk versus power and device tics improve drastically as loss is decreased.
length. From this, it is observed that at either
coupling length the switching characteristics are References:
not sharply dependent on the actual device length [1] S. H. Park, et al., Appl. Phys. Lett., vol. 52,
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A typical Nonlinear Directional Coupler (NLDC) permits

power dependent energy transfer between two adjacent waveguides.

The output of the device can be controlled by the input power

solely for high energy signals. For weak fields NLDC works like a

linear coupler with the output dependent only on the device

design. NLDC working with weak modes and controlled by a strong

field at a different frequency guided by the central region of

the coupler was proposed by Lederer et al. [1)

The coupler considered here has

the geometry of a traditional
parallel NLDC (2] sketched in Fig.l.

Eex i  The central region of the coupler,

where the evanescent fields of two

guided modes overlap exhibits a

I local nondispersive Kerr
A nonlinearity. For weak guided modes

a periodic power exchange between
NL -- Z two waveguides occurs similarly as

B in the linear coupler. The nonlinearB
__ _mode of operation is obtained with

the help of a strong field

incident from outside on the

couplers surface. As a result of the

interaction between the external

Fig.l. Geometry wave and the guided field the

of the problem power dependent changes of a

coupling coefficient are obtained.

The external wave is taken as a strong y-polarized field at

the frequency w propagating in x direction. Its parameters inside

the central region of the coupler are given by

Eex = Eex(z)exp(iwt-iix) + c.c., (1)

where E ex(z) describes the slowly varying amplitude and I is the

propagation constant. The x dependence of the amplitude due to a

self-focusing in the narrow central region was neglected.
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The y-polarized weak field propagating in a coupler

consisting of two identical weakly coupled monomode waveguides
can be represented by a sum of single waveguides modes.

Eg= A(z)EA(x)exp(iwt-i~z) + B(z)EB(x)exp(iwt-i~z) +c.c. (2)
where EA(x), EB(x) and 6 represent the transverse configurations
and propagation constant of the modal fields of guides A and B in
isolation, respectively.

The polarization due to the nonlinear response of the central
region material is

pNL = x(x)E ex Eex2 + x(x)E IEex 2 (3)

where the non-phase matched terms and the terms proportional to
IEg1 2 were neglected. After application of the Coupled Mode
Theory Methods [2,4] to the field propagating along the coupler

the following set of differential equations is obtained:
dA(z)/dz = in(z)A(z) + ix(z)B(z), (4)

dB(z)/dz = in(z)B(z) + ix(z)A(z), (5)
where n(z) = +0+nNIEex(Z)12 and X(z) = x0+X NIEex(z)I2
Constants no , nN , x0 and xN for a symmetric coupler are given by

the following overlap integrals:

no  = W£o [(x)-EA(x)] IEA (X)2dx, (6)

nN = (cOf X(x)IEA(x)I2dx, (7)
X 0  = (JOf CIE(x)-E A(x)]EA (X)EB(X), (8)

XN = wofx(X)EA(x)EB(x)dx, (9)
where EA(x) and B(x) are +I-k' dielectric functions of the

isolated waveguides A and B. Changes in modal overlaps due to the
optical Kerr effect are assumed to be negligible.

The solution of coupling equations (4,5) takes the form:
A(z) = A0 exp(iF(z)]cos[((z) ]  + iBoexp[iD(z)]sin['(z)], (10)

B(z) = iAoexp[i4(z)]sin[p(z)] + B0 exp[iD(z)]cos [(z)], (11)
where O(z)=noz+nNF(z), T(z)=xoz+XNF(z) and F(z)=fIEex(Z)I2 dz.
Constants A0 and B0 are the initial amplitudes.

When the external wave amplitude is constant inside the whole

coupler, Eex(z) = E0 , then F(z)=IE 0
2z, and the solution of the

coupling equations is similar to the results obtained for NLDC
controlled by the wave guided in central region of the coupler

[1]. An increase of the external wave power, accomplished by
changing the value of x can drive the device from the parallel
state (for x=n7T/L the input and output signals are in the same
guide) to the crossed state (for x=(2n+l)/2L the input and output
signals are in different guides). L denotes here a length of the

coupler.
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Numerical results present the solutions of the coupling

equations for the external wave envelope in a form of a gaussian

beam 12=1Eoi2exp(-z 2/R2). The intensity of the field in

the waveguide B versus normalized distance z'=zn/x0 for BO=0 and

for different values of a relative nonlinear coupling coefficient

INL=XNIEo 2/x0  is shown in Fig.2.

I NL=IFig.2.2/' ' ' ' I ' l

t 
/ ,.j - ' " / * i ' k,,,," "

,,- /' ", ,, ' " ," ,

4 -R R

Fig.2. Intensity of the field propagating in the second waveguide
versus a normalized distance z'=znlrx 0  for Rnx0and different

.. . i' / ' .
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Fig'3. Il5
The output intensity in NL
the waveguide B as a
function of the external
wave parameters.



332 /TuG6-4

The output intensity in the second waveguide IB(L/2)1 2 as a
function of the relative nonlinear coupling coefficient INL and

the radius R of the external wave is sketched in Fig.3. Figure 4

presents the output intensity versus the relative nonlinear

coupling coefficient for few different radii. Remembering that

INL is proportional to the external wave intensity it is easy to

see that the minimal switching intensity of the coupler can be
considerably reduced by increasing the radius of the external
wave. This radius can be chosen during the experiment.

R:3 ". I."

1 R:2 ;--

'B(L/2 2 1
1 1y

S3 _ 2 ..
0 INL 0.3

Fig.4. The output intensity in second waveguide versus the
relative nonlinear coupling coefficient for the different radii
of the external wave. Minimal values of I NL sufficient for
switching the coupler are marked.

The final result is that one can switch the weak field in the

nonlinear directional coupler from the guide A to B by changing

the intensity and/or the radius of the strong external field. The

advantage of the operation proposed here is that it can be

realized in a traditional nonlinear directional coupler without

any special preparation.
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Directional Coupler

U. Trutschel, M. Mann, C. Wichter, F. Lederer, L. Leine

Friedrich-Schiller-University
Faculty of Physics and Astronomy

Max-Wien-Platz 1
0-6900 Jena

Federal Republic of Germany

ARROW's (Antiresonant Reflecting Optical Waveguides) attracted a considerable
interest within recent years [11. Contrary to conventional waveguiding the underlying
mechanism consists in phase - matched Fabry-Perot-action rather than total internal
reflection. In this paper we show that the inclusion of the optical nonlinearity into an
ARROW-based directional coupler scheme leads to novel all-optical switching charac-
teristics.
The structure under consideration is depicted in fig. 1. ARROW A and B are separated
by a layer of arbitrary thickness d,. In contrast to conventional directional couplers the
coupling mechanism is nonevanescent (see fig.I). Due to this peculiarity the coupling
length turns out to be a periodic function of the spacing distance do, as we have shown
elsewhere [2].
We describe the nonlinear coupling within the framework of a supermode theory. In fig.
2a the propagation constants of several supermodes are plotted in dependence on the
spacing layer thickness do where one can recognize that either two or three of them apply
to a certain do. The propagation constants of these excited supermodes determine the
coupling length for a given do. (As an example the modes at do = 89.8/im are labeled.)
In dependence of the shape avd the location of the input beam different combinations
of two supermodes can be excited leading to different coupling lengths for a fixed do

(see fig. 2b). This behaviour has serious consequences concerning the nonlinear input-
output- characteristic.
In this paper we will concentrate to an example of a situation dealing with three su-

permodes. When the nonlinearity sets in the supermodes get detuned and couple with
each other. Using the coupled mode theory the output characteristic was investigated
in dependence on the input power for do = 89.80rm as well as dD = 90.001im and

90.20um (in every case three supermodes exist). Consequently we have to consider six

combinations of these three supermodes at the three selected thicknesses. As it can

be recognized from fig. 3a - c the output characteristic looks completely different for

different supermode combinations. Case la reflects the familiar nonlinear switching

behaviour, that is after exceeding a certain critical power (labeled in fig. 3 by little
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arrows) no energy exchange between the two channels takes place. Case lb shows that
a periodic power exchange between the two channels is maintained. Consequently no
critical power exists.
The case 2a shows a qualitatively different behaviour. At first the familiar nonlinear
switching characteristic of a traditional waveguide coupler can be recognized. Surpris-
ingly at higher powers the device returns to a periodic power exchange. That means
that two critical powers exist. The switching behaviour in case 2b is the same like
case 1b, that means no critical power exists.
Case 3a also shows the usual switching behaviour with a relatively high critical power
because there is at lower input powers a very small region with power exchange. Finally,
in case 3b again two critical powers exist like in case 2b. But the region without energy
exchange now is smaller than in case 2b and therefore energy exchange starts at lower
input powers.
We want to emphasize that we are able to compute exactly the critical power(s) at every
thickness do using only the two conservation laws of the coupled amplitude equations.
The switching characteristic depends in a sensitive manner on the spacing layer thick-
ness do and on the combionation of different supermodes at a definite thickness. This
sensitivity could be a possibility in implementing an optical sensing system.
In conclusion we have shown that nonlinear remote switching is achievable in ARROW-
directional couplers without taking advantage of spatial solitons which emerge only for
very strong nonlinearities [3]. Until now the here investigated configuration is not com-
pletely understood but should have some potential in all-optical switching as a qualitative
novel device.
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Figures
Fig. la, b shows geometry, refractive index distribution and field profiles of eigenmodes
of the coupler.
In Fig._2a the real part of the propagation constants of the modes necessary for coupler
design is drawn. Fig. 2b shows the coupling length in dependence of spacing layer
thickness do.
The nonlinear switching characteristics are shown in Fig. 3a - c. In Fig. 3a case 1
(thickness do = 89.8.tm), in Fig. 3b case 2 (d = 90.O/m) and in Fig. 3c case 3
do = 9 0.2um is depicted. In every case excitation of supermodes I and 11 (11 and 111)
corresponds to case a (b).
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All-Optical Switching in Optical Fibre Devices
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A number of fibre based devices have been shown to be capable of performing all-

optical switching. These include, polarisation discriminators M, Mach-Zehnder

interferometers [2, Sagnac interferometers [31 and coherent couplers 141. The crucial

feature common to these devices is the existence of two modes which can propagate

independently in the linear regime. Polarisation based devices and couplers are

described by a simple set of coupled equations which can either be in terms of the

local modes (mode of a single core for the coupler, circular modes for polarisation) or

the global (true) modes (symmetric and antisymmetric modes of the coupler, linear

modes for polarisation). The latter choice exemplifies the connection with the

interferometer based devices since the linear coupling operation is described in terms

of the beating of the true modes in much the same way as the linear properties of the

interferometer are described in terms of the beating between the fields in the two

arms.

In order to achieve all-optical switching it is necessary for the device to exhibit some

nonlinearity. The most successful devices use the intrinsic, although small, Kerr
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nonlinearity of Silica. The modification of the refractive index is described by the

following equation

n = no + n 21 (1)
where n o is the linear refractive index of the guide, n 2 is the Kerr coefficient and I is

the optical intensity. The devices generally work by inducing an intensity dependent

phase shift which alters the interferometric beating to produce an intensity dependent

switching.

Two generic forms of switching are usually considered. Self-switching occurs when the

optical response of the device depends on the intensity of the signal beam (self phase

modulation). This can also be thought of as intensity dependent routing. Cross-

switching occurs when the optical response is cortrolled by the intensity of a control

beam (cross phase modulation). In this case the routing of the signal is determined by

the control beam. Self switching has a major problem when pulsed light is considered.

The optical nonlinearity of Silica responds on femtosecond timescales and for the

most part can be considered instantaneous. This leads to pulse distortion since the

optical response of the device changes with the local intensity of the signal. Solitons

are one possible way to overcome this problem 1'], 161 but restrict the fibre properties

and the required power levels. Cross-switching offers some rather simpler solutions to

the pulse distortion problem. The simplest is to make the control pulse long

compared to the signal pulse so that a quasi-CW control pulse is seen. Another

possibility is to use the group velocity dispersion of the fibre to arrange for the control

pulse to walk through the signal pulse. In this way the signal sees an integrated

control pulse which only places a restriction on the control pulse energy.
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In this talk we will discuss some of the more recent results obtained using cross-

switching to perform all-optical demultiplexing. The demultiplexer is a fibre loop

mirror with a dichroic coupler so that the control pulse propagates in only one

direction round the loop 171. Demultiplexing of signals at 20GHz line rate down to

2.5GHz is demonstrated.

Other recent examples of self-switching will be shown such as a long fibre based

Mach-Zehnder and a many beat length polarisation switch.
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All Optical Gigabit Switching in a Nonlinear Loop Mirror using Semiconductor Lasers
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In a recent paper [] we demonstrated an all-optical demultiplexer using a nonlinear
optical loop mirror (NOLM) in which a signal at one wavelength is used to switch a
signal at a different wavelength [21, [31. The switching signal in that case was generated
from a modelocked Nd-YAG laser at 1.32urn operating at 76 MHz and the switched
signal was a gain switched DFB laser operating at 1.56urn at 1 GHz. The purpose of
this present work is to extend the optical switching into the gigabit regime while, at the
same time, avoiding high power laser systems.

The first target is to reduce the switching power required so that semiconductor lasers
may be used throughout the device. This can be achieved by increasing the length of
the fibre 'oop used in the NOLM. The loop employed in the cur, ent experiment was
6.4 km of standard dispersion shifted fibre and stability measurements showed no
significant drift over an hour. With this loop the peak power required for complete
switching is approximately 160 mW. This means that for example with a lps pulse the
switching power is only 1.6pJ.

The switching signal was generated from a gain switched DFB laser driven at 2.5
GHz. The resulting pLtses were then compressed using 700m of negative group delay
dispersion fibre. The full width half maximum (FWHM) of the pulses was 27ps when
displayed on a fast photodiode(p/d)/sampling oscilloscope detection system.
Deconvolving the detection system response implies a pulse width of -16 ps. These
pulses were then amplified using a diode pumped erbium amplifier which resulted in
an average output power of 20mW. Even allowing for losses in the following couplers
this is sufficient power to provide switching in a 6.4km NOLM.

The signal source was a mode locked diode laser operating at 1.56pm with a repetition
rate of 10GHz. These pulses were interleaved using a fibre Mach-Zehnder to produce
a 20GHz pulse train. The two wavelengths were then combined using a WDM coupler
and launched into the loop. The loop is constructed from a coupler which has a 50:50
coupling ratio for the 1.56rn signal and 100:0 for the 1.53rn switching signal. The
polarisation controllers in the loop allow us to operate the loop either in "reflecting" or
"transmitting" mode I1l. In reflecting mode the loop output is 7t'ro for the 1.56um
signal, in the absence of the switching pulses, and the complete signal is reflected. The
injection of the switching pulses causes the signal pulses to be switched to the output
of the loop. In transmitting mode the situation is reversed and the switched out pulses
are reflected. The output of the loop is connected to a filter which passes the 1.56 urn
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signal and blocks the switching pulses. Tie remaining signal is amplified and detected
on a photodiode then displayed on a sampling oscilloscope. A schematic diagram of
the apparatus is shown in figure 1.

In order to establish the switching width of this configuration the modelocked signal
source was replaced with a cw source operating at the same wavelength (1.56tim).
The 'effective' width of the switching pulse is determined by a combination of the
differences in the group delay between the two wavelengths and the initial pulse width.
The loop was set up in reflecting mode and the width of the pulse switched from the
cw source was measured as 33ps on the oscilloscope which deconvolves to 25ps. The
initial pulse width was 16ps thus indicating a difference in dispersion between the two
wavelengths of 3 ps/km. This establishes that with this set-up we should be able to
demultiplex at up to 40Gbit. ilaving established the suitability of the switching pulse
width the cw source was replaced by the modelocked laser. In order that switching
takes place it is necessary to synchronise the two trains of pulses. This was
accomplished by having an adjustable delay in one arm of the clock pulses which drive
the two sources.

In figure 2 we show the results. Figure 2(a) shows the modelocked, 1.56 "signal" pulse
train at 20 GHz. Figure 2(b) shows the switched output with the loop in 'reflecting'
mode that is a transmission of only those pulses coinciding with the switching pulses
i.e. every eighth pulse. Figure 2(c) shows the result when the loop is set up in the
'transmitting' mode and clearly shows every eighth pulse being switched out. There is
still a small residual component of the switched out pulse. This is because we may not
be quite at the total switching energy. Increasing the amplification of the 1.53 pulses
will result in more complete extinction.

We have shown that the NOLM is capable of switching at the multigigabit rate and
have demonstrated stable operation at the silica loss length ( e.g. 6 km) allowing this
ultrafast all-optical processing to be performed entirely with semiconductor sources.
This device is also capable of a number of nonlinear processing functions including
pulse insertion, wavelength translation, logic and all-optical memory.
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All-optical logic gates have been demonstrated using nonlinear waveguide devices. In such devices,

optical fibers are increasingly used, since their optical Kerr effect is very fast, and their low-loss waveguide

structure allows a long interaction length and relatively low power. For example. an AND gate based on

intensily-depenlent polarization rotation [1]. XOR an(l AND gates based on soliton trapping [2]. a NOR

gate based on soliton dragging [3]. and AND. NOT. XOR. and XNOR gates [1] have been demonstrated in

polarization-mnaintaining fibers.

We propose and demonstrate all-optical logic gates, capable of performing all eight two-input logic func-

tions (ON, AND, OR, XOR, NAN1). NOR, XNOR, INV) in a versatile arrangement. Tile basic component

of the logic gate is a nonlinear Sagnac interferometer based on cross-phase modulation between a signal and

a piump vith two different wavelengths. The configuration is similar to that of Ref. 4.. but in the latter the

ANI) is not exactly gating of two input control beams but just switching of a probe beam by a pump beam.

We place thre V WDM couplers at the center, the beginning, and tlie end of the fiber loop. as shown in Fig.

1(a); as a result, we can truly obtain two-input logic functions.

In the Sagnac interferonet er. the reflected light corresponds to the inverted logic (0) and the transmitted

light is for tle non-inverted logic (0). -Ile out put powers are given by

0 cos 2(- - ), 0 tP, sin(-P ). (I)
2 2

where 1), is lie power of the signal, and AP = QPL is the nonlinear phase-shift difference between tile two

coUntterpropagating signal beams, produced hy the pump pulses; Q is the liber nonlinear coefficient, P. is

Ihe' power of t he pump. and 1. is t lie interact ion lenIgt i. To obt ain the various logic funct ions, high-power

pumps ar, i njected into o1W or two of lIew three possibi , input ports A. B. and C. Table I shows tie inputs

used for pirticlIar fiictiois. and the 'ntries correspond to the nonlinear phase shifts induced by the pumps

it lhe fihr lengths which they travers,. It is assuieid throughout that a logic threshold equal to P.,/2 is

ised at the out puts to make clean binary decisions from the outputs of the interferometer.

lh,' expcirierital set up is sivwil in F1g. 1 b) [or the pump pulse-s. we used a frequency-doubled Nd:YA(;

laser at Ihe wavelengt of 532m. repeatedly Q-. witclid at I-Skllz. producing pulses with 100-200W peak
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Tfable 1: Ph1ase shifts require(] for various functions

power. Pl'se lengths were 15(Jtsec fwhrin. For (lie signal, a CW lie-Ne laser was used, operating at the

waveleng-th of 633nrn. The power-coupling ratio of the WDTM coupler was 99% at 53'2am and 5% at 633nnm.

We' used nornmal sitigle-modle fibers and polarization controllers (PC) instead of polarization-maintaining

fibers, .wich were ised in other Sagnac interferometer logic gates [4]. BSI, BS2, fiber loop, and WDNI

cotipier ctist it ate a Sagiiac jut t'ricromneer. 1352 was used instead of WDMN1 coupler I in Fig. 1(a). We used

a red lilter to separate thle piinip and r lie, signal at the out put of the fiber loop instead of WDIM coupler 3

Ini Fig 1(aI).

III a I% pical experiiiieiit . we adjristtd the( optics, to obtain a higli-cont rast interference pat tern for the CNV

signal anid located t ie PMTI' at th ldark fringe for thie non-inverted logic function (0)). Then we Injected the

punrjII pills's into the inpu~lts A antd B for tile- ANI) arid O1R functions. according to the input truth tables,

and i i'asiirtd the resulting signal out put waveforms. Blocking and injecting the puimp pulses correspond

tn In I hgIc I1 arid A)'. respet vely. For the XOR funct ion, inputs B and C were used, where the net

nionii>.';r phiase Shift (lilt' to ctoit'rclockwisoe (iput B3) and clockwise (input C) pump pulses are subtracted.

lt 1 iniput B3 o r C was tise for tie' O)N furoicionl For I lie invert ed logic fuinct ion (0)). which is the reflected

light ni Fig. l(a).. the PMT' was, located at thre bright fringe.

' le Triodnilated signal ourpits art' shown iii Fig.2. 'Ilre solid line is the theoretical c utput of the non-

inverted logic frunction. aind t lit lashed litr Is tire inverted logic function. Circles and~ squares are the

re tird d;i a at thre dark arid bright fringte, respectivt'lv. The peak pow~ers of thre input pump pulses were

appt *xinuiat.lv 0t 13 W. 0.25 W. i1 3S~ W. arid 0.3s WN for tire AND) (NAND)). OR (NOR). XOH1 (XNOR).

atnd )N (IN V) fuiictionrs. rs'sp'ct ivt'lv Fig, 2) a) sit s thlit ANI) atnd N ANI) fumnct ions withI approximately

a 3:1 logit'lee '1 '/1)' conltrastl r'- 0. a, t'xptctt'd. Fig. 2(h) shows tliet OR anti] NOR functions. W~hen both

itnput , A ;riid B art' [urt'seit, ilut total ioriliritar pliast' shift . Atli. is 17w/3 > 7'/2. arnd this causes the dip at

hIIt' 't'ittr of t'e signal (drt if Ii, ni/ror rise arid tall t itlt of iire Puiimp pulses: thre uise, of squiare p'''1 ip

prlse't" w(1d w.ill1 txil hisii Fig1 '2() tlrws liti NO aid] NNOR fnitct ion. We set, thmat tire tiet notilinrear

phiast' shut is almiiost uiiit't'lt'h,~im ;inqtpro xinilt, 1\ ;Iti.1 contrast ratio. Inn Fig. 2(c) we see the ON and

INW 1,'uu11'rilu "11,1 ('ithir r11ihui 11 11 1 '%was u1sed
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I igtirc I: (a) I'll( basic s,witltc of log-ic g'lates ill: a ogria( Interfromieter. 'I'lle Jower-coliplinlg ratito
&)f \VI)\1 coui;ldri I. ik)W/4 at ill wav"Ilg iil of illo pumlp alid W7 al ilie waveletilgtii of tht siglial. (I1)
lExlerili-ia tc t ulp.

Ilil ii wf.,v have pnr t'"l aii I loi.t rat et all-optical logic gates. capable of perforuirig all eight

I wo-iiijiit Ho ledall hii jitiii. Ill a owlig i igli'-miode (iber Sagiac initerferomiete'r. This noriiiar

ijiterlermii.tr coriigiirat ioul 11;l, "mi :lvkaui ;igs over ot hr previoiisly li'iioist rat II fiber logic gates: it

(Il's not tiiii aliN ohhralrtl1.-m~ih sltpjit lolarizer. Fai-'Prot laud-pas tilter., andi corri'lat or.

gates 'hlliioli (, ra hl ire show boir Ililri'logic fiiict oils. uc ndlg thle AND,) NA NI).OH. anii NOR fiunctiolis.
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AN ULTRAFAST MULTIBEATLENGTH ALL-OPTICAL FIBRE SWITCH

N. Finlayson, B.K. Nayar and N.J. Doran

British Telecom Research Laboratories, Martlesham Heath, Ipswich, IP5 7RE UK

Considerable effort has been devoted to the development of all-optical switches in the last

several years, 1 with a view to using these switches in ultrafast telecommunications. In

spite of having a very low nonlinear refractive index coefficient (n2 = 3 x 10-20 m2/W),

fused silica fibre is probably the best material medium for such switches owing to its

extremely low loss (-0.2 dB/km). A severe challenge in using fused silica fibre is

designing devices that can take full advantage of the low loss property, since the device

length needs to be maximised in order to minimise the switching power. The nonlinear

optical loop mirror (NOLM) has proved to be very effective in this respect, and devices as
long as 9km have been successfully tested by our group. The NOLM operates on the

principle of nonlinear interference between counterpropagating modes of a single fibre. In

this letter we report successful all-optical switching with a device which also allows long

lengths of fibre to be utilised.

Most all-optical experiments have been conducted with devices intended to operate in the

limit where the nonlinear phase shift is of order it whilst the phase difference between the

linear eigenmodes is either of order n or much less. The limit where the linear phase

difference is much larger than the nonlinear phase shift (the multibeatlength limit) has been

neglected, perhaps due to a notion that the behaviour would be degraded owing to random
variations of the device parameters. Telecommunications fibre, however, is an

environment in which two nondegenerate polarisation modes evolve in very stable fashion,

even over many beat lengths.2 Winful has predicted that complete switching is possible in

a multibeatlength fibre. 3 In this paper we present experimental evidence that a

multibeatlength fibre can indeed be used for all-optical switching.

Our experimental apparatus is shown in Fig. 1. A 1.32 lim mode-locked Nd:YAG laser

generating 120 ps pulses (FWHM) at a repetition rate of 76 MHz is used as the source.

The power is modulated by a standard half-wave plate/polarizer combination. A second

half-wave plate allows us to select the azimuth angle of the incident beam relative to the

fibre axes. A standard telecommunications fibre having a length of 1.1 km is the active
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switching element. The polarisation beat length of standard fibers is usually estimated to be
on the order of a few metres, so that we are well into the multibeatlength regime. A fibre
fractional wave compensator is inserted at the end of the fibre in order to compensate for
the fibre birefringence. No stabilisation measures are employed in the experiment. A
rotatable analyser situated at the output performs the polarisation selection function, and
photodiodes are used to measure the device response.

Time-averaged results are shown in Figure 2. Substantial switching occurs at peak powers
of the order of 15W. After the curves have crossed over, flattening of the response occurs,
indicative of the onset of Raman scattering. The switching was observed to be repeatable
and stable on time-scales of an hour or more. The time-averaged observations are
confirmed by time-resolved measurements, shown in Figure 3. At a peak input power of
6W, the perpendicular polarisation pulse is narrowed slightly with respect to the input
pulse, whilst the parallel polarisation pulse is broadened. At 13 W the perpendicular pulse
is narrowed further and the parallel pulse exhibits a pronounced dip. The noisy structure

appearing in the pulse tails has its origins in modulational instabilty seeded by spontaneous
emission. At a higher power of 16 W, the additional influence of Raman scattering
becomes important and strong distortion becomes evident in the pulse tails. The influence
of modulational instabilty and Raman effects was confirmed by removing the analyser and

looking at the output pulse spectra.

These results demonstrate clearly that all-optical self-switching at peak power levels as low
as 15W is possible in a simple device comprised of a half-wave plate, a single weakly-
birefringent telecommunications fibre, a fibre compensator and a polariser. The major
attraction of the device is that long lengths of 'off-the-shelf fibre and components can be

used.
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NONLINEAR POLARISATION EFFECTS IN SELF-SWITCHING NONLINEAR

FIBRE LOOP MIRROR DEVICES

B. K. Nayar. N. Finlayson and N. J. Doran

BT Laboratories, Martlesham Heath, Ipswich IP5 7RE, UK.

SUMMARY

The nonlinear fibre loop mirror (NOLM) has been shown to be a versatile device for all-

optical switching Ill, ultrafast multiplexing/demultiplexing 121, logic applications 131, pulse

shaping 141 and passive mode-locking for fibre lasers 151. Initially, the NOLM devices

were fabricated using polarisation-maintaining fibres due to concerns about polarisation

stability. This can be particularly significant in self switching devices due to differential
nonlinear polarisation rotation arising from the unequal powers in the counter-

propagating signals. However, the use of polarisation-maintaining fibres is not attractive as

coupler fabrication is difficult and a higher loss results when splicing to standard fibres.

Recently, stable operation of a dual-wavelength NOLM ultrafast multiplexer/demultiplexer

has been demonstrated using 6.4 km long standard telecommunication fibre 161. In this

paper we present experimental results on nonlinear polarisation ,ffects in a self-switchin"

NOLM fabricated from a standard telecommunication fibre.

A schematic of the NOLM configuration used in our experiment is given in Fig. I. The

NOLM was fabricated by splicing the ends of a 2.1 km long monomode fibre to a fused

fibre coupler having a power splitting ratio of 66:33. A coupler with a power splitting ratio

of 94:6 was spliced to the input port of the NOLM to enable the measurement of the launch

and reflected powers. A fitre polarisation controller was used in the loop to bias the device

to be reflecting, transmitting or in an intermediate mode in the linear regime. The reflecting

and transmitting ports are designated ports (1) and (2) respectively. A 1.32pim mode-

locked Nd:YAG laser generating 120 ps pulses (FWHM) at a repetition rate of 76 MHz

was used as the source. The input polarisation azimuth angle and power were varied in a

controlled manner to permit investigation of their effects on the NOLM characteristic.

Initially, we biased the NOLM to be in the reflecting mode and measured the transmittance

of ports (I) and (2) as a function of the peak input power. The results are plotted in Fig. 2.
In the linear regme port (2) has a transmittance of about 1,(' which agrees with the

calculated value using the coupler's power splitting ratio. This increases to 7 4c/ for an

input peak power of 3.6 W and is in agreement with the calculated value using an effective

fibre length of 1.92 km (fibre attenuation is 0.37 dB/km), an effective core area of 78 ptma2
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and a total lumped loss of 0.7 dB. For peak input powers in excess of 7.5 W the influence

of Raman scattering becomes significant and results in approximately equal transmittance

from both the ports.

To investigate nonlinear polarisation effects experimentally the fibre polarisation controller

was used to set different linear bias conditions. At each linear bias setting the transmittance

of the reflected and transmitted ports of the NOLM were plotted as a function of the input

power for 10 input polarisation azimuth angle settings at 22.5' intervals. In Figs. 3 (a) -

(e) the transmittances of ports ( I ) and (2) are plotted as a function of the input power for

linear bias conditions corresponding to (a) maximum transmittance, (b) 751% transmittance,

(c) 50% transmittance, (d) 25% transmittance, and (e) minimum transmittance (i.e.

optimally reflecting). It can be seen that when the device is biased in the reflecting mode

(fig. 2 (c)) the nonlinear response is virtually insensitive to input polarisation azimuth

angle. The dev ice exhibits a somewhat greater sensitivity for the transmitting mode bias

setting Mtig. 2 a). For all other linear bias conditions the NOLM response is very sensitive

to input polarisation azimuth angles. Thus if any external perturbations cause the linear bias

conditions to drift from either the reflecting or transmitting modes the device stability will

significantly deteriorate. At the meeting we will discuss the practical implications for self-

switching NOLM devices fabricated using standard telecommunication fibres and provide a

theoretical model for the above experimental observations.
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Fig. I Schemnatic of the experimental setup.
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Billiard Ball Soliton Interaction Gates

M.N. Islam and C.E. Soccolich
AT&T Bell Laboratories

Holmdel, New Jersey 07733

We demonstrate a temporal, conservative-logic interaction gate that can perform AND, inversion and
routing functions. The billiard-ball like logic is based on elastic collisions between temporal solitons in
optical fibers. Fredkin and Toffoli [1] introduced an interaction gate (Fig. la) as a universal, conservative-
logic primitive and discussed a spatial implementation using the collision between billiard balls where the
logic operation corresponds to the locus of the balls (Fig. lb). The fundamental interest in the interaction
gate results from the reversibility of the operation; i.e. the input values can be reconstructed from the output
states. However, conservative, reversible gates may have limited practical value since generally they do not
have logic level restoration (such as in digital gates) and they may not have gain or fan-out.

Solitons can be used to demonstrate billiard-ball models of logic because they are internally balanced
pulses that behave in many way like particles. Because of the typically weak nonlinearity of most materi-
als, we map the spatial interaction gate of Fig. I into a temporal analog ( i.e. different positions correspond
to different time slots), which enables us then to use low energy pulses in long lengths of optical fibers.
Consider two initially separated solitons that are traveling toward each other (having different group veloci-
ties or center frequencies) in a fiber. Gordon [2] has studied analytically the elastic collisions between these
pulses and finds that:

- although details in the interaction region depend on the phase between the two pulses, after they

separate the result is independent of the initial phase;

- the two pulses appear to pass through each other and continue with their original velocities; and

- as a result of the collision, each pulse is phase shifted and displaced so as to increase their original
separation.

Some of these ideas were recently verified by two-frequency soliton experiments [3], although the temporal
displacement was not explicitly studied.

Desired properties of logic gates include cascadability, phase-independent operation, low switching
energy and fan-out or gain. For a cascadable gate the two inputs and the output should be at the same fre-
quency so that the output from one gate can drive an identical gate. Yet, to observe the billiard-ball colli-
sions we need two solitons with different group velocities. We satisfy both of the above criteria by passing
one of the inputs through wavelength dependent optics so as to skew its spectrum. Our cascadable logic
gate has two temporally separated, identical frequency input pulses that are combined along the same polar-
ization using beam splitters. The logic operation depends on the time slot selected at the output, and fan-
out can be obtained if one of the inputs is lower in energy than the output.

We obtain T- 410fsec pulses at X-i.67 lim from a passively modelocked color center laser. The
input is divided into three beams, which correspond to two inputs (A and B) and one reference beam. Input
A is reflected from a dichroic beam splitter with the reflectivity shown in Fig. 2. Since the reflectivity
increases with increasing wavelength, the -10 nm FWHM pulse spectrum appears to shift to longer
wavelengths. The two inputs are recombined along the same polarization with input A (which travels
slower) 4.5T ahead of input B, and the timing and phase between A and B can be further varied using a
delay stage and a piezo-electric transducer on one mirror. The inputs are coupled into a 1090m length of
polariation maintaining, dispersion shifted fiber. From cross-correlation measurements we find that the
pilses travel 7.5 T relative to one another in the fiber, so the walk-off length is I,,, - 145m and the fre-
quency separation is 8X --8T(DxL) = 0.61nm.
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The fiber output is combined with the orthogonally polarized reference pulse and the two are sent to a
cross-correlator. In Fig. 3 we show the cross-correlation for A and B alone and with both pulses incident
(A and B equal to 17pJ in the fiber). We find that either input pulse alone arrives at the output in separate
time slots, and this separation can be further increased by lengthening the fiber. When both pulses are
incident, they collide in the fiber and each pulse experiences a one time displacement of 3.5 t in the direc-
tion it originally traveled. We verified that the interaction is phase independent by varying the piezo-
electric transducer and checking that the pulses still remain well separated.

The logic operation performed depends on the time slot selected at the output. In time slot # I we
observe A-B, which acts therefore as an AND gate. In time slot # 2 we observe A .B: if B is a clock pulse
(B = 1) then time slot # 2 acts as an inverter. Furthermore, if A is a control beam, then time slots #1 and #2
appear as a temporal routing gate for B. We select the time slots centered around B since input B was not
distored by the dichroic beam splitter in this example, and in order to cascade soliton interaction gates the
desired time slot must be the only time slot seen by the next gate. For example, to cascade the AND-gate
we align time slot #1 to the B-input of the next gate. Then, for a 7.5 1,,. fiber the next gate does not interact
with the previous gate's A .B orA .B since they are at least 3.5-t further away.

To test if the interaction gate can exhibit gain, we varied the amplitude of input A and measured the
displacement of B with and without A. In Fig. 4 the dots represent the experimentally measured displace-
ment, and we find that to obtain at least a 2,r shift requires about II pJ of energy, which means that the gain
is only 1.5. To compare theory and experiment, we calculate the predicted displacement from Gordon's
analytic formulas. However, Ref. 2 assumes that both pulses are solitons of the form u = Aisech(Ait),
whereas the inputs to our fiber are of the form u, = Asech(t). Nonetheless, for a lowest order approxima-
tion we can employ Gordon's formulas by replacing the amplitudes Ai by the normalized energies EjIEs,
where E, is the fundamental soliton energy. Using experimental values for the soliton parameters (Z. =
13.14m, E, = 17pJ, AV= 0.1) we generate the solid curve in Fig. 4 for Eb=E,=l7pJ. When Ed=Eb=E, the
agreement between theory and experiment is excellent since both pulses are launched as fundamental soli-
tons. For E. < 5 pJ (A. < 0.5) the pulse is no longer a soliton and it disperses even before the pulses meet:
the experiment diverges from the theory since we cannot obtain complete walk-through with the dispersive
wave. Between 5pJ < E. < 15 pJ the experiment oscillates around the theory probably because of the radia-
tion field ( an input A, sech (t) will radiate for A,* I to form into a solilon of lesser energy). Additionally,
there may be some non-soliton component since the laser pulses are Gaussian rather than hyperbolic secant.

In summary, we have shown that the elastic collision properties of solitons can be used to implement
an interaction gate. For our experimental parameters an AND-gate requires 17pJ pulses, and an inverter
with a gain of 1.5 is possible with a switching energy of I IpJ. Although such a conservative logic gate
may not be "practical," it is of fundamental interest to verify that particle-like properties of solitons can be
used to implement a billiard ball model of logic. If materials with sufficient nonlinear index without exces-
sive absorption become available, it should also be possible to implement an interaction gate using spatial
solitons in slab waveguides.

i11 E. Frcdkin and T. Toffoli. Int. . Theor. Phys. 21, 219 (1982).

121 J.P Gordon. Opt Lett 12. 1038 (1987).

131 SR. Friherg. W. Jiang, Y. Sakai and R.J. Hawkins. in Ultrarast Phenomena VII, C.B. Harris. E.P. Ippen,
G.A. MOUTOU, A.H. ?xweil, eds.. (Springer-Verlag. Berlin, 1990), p. 184.
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Fig. 1. (a) Schematic of an interaction gate and (b) a simple implementation using billiard bails.
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Fig. 2. Reflection coefficient of the dichroic beam splitter that is used to skew the spectrum to
longer wavelengths of one input.
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Fig. 3. Cross-correlation of soliton interaction gate
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Application of Ultrafast Gates to a Soliton Ring Network

C.E. Soccolich, M.N. Islam, B.J. Hong , M. Chbat 2 and J.R. Sauer
AT&T Bell Laboratories, Room 4C-436

Holmdel, N.J. 07733-1988

We describe the application of ultrafast, all-optical logic gates to a soliton-based local or metropoli-
tan area network. The slotted ring network discussed here serves a few hundred users and uses sclf routing
packet switching with a 100 Gbps peak data rate and a 1.25 GHz packet rate. This is a "light-pipe" system
where the data remains in optical format throughout the network, converting to electronics only at the host
and destination nodes. The packet header (or address) is selected and decoded using recently demonstrated
soliton dragging and trapping logic gates [ 1,21, which are long latency, ultrafast fiber devices that satisfy all
cascadability and logic requirements for a digital optical processor. A ring network is one potential appli-
cation of these logic devices that requires only a handful of gates per node.

Our purpose here is to provide an example of a complete system design that uses the features pro-
vided by ultrafast gates in order to discover and address the relevant issues regarding their use in systems.
The design criterion is to exploit the bandwidth of these fast gates while minimizing their number, and to
use them only in the required pipelined, feed-forward architecture. Although the following design may not
be "practical" when compared to existing or contemplated wide-area networks, it is intended to stimulate
consideration of utilizing the bandwidth available from optical fibers by using ultrafast gates.

The hierarchical network is a slotted ring with up to 254 user access nodes, each node spaced by
several gate latencies. In this straw man example we select a trivial protocol: 1) if ForMe then remove
packet and replace with empty packet; or, 2) if Empty and packet queued in buffer, then replace the empty
packet with the new packet. The design focuses on the network access nodes (Fig. 1), where ulLrafast gates
are used to decode the header, which has the same physical format as the data. The code matching logic
module operates at the bit-rate and checks if the header matches the local address or corresponds to an
empty packet, and then provides electronic signal outputs that control a network of routing switches. The
delay in the upper arm compensates for the latency in the logic module. The exchange/bypass network
routes the incoming packet or a new packet, operates at the packet rate, and can be reconfigured in the time
guard band between packets. When the packet reaches its destination, it is demultiplexed or bit-rate down-
converted to speeds accessible by electronic shift registers. An optical phase-lock loop is used to synchron-
ize the local clock to the ring data, and erbium-doped fiber amplifiers are used to compensate for the inser-
tion and splitter losses.

Block diagrams of the code-matching logic modules and the exchange/bypass network are shown in
Fig. 2. The first gate of the code-matching logic module removes the 8-bit header from the packet and per-
forms logic level and timing restoration. The resulting signal is duplicated and forwarded to two separate
selection circuits. The upper AND-gate detects if the packet is empty: an empty packet is assigned an all
one header to maintain clock synchronization. The lower circuit, which consists of an XCR-gate and
another AND-gate, detects if the packet should be read. We select the logic functionality for both circuits
so that the desired output signal occurs only when all eight output bits are zero, making it simpler to set the
threshold.

The exchange/bypass network routes the packet depending on the signals from the code-matching
logic module. If READ is true, then the optical exchange/bypass network routes the incoming picket to the
bit-rate down converter and switches an empty packet on-line. If the EMPTY and QUEUE bits are both on,
the empty packet is replaced with the new packet. Only one input to each routing switch is used to avoid
cross-talk.

Once the optical packet reaches its destination, fast gates must demultiplex the packet information to
bit rates accessible by electronic shift registers. Note that bit-rate dc.,n conversion only requires devices
that can operate at the repetition rate of the bits. Although ultrafast soliton trapping or dragging logic gates
can be used for this function, it may be simpler and cheaper to use 2x2 narrow band devices such as
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LiNBO 3 waveguide switches. Further details on the various modules as well as failure safeguards and the
scavenger network node are described in Ref. [3].

The configuration for the various soliton fiber gates used in the code-matching logic module are
detailed in Fig.3. The soliton dragging strobe gate with gain and timing restoration is shown in Fig. 3a. It
consists of two moderately birefringent fibers (MBF) with an erbium-doped fiber amplifier spliced in the
middle, and the output is coupled to a polarization maintaining fiber (PMF). The clock and incoming
packet input are combined using a polarizing beam splitter (PBS), and the inverted tleader output is
selected using a polarizer (POL). Note that Clock is on only during the tleader portion of the packet and
must be carefully synchronized with the incoming data using an optical phase-locked loop.

A soliton dragging XOR-gate for comparing the Header with the local Code or address is shown in
Fig. 3b. The inverted Code and tfeader are combined using PBS, and coupled into a length of MBF spliced
to a PMF. At the output the two polarizations are separated, delayed to compensate for the linear
birefringence, and then recombined with a PBS followed by a POL placed at 45' . The outputs for both the
strobe gate and XOR-gate are in time shift keyed (TSK) format in which a logical "" corresponds to a
properly timed pulse and a logical "0" to an improperly timed pulse.

The final stage of ultrafast gates are soliton trapping AND-gates that convert TSK outputs to ampli-
tude modulated outputs. The two inputs are combined using a PBS, propagate in a MBF, and then pass
through a narrow band frequency filter (Fig. 3c). Figure 4 shows the frequency spectrum at the MBF out-
put with a single input pulse and both input pulses present. By placing iie filter bandpass on the tail of the
single pulse spectrum, we obtain a large amplitude output only when both pulses are present and temporally
coincident.

By using bit-rate switches and guaranteeing bit-level synchronization, we can implement a "logic
tuner" rather than a physical tuner (as in wavelength division multiplexing). For example, the frequency
filter in a wavelength system is replaced by the local node address, and we transmit to different users by dif-
ferent codings of the header. In this time division multiplexed system each node shares the same physical
representation, which makes tasks such as broadcast simpler. Also, for the time domain case the hardware
in each node can be identical and the architecture is easily adapted to a packet switching environment.

In summary, we describe the access node in a 100Gbps soliton, slotted ring network that exploits the
high speeds available from soliton logic gates. The ultrafast gates are used to select and decode the header
and, hence, permit us to implement a "logic tuner." From this study we find several issues that arise when
trying to implement the soliton ring network:

I. in the 100 Gb/s rdgime, the logic gates must have a switching energy at or below I pJ in order to main-
tain the optical power requirements at reasonable levels;

2. even for a system with just a few ultrafast gates, the logic gates must be cascadable, restoring both
timing and amplitude, for a robust implementation;

3. optical amplifiers with high saturation power, in the range of 0.3 W, arc needed for ultrafast, all-optical
transport systems; and

4. clock extraction and packet injection synchronization at the bit-level are major issues for an ultrafast
network.

I BJ. Hong is with Penn State University, 2 M. Chbat is with Princeton University, and
3 J.R. Sauer is with the Optoclectronic Computing Systems Center at the University of Colorado.

[I1 M.N. Islam, C.E. Soccolich and D.A.B. Miller, "Low-energy ultrafast fiber soliton logic gates," Op(. Lett. 15,909(1990).

121 M.N. Islam, C.J. Chen and C.E. Soccolich, "All-optical Time Domain Chirp Switches," Opt. Lett. 16,484(1991).

131 J.R. Sauer, MN. Islam, and S.P. Dijali, "A Soliton Ring Network," (submitted to J. Lightwave Tech.).
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Figure 3. Schematic representation of soliton logic gates: a) Strobe gate; b) XOR gate; c) AND gate
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Figure 4. Spectral output of a moderately birefringent fiber before the frequency filter in the AND gate: a)
only clock present at input; b) both clack and signal present at input.
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All-optical routing switch with tolerance to timing jitter at 2.5 Gb/s

P. M. W. French*, M. C. Gabriel, H. Avramopoulos, D. J. Di Giovanni, R. E. LaMarche,
H. M. Presby and N. A. Whitaker, Jr.

*P. M. W. French is a Royal Society University Research Fellow on leave from the Physics
Department, Imperial College

AT&T Bell Laboratories, Crawfords Corner Road, Holmdel, NJ. 07733.
Tel: 908-949-1478

All-optical demultiplexing and routing are necessary for the implementation of ultra-high
bit rate time-division multiplexed communications systems. While existing electro-optic
demultiplexers can be operated at extremely high speeds with sinusoidal drive signals [1], there is
much interest in developing systems which can switch out arbitrary patterns of pulses from a data
stream. If the pulses can be completely switched out, these systems could be used in signal
routing applications. The wide bandwidth of all-optical devices based on the nonlinear Kerr effect
in fibers should support this mode of switching at Gb/s rates and beyond. This experiment is a
demonstration of such an arbitrary, all-optical demultiplexer/router which does not require a special
pulse format (e.g. solitons), which is tolerant of environmental changes and which is insensitive to
timing errors between the signal and control pulses. The approach used is not wavelength-
dependent and can be made insensitive to the input polarization states.

The device described here is based on a nonlinear fiber Sagnac interferometer. This has
previously been used in one and two beam switching experiments and specifically as a
demultiplexer [e.g. 2,31. These earlier approaches typically used signal and control pulses at
different wavelengths with WDM couplers/beam splitters to combine and separate them in the
switch. In this experiment, birefringent fiber and polarization-preserving couplers were employed
in a continuous fiber circuit, shown schematically in Figure 1. Employing polarization to
discriminate between the signal and control channels permits the construction of a switch which is
cascadable and which does not place constraints on the wavelengths of the incident signals. Also,
the use of birefringent fiber, rather than non-polarization-maintaining fiber, makes the
interferometer stable against temperature changes which otherwise modify the polarization of the
signal pulses, and spoil the operation of the device. A further advantage of this approach is that the
"slip" or walk-off between the signal and control pulses may be readily adjusted by "cross-
splicing" appropriate lengths of fiber such that the pulses propagate alternately along the fast and
slow axes.

Walk-off between the signal and control pulses results in complete switching of the signal
pulses since they acquire a uniform phase change proportional to the integrated intensity of the
control pulses [4]. In the absence of walk-off, special pulse shapes (e.g. rectangular pulses or
solitons) are necessary to achieve complete switching. Since it is only the integrated intensity that
matters, the control pulses may arrive at any time during a given time window which is determined
by the fiber length and birefringence. Thus the switching is insensitive to timing errors in the
control stream provided that this time window is longer than the pulse duratio" The required
control pulse energy for switching scales with the nonlinear interaction length. This need not be
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limited to one walk-off length since cross-splices in the birefringent fiber can facilitate multiple
interactfons [5]. In the work presented here, a 500 m length of birefringent fiber was used with
three cross-splices, resulting in a slip window of 3 8 0 ps. Walk-off can also be exploited in WDM-
based Sagnac switches [e.g. 6] by taking advantage of group velocity dispersion. This approach,
however, requires a specific matching between the fiber characteristics and the signal and control
wavelengths [3].

coEsselronics2.5 GHz

EDFA EDFA

Fiue .Exeimna configuration.ator

EDFA 9:

reflected 57:43

ra tt etransmitted

out L) C5:50

T controlto

500 mn PMF

Q a crossed-axis splice

Figure 1. Experimental configuration.

In the experiment described here, both the signal and control pulses were of 80 ps durationand were derived from gain switched diode lasers which were amplified in Erbium-doped fiber

amplifiers (EDFA). The signal pulses were amplified to an average power of 10 mW and sent
through the Sagnac loop on one axis of the birefringent fiber. It was possible to make the cross-
splices in the polarization-preserving fiber with a measured average loss of less than 0.03 dB and
the polarization extinction was held at better than 15 dB. The transmitted and reflected signalswere analyzed using a streak camera. The control pulses were amplified to an average power of 80
mW and injected onto the other fiber axis and then removed from the Sagnac loop using fiber
polarizing beam-splitters. Complete switching was observed with a contrast ratio of 75:1 in
transmission.

In order to test the sensitivity of the switch to timing jitter between the signal and control
pulses, the arrival time of the signal and control pulses at the Sagnac loop was varied. Figure 2
shows how the reflectivity of the Sagnac interferometer varied as the relative delay between the
pulses was adjusted. Switching was observed over a time window of 380 ps. The uniformity of
switching observed over nearly the entire bit period is an attractive feature of this device. Figure 3
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shows examples of streak camera traces of reflected signals from which arbitrary patterns of one or
more pulses were switched out of the 2.5 Gb/s pulse stream. Complementary traces observed in
transmission are also shown. The excellent stability of this system was demonstrated by directing
a heat gun onto the 500 m Sagnac loop. No degradation in switching was observed.

The pulses used in this experiment were strongly chirped and their duration was
approximately ten times the bandwidth-limit. In spite of this, excellent switching contrast was
observed - demonstrating that the device does not require soliton or other special pulse profiles
though, of course, these would also switch well. Using shorter pulses or a longer fiber in the
Sagnac loop would reduce the power necessary to switch the device - the scaling being like all
other interferometer switches with the control pulse required to induce a 7r phase change. A simple
scheme has been developed which permits the device to function independently of input
polarization states. Experiments are underway to demonstrate this principle and the results will be
presented.

1.2
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Figure 2. Plot of signal reflection against relative delay of signal and c mtrol pulses. Solid curve
is theoretical prediction.
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Reflected Signal Transmitted Signal

Figure 3. Reflected signal pulse trains from which selected pulses have been switched out,
together with the corresponding pulse trains in transmission.
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Ultrafast, Dual-Path Optical Kerr Demultiplxer
Utilizing a Polarization Rotating Mirror
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1. Introduction

All-optical signal processing attracts much attention to overcome the speed limitations

imposed by the electrical circuits. An all-optical switching scheme using intensity-

dependent refractive index in Kerr media, especially optical fibers, is one of the promising

candidates for processing incoming densely time-multiplexed signals, namely optical

demultiplexing, optical routing, and logic operations. To date, many excellent works on

polarization switching[ I], Mach-Zehnder[2] or Sagnac interferometer switching[31,[4],[5]

have been presented for realizing the above functions.

In polarization switching, one of the problems associated with ultrafast switching is,

however, how to avoid pulse broadening and switching instability due to birefringence in

the Kerr media. Morioka et al utilized cross-splicing of two identical polarization-

maintaning fibers to compensate for the fiber birefringence[ 1,[6].

This paper describes another birefringence compensation technique in which both pump

and signal pulses are reflected at the exit of the switch with their polarizations flipped to a

crossed state, passed through the Kerr medium again so that the signal polarization that

comes out takes exactly the same form as at the input. Utilizing this technique, stable 50

Gb/s switching has been demonstrated using a 1 km PANDA fiber as a Kerr medium.

2. Polarization Rotating Mirror

Figure 1 illustrates some techniques of polarization rotation for flipping polarizations upon

reflection. The most straightforward way would be using a quarter-wave plate and a 100%

mirror or using only 2 X 2 Faraday rotator(Fig. 1 (a)). A more convenient way is, however,

to use a polarization-maintaining fiber pigtailed polarization beam splitter(PBS)with its two

output ports connected to each other so that the polarization of the returning pulse is flipped

to a crossed state. This is done experimentally by minimizing the output power coming out

of the last remaining port. It should be noted that only Faraday rotator can rotate arbitrary
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polarizations by 90 degrees. We employed the PBS scheme as a polarization rotating mirror
to construct an ultrafast dual-path reflective optical Kerr switch.

3. Experimeill

The experimental set-up is illustrated in Fig.2. A 50 Gb/s, 10 ps burst signal was generated
from a 1.307 pm gain-switched LD at 8.7 GHz combined with an optical pulse multiplexer
that consists of PANDA fibers and a polarizer. A pump source was a 1.313 .m CW

mode-locked Nd:YLF laser that outputs a 70 ps pulse at 82 MHz which was compressed to

a 10-15 ps short pulse by a fiber-grating compressor. Pump and signal pulses were
combined and coupled into a 1km polarization-maintaining Kerr fiber(PANDA) by a WDM
coupler with a pump polarization along one of the principal axes of the PANDA fiber and a
signal polarization at 45 degrees relative to the pump. The group delay difference between
the pump and the signal was calculated to be 10 ps, making the round-trip delay 20 ps.

Polarization flipping was conducLed using a fiber pigtailed polarization beam splitter(PBS)
with its two output ports connected to each other so that no lights comes out of the

remaining port. The round-trip insertion loss of the PBS was about 1 dB. Figure 3 shows
how birefringence in the Kerr medium is compensated, eliminating phase perturbations.
Another advantage of this reflective configuration is that one can double the nonlinear
interaction length in the Kerr medium. The outcoming pulses were extracted by a 3dB

coupler placed in front of the WDM coupler and were observed with a synchroscan streak
camera of a 6 ps temporal resolution. The pump pulse is filtered by the WDM coupler.

The switching results are shown in Fig. 4. Figs. 4(a)-(b) correspond to switched and

unswitched parts, respectively. The required switching power was 1.5 W. The switching
crosstalks come from the fact that the crosstalk of the PANDA fiber at the signal
wavelength was rather poor: -16 dB on the average and -13 dB at worst. Optical Kerr
modulation profiles were also observed using a CW signal as shown in Figs. 4(c)-(d).

One can clearly see that the switching width of 20 ps is in good agreement with the round-
trip relative delay between the pump and the signal. A more sophisticated scheme where the
Kerr fiber is connected to the PBS loop is also promising as shown in Fig. 5. Here an
optical circulator is used to eliminate the round-trip intrinsic 6dB loss of the 3 dB coupler.
All laser-diode operation at 1.5 .m is quite possible employing the same configuration.

4. ConclusiQn
All-optical Kerr switching in the reflective mode is proposed and its stable 50 Gb/s
operation has been demonstrated. The scheme utilizes polarization flipping at reflection that
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compensates for birefringence in the Kerr media and upgrades temperature stability. This

reflective scheme could be used for many other nonlinear switching applications to

eliminate phase turbulence incurred in nonlinear media.

5. Acknowledgment:The authors would like to thank Drs.K. Nakagawa, and H.
Ishio for their continuous encouragement.
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Abstract
"Spatial Solitons" are monochromatic patterns exhibiting stable self-trapping above their self-focusing threshold. Self-trap-
ping stability requires the two-dimensionality of the propagating fields. We describe the generation and pro,-,'rties of such
beams in two and three dimensions.

I - INTRODUCTION
Free propagation of monochromatic single mode light beams through transparent bulk materials, the refractive index of
which varies linearly with the optical field intensity (KERR optical nonlinearity) is usually unstable. For instance (figure 1)
and initially smooth beam of Gaussian cross section carrying a high powr P "breaks up" into a random pattern of small
cells, each of them containing about an elementary "critical power Po a X" T 'after a propagation length L =_ (a2 a XPo/P).

where X : laser wavelength in the material ; a : beam
waist size: -r : nonlinear coefficient of the refractivea, [ Lindex variation (n(l) = no +T1.I being the laser illumi-

nation intensity).
, . ,On the contrary "Spatial solitons" are monochromatic
, -. patterns giving high power laser fields a quite stable

, "self-trapping. Such a stability was both theoretical-
"" - ly(l) and experimentally (2,3) demonstrated requiring
0. 0 "the two-dimensionality of the field distributions.

ER 0 Here will be presented

Medium)- ways of achieving two-dimensional "soliton" self-
trapping of intense Laser beams either in planar wave-
guides or even in bulk materials,

Fu interactions of two neighbouring soliton beams,
Figure 1 : unstable break-up ('Imall-Scale self-fo- - light-by-light guiding through a soliton channel, and
cusing) of single mode laser beam well above the discussion of possible applications to al-optical fast
elementary "critical self-focusing power". switching an deflection.

2 - PLANAR SOLITON BEAMS A straightforward way to fulfill the above two-dimen-
sionality requirement is to confine light inside a planar
waveguide, as shown on figure 2. An astigmatic lens

a Z focuses a single mode laser beam (io) with horizontal
2 c( divergence o( , vertical divergencep. wavelength X.

as an elliptical spot of horizontal width a = A/"x, verti-
_ cal width b ---It3. on the input end of a planar wave-

4 guide (G) of thickness b. Due to the optical KERR
nonlinearity of (G) a "fundamental soliton intensity"
to may be found, where the horizontal divergence
falls down to zero inside (G). This intensity corres-

1__U X ponds to exact compensation of the horizontal diffrac-
tion divergence by the intensity-induced self-conver-
gence, It will be seen from figure 3 that this intensity
is to -),/2Ty), corresponding to a total "fundamen-
tal soliton power" Po = lo x a x b = (X2/2T)(b/a). The
effect of the beam confinement inside a thin layer of

Figure 2 two-dimensional self-trapping of a sin- thickness b is clearly to reduce the soliton power, but
gle mode "fundamental" soliton beam. not its intensity.

Exact theory found this stable solution to exist for hyperbolic secant distributions of the field amplitude along the transverse
coordinate x. Real experiments and numerical simulations show that any other smooth single mode amplitude distribution
also gives rise to stable soliton self-trapping, as well as the theoretically ideal shapes. Slight deviations of the effective
beam profiles with respect to their closer hyperbolic secant approximation modulate the soliton beam by noisy patterns of
more and more vanishing weight with increasing propagation length : in the far field, the clean soliton shape will be recove-
red.
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dilfvaclon Hiaher order oloiton beams : at twice, three times,
ifour mes ... the "fundamental" soliton amplitude Aodivergence'ob s

_* ve ec(l other stable beams may also be observed. in_ . _; .,Z agreement with numerical simulations (4) (figure 4a).

d 2. X 2 Z These "higher order" solitons were sequentially genera-
abted under picosecond excitation and analysed with pico-

2 a2  second temporal resolution (5)(6) using the experimen-
X intesi'- tal set-up represented on figure 4 b. The waveguide

induced" length L was taken equal to one half of the soliton per-
() converence iodicity (a2/). Then the streak image l(x.t) showed that

each pattern was stable over a wide intensity range
i . 2 w around its average energy, jumps between two successi-

: _ -ve stable states occuring suddenly, without smooth
transition through intermediate configurations.

Figure 3: at "fundamental soliton intensity", optical delays Recent develgOe : these experiments were perfor-

A and d21' are equal to each other and of opposite signs med in a nonlinear waveguide consisting of a thin single

mode layer of liquid CS, (refractive index 1.6)
Strak filling the space between two parallel silica pla-" catea t  tes of lower refractive index (= 1.5). Such li-

4/- camera. t
, quid waveguides are of little pradical interest

and of difficult use. Recently AITCHINSON
-(a) and coworders (7). at Bell Laboratories

(U.S.A.), demonstrated spatial soliton propaga-

Ltbon through a solid-state planar glass wavegui-
( , -', - de. The low nonlinearity of glass was compen-

---- .- sated by the high peak power (tens of Mega-
0-, watts) of the amplified femtosecond pulses used

9L0  t ( , in this experiment.

(b) Figure 4 :(4a) : compute,..rsolitons at the
first three multiples of the fundamental soliton
amplitude; (4b) : picosecond streak camera
observation of transitions between successive
order soliton beams.

"dark" soiton beams: in case of negative intensity dependence of the refractive index ("defocusing nonlinearity", where

Axs) Ai x) tanh x refractive index decreases while illumination increases), the stable self-trap-

.- ped intensity distributions now taking the place of the previously described
soliton beams are "dark solitons". Their theoretical transverse amplitude dis-

S - tribution is of hyperbolic tangent shape, in the place of the previous hyperbo-
-" x)- I A,×,'! lic secant, giving them a zero intensity along the beam axis.

, -,1tanh 2 Dark sohtons were successively demonstrated by JEROMINEK and cowor-

S..._ isec' kers in Ti : LINbO3planar waveguides (8) and discussed more generally by
* -, BOULANGER and MATHIEU (9). Of course the flat wings of these soli-

tons. of nearly constant intensity up to infinity, thus containing an infinite

Figure 5: "dark soliton" amplitude energy, cannot be generated physically : their approximation by finite width

_m intensity distributions. steps disturbs the quality of soliton propagation ipore and more as the obser-
vation distance z increases.

3 - SOLITON WAVEGUIDES IN HOMOGENEOUS BULK MATERIALS
The two-dimensionality of light fields required for the self-trapping stabilization may be found as well in some anisotropic
intensity distributions as in the above planar waveguides. For instance a field of periodic interference fringes modulating the
cross-section of a Gaussian beam (figure 6) exhibits much more regular and reproductible distortions through a three-di-
mensional nonlinear cell (liquid CS2 in the presented experiment) than the same Gaussian beam, if unmodulated : light
concentrates along narrow lines, of average direction orthoganal to the interference fringes, of average width (a) very close
to the width of a soliton beam carrying the average intensity (1o) of the laser field : a = X (2 To) -1. This is a self-decom-
position of a strongly anisotropic pattern into multiple soliton beams (10). The soliton behaviour of the cells of width (a)was
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confirmed in another simpler experiment reported by
BARTHELEMY and coworkers (2), where energy was

p V:)(2 sin o concentrated into one single of the above cells (figure
I 7). The only care to be taken here was to keep the fringe

~ >..-"'---spacing (p) smaller than the "soliton sheet" thickness
1i) (a): if not, unstable self-focusing develops chaotic stnic-

I tures.

" +. 4  - The oral presentation will also introduce other, yet un-
published soliton geometries in bulk materials.

(KER 0(<, -+_

medium) Figure 6 : regular break-up of a periodic interference

field into multiple "soliton sheets".

4 - GUIDING A LIGHT PROBE THROUGH A SOLITON CHANNEL

Light-induced refractive index gradients generated by
the propagation of soliton beams behave like graded-

(L) 2/?) (L )(L ) index channels inside which other radiations of weak
-+ intensity may be guided as shown on figure 8. The

light-induced waveguide may efficiently perform an
all optical interconnection between optical fiber ends

n -out inserted on each side (A) and (B) of the planar nonli-
,side vie- - x near waveguide.u-naqesi___________________

to w y -(wL) (so l Figure 7 : self-confinement along axis x of a periodi-

cally modulated thin line into a single soliton pattern;
(W) (L2) _L at the soliton intensity to =a (X2/a2) (l/27) self-tapping

guides light inside a refractive index thin sheet of
thickness (a).

5 - INTERACTION OF TWO NEIGHBOURING SOLITON BEAMS

The interest of the above mentioned interconnections
will he greatly extended by the possibility of devia-
ting the soliton axes from their rectilinear trajectories
thanks to mutual interactions between parallel soliton
beams (11, 12) like on figure 9. Clearly this effect

/'-. (A) (B) could be directly applied to fast (picosecond) opto-
-optical switching between fibers inserted at ports A,

2c-,-2 ' -,- 2 X1  B.C, and also tooptical logic operations (13) by just
modulating the phase difference of the two interactig
beams.

6 - LIMITS TO SOLITON BEAM PROPAGA
TION LENGTH

Along the soliton beam path other nonlinear pheno-
Figure 8: single mode guided propagation of a weak mena come in competition with the KERR suscepti-
green "probe" of free space divergence 0t2 through a so- bility. They are essentially the two-photon absorp-
liton waveguide induced by a strong infrared "soliton tion, in the case of sub-picosecond excitation, and va-
pump" of free space divergence (Y1. rious types of stimulated scattering under slower ex-

citation (nano or sub-nanosecond). These disturban-
ces generate strong losses drastically limiting the pro-
pagation length of soliton beams. To our knowledge
the maximum lengths yet achieved were always
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smaller than ten times the soliton periodicity in the

only case of the fundamental soliton beam. Higher
order solitons could never been observed over more

A B than one single soliton period.

Figure 9 two-soliton interaction : (I) in-phase soli-
tons attract each other : when out-of-phase (0). they

repell each other.
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Spatial dark solitons
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Dark solitons [1] have provoked much interest [2-7] since they were first shown to
be particular solutions of the two-dimensional (1+1)-D nonlinear Schrdinger equation
(NSE) with a negative (self-defocusing type) nonlinear coefficient n 2 (see Eq. (1) below).
So far, only (1+1)-D temporal dark solitons (i.e. intensity minimums propagating along a
nonlinear fiber on a quasi-cw bright background) have been observed experimentally [4-
7]. Here we report the first observations [8] of stable spatial structures (e. g., stripes,
crosses and grids) in the transverse cross-section of a cw optical beam propagating in a
material with a self-defocusing nonlinearity, with these structures having a strongly pro-nounced soliton nature - namely that of spatial dark solitons (SDS's). Although no

(2+1)-D analytical solution for dark solitons in the NSE is known to date, our experi-
mental and numerical data with various 2-D amplitude and phase masks provide strong
evidence that the phenomenon observed by us is indeed due to spatial dark solitons.
Furthermore, our results here on quasi-(1+1)-D propagation (see also [8,9]) have shown
excellent agreement with the well known analytical results for (1+1)-D dark solitons [1].
In comparison to temporal dark solitons SDS's are easy to create and observe experimen-
tally, requiring as little as a HeNe laser and some slightly absorbing fluid. Most recently,
one of the authors (D.R.A.) with his coworkers have observed SDS's in pulse radiation in
ZnSe crystals [10]. Various applications of SDS's can be envisioned, such as optical
encoding, limiting, switching and computing, and nonlinear filtering.

Our exploration into SDS's formation [8a] was motivated by the observation of
intriguing nonlinear transformations of far-field (Fraunhofer) diffraction patterns of a
wire mesh placed at the input face of a sodium vapor cell when the laser was tuned at
the self-focusing side of D 2 atomic resonance. In all the cases studied so far with rectil-
inear diffraction screens, the linear Fraunhofer diffraction pattern evolves into various
arrays of square spots as the laser intensity increases. Subsequent measurements at the
output face of the nonlinear medium (in the Fresnel or "near-field" regime) revealed the
formation of very distinct dark stripes which had cause l those novel nonlinear far-field
patterns.

The geometric beauty of the far-field patterns and their stability over a relatively
large range of intensities and driving field frequencies led us to believe that this
phenomenon is not attributed to the specific physics of tue nonlinearity in sodium vapor,
but rather to the simple fact hat the nonlinear compo -lent of refractive index is nega-
tive, i.e. n2 < 0. To verify this, we tried an experiment using another phenomenon
resulting in large values of n2 < 0: the so-called thermal nonlinearity, which can readily
be induced using low power radiation in many slightly absorptive liquids. The results of
these experiments showed not linear far-field patterns amazingly similar to each other
and to those of the sodium vapor experiment. Although the nonlinearity due to the
thermal effect exhibits some Epatial nonlocality, this has not appreciably affected the
observed phenomenon, presumably because the characteristic scale of the nonlocality
was smaller than the soliton size.

The simplest and probably most fundamental wire mesh configuration is a single
opaque "cross". In this c,.se the Fraunhofer pd tern experiences a nonlinear



WC2-2 / 385

transformation into a grid pattern that has essentially the same characteristics as the
3 x 3 mesh case used by us fcr sodium vapor experiment (except that there are fewer
spots), indicating similar nonlinear transformations in both cases. To understand the
observed phenomenon, we modeled the experiment using the (2+1)-D NSE for laser
beam propagation in a nonli iear medium, which was solved by us using numerical
methods. The agreement bet-A !en the experimental and numerical results is remarkable
[8,91.

To identify the phvsical phenomenon which gave rise to the observed far-fiek1 pat-
terns, we studied the specific features of wave propagation inside the nonlinear material.
This was accomplished by examining the near-fleJd patterns at the output face of the
nonlinear material for different lengths of the material, and for various boundary condi-
tions, including a single wire, two parallel wires, two orthogonal sets of parallel wires, a
wire mesh, a single phase jump, multiple phase jumps intersecting at a point, and two
parallel phase jumps [8]. The formation of pronounced dark stripes or grids was a
universal phenomenon for all the cases studied. In general, the width of each stripe
remained almost constant as the thickness of the nonlinear material increased, but
decreased as the laser field strength increased. The number of these dark stripes also
remained constant with propagation distance, even after collisions. These observations,
together with the fact that n2 <0 suggest that the dark stripes are al2atial darkaaliinn
Our investigation also shows that, notwithstanding orthogonal interactions, (2+1)-D
dark soliton stripes behave amazingly similar to the analytical (1+1)-D dark solitons 11l,
i. e., it appears that soliton stripes orthogonal to each other in a cross-sectional plane,
propagate almost independently of each other.

To verify that the observe I phenomenon was indeed attributed to (2+1)-D dark sol-
itons, we investigated [8] the two most fundamental cases: (s) an opaque cross ("ampli-
tude mask", AM) composed of two orthogonal wires, and (ii) crossed phase steps ("phase
mask", PM) constructed with two microscope cover slips (see Fig. 1 (1) and (2)). The
corresponding near-field images are shown in Fig. 1 for a thermal nonlinear material. In
the AM case, the linear Fresnel diffraction pattern (Fig. 1(1,a)) exhibits a gray shadow of
the cross flanked by bright stripes. In contrast, the shadow is completely missing in the
experimental nonlinear profile (Fig. 1(b)); instead, two high contrast dark stripes, that
are separated by a distinct bright region, are formed parallel to both axes of the cross.
In spite of the magnification in size with increasing beam power due to self-defocusing,
the width of the dark stripes actually decreases, as expected for dark solitons. In the PM
case, the linear Fresnel diffraction pattern displays a broad dark cross aligned with the
axes of the phase steps, flanked by diffractive ringing. As the laser power is increased
(see Fig. 1(2,b)), the width of the central cross decreases (even at the intersection) and
does not split into two (as did the shadow of the dark opaque cross in Fig. l(b)). This
also occurs in a (I+I)-D non]Lnear system when the boundary condition is a 7r phase
step, with the central dark stripe referred to as a "fundamental dark soliton"; similarly,
the pattern in Fig. 1(2b) can be regarded as a "fundamental dark soliton cross." Our
numerical solutions for both n, .nlinear cases, shown in Fig. 1(c), again reaffirm that NSE
correctly predicts the observed phenomena.

A strong verification of the soliton nature of the the observed phenomenon was
achieved by comparing [9] ex?erimentally measured parameters with the theory. We
measured the soliton divergence angle, 0, with respect to the optical axis (see inset of
Fig. 2), to determine the soliton characteristic parameter, Xn = 077 1 / 2 (the soliton
amplitude and width also dep 'nd on X,,1), where 77,, = In2 I IE 12 /2no. When a single
wire of diameter, xA, is small :ompared to the beam size, then Xnt is determined by the
equation X,i = cos(2X, 1A) [1], where A =xA n/k/2. The excellent agreement between
the data and theory is shown in Fig. 2. The inset (Fig. 2) illustrates the formation of a
pair of diverging dark solitons for the case of a single wire.
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The far-fie transformati )n of a linear Fraunhofer pattern into a tightly organized
and ordered nonlinear pattern can now be explained in terms of the formation of spatial
dark soliton stripes and grids. This effect occurs, in general, because some spatial-
frequency components of the incident beam are channeled into the formation of solitons,
and thus are not allowed to "radiate" away from the optical axis as in the linear case.

The work at Johns Hopkins was supported by AFOSR, at Iowa by NSF. Computa-
tion was performed at the National Center for Supercomputing Applications and the
Pittsburgh Supercomputing Center.

*Presently an 0. N. T. Postdoctoral Fellow at the Naval Research Laboratory, Code
6546, Washington, D. C., 20375-5000.
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SPATIAL SOLITONS: MUTUAL INTERACTIONS
AND MAGNETO-OPTIC SURFACES

A.D.Boardman and K.Xie

Applied Optics Group,University of Salford
Salford,M5 4WT,UK
Tel: 061-745-5253

1. Introduction
There has been a lot of recent activity on spatial solitons' - 10, including some very in-
teresting work on soliton interactions'0 . The latter work relies entirely upon the linear
theory of rays in a graded index medium. This is a valuable viewpoint but since spatial
solitons are solutions of the nonlinear Schr6dinger equation (NLSE) they appear to lend
themselves particularly well to a particle-like description. Indeed, quite a number of
authors2-7 have adopted this fairly useful analogy with classical mechanics. It is an
approach, however, that embodies a strong simplification arising from the use of the
parabolic form of the Schr6dinger equation. Namely, a paraxial approximation. The
implication for the particle/ray approach is that, for a given direction, only a narrow
cone of rays around it lie within the approximation zone. This is exactly what is
required to consider the strong interaction case. If the chosen direction axis is along a
real interface, for example, then only angles close to grazing instance can be permitted.
This feature of the theory was anticipated a long time ago in a now famous paper by
Kaplan".
2. Calculation details

In this paper two problems are considered using soliton theory in the representation
discussed above, and hence within the usual restrictions. One problem concerns the
mutual interaction of variously polarised spatial solitons with each other and the other
concerns their interaction with magneto-optic surfaces.

The parabolic envelope equation for the complex amplitude, A,, of TE polarised
waves is well-known and is very easily proved to be the NLSE. TM polarised waves are
more problematical and it is much less clear that, under a paraxial approximation, an
envelope can also be derived that satisfies the NLSE. In fact, for a thermal type of
nonlinearity, if the magnetic field component of the TM wave is HY = Aexp(i,8z),
where 6 is a dimensionless wavenumber of propagation along the z-axis, then Al is rel-
ated to an intermediate amplitude A2 which, in turn, is related to an envelope AF. Both
AS and Ap now satisfy the NLSE and the forces Fp, and F. exerted in a mutua inter-
action between a TE and TM soliton are

00

F, =4JIA A2 -- Ap j2 dx (1)

FP = 4J IAP12 1IA. 12dx (2)

where all quantities are dimensionless, x is the coordinate transverse to the propagation
direction z and F. = -FP, assuming that the beams are sufficiently well localised. For a
pair of mutually interacting solitons with equal peak amplitude -/(, and separated by a
distance L = L(z) (dimensionless), the force due to the TE soliton acting upon the TM
soliton is
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Fp . -_,,(4 sech2 (.L) 2 + sech2(-.L))ln 1 + tanh(.AL) -6tanh(XL) (2)
F~=-. 4 tanh4 (-,L) 1(1 - tanh(-,L

from which it can easily be seen that F - 0, as L - 0 and L -- oo. Fp has a minimum
at L - where L is a solution of tan(.,(L) - 0.79018.

TE and TM solitons always attract each other because they have orthogonal polarisa-
tions and make positive contributions to the nonlinear refractive index. If the solitons
move apart then the attractive force rapidly decreases with L. In general, as the soli-
tons move apart from L to L, the force Fp will do work W(L1, L2) where, using the
definitions .9,' = tanh(-2 L1 ), 92 = tanh(.AfL 2 )

W(Lit L1 )=+ 3  f q - -.]n[' + 2

8 ~9 Ll- 9iJ+9 : J
-- 3 J- 2] (3)

gI2 g2 lz

The equivalent potential created by the TE soliton for the TM soliton to move in is
obtained in the limit L2 - oo and the limit of this potential as L, - 0 is simply U(0) =

A soliton with a trajectory that begins with a velocity v1 at position L1 must satisfy
the classical mechanics condition that the kinetic energy plus the potential energy is
constant in a conservative field. Hence, just as in the gravitational field an "escape"

velocity can be defined. In this case it is vo = [-2U(0)] 2 - The significance of

this result is that if the TM and TE beam intersect at an angle e0 > cot- 1 vo they

[2Yf6 0 ]
will separate completely and leave the interaction region. If they intersect at a smaller
angle they will move together with periodic bunching. These conclusions substantiate
the Snyder et al results but from a solito theory point of view.

The analytical work discussed above will be confirmed by extensive numerical cal-
culations that also support the figures attached here. Several types of interactions, TE-
TE, TM-TE, TM-TM, will be reported in which the phase difference between the sol-
itons will be varied and the influence of diffusion will be shown. The interaction
region, in which cross-phase modulation occurs, will be critically examined and some
discussion about relaxing the parabolic approximation will be presented.

A real interface to a soliton is also like a potential to a particle and within this model
the Goos-Hanchen shift can be interpreted as light penetration from one medium to
another. If an incident medium is nonlinear and delivers a soliton, to an interface with
a second, magnetised, medium, then a small Kerr rotation of the polarisation occurs.
The advantage of the particle approach to the nonlinear medium is that the Kerr radia-
tion can be adopted by the expedient of assuming that the polarisation rotation is pro-
portional to the path length of the beam in the magneto-optic medium and that there is
a contribution form the soliton tail. The results of this calculation on comparison with
and exact plane wave theory agree rather well, which is a further justification of the
particle approach.
References
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Transverse Solitary Waves: Observation and Computation
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We present here a spatial instability, free from longitudinal feedback, in which a beam propagating
in one direction in a self-focusing medium breaks up into more and more filaments as the input power
is increased.' These cell-exit patterns (solitary waves) are stable and highly reproducible, showing that
they are seeded by fixed phase variations across the input profile and not by random fluctuations. The
physics of the formation of the solitary waves is the competition between self-focusing and diffraction
leading to the eigenmodes of propagation, i.e., to the solitary-wave solutions of nonlinear Schrdinger-type
equations. Our cell-exit spatial patterns are stable, even though they may jitter a little, and are highly
reproducible as the input power is scanned up and down. By including the small inherent fixed-phase
variations, we reproduced the experimental patterns and bifurcation routes. Consequently, even larger
aberrations were intentionally introduced. The instability nature of this phenomenon is emphasized by
the slowness (on the order of one second) with which the reproducible pattern is regained after the beam
is momentarily interrupted.

The vertically linearly polarized single-mode output of a dye laser is collimated and brought to
a waist at the cell entrance with a maximum of 500 mW reaching the sodium in a 10-cm-long evacuated
quartz cell. Great care was taken to spatially filter the beam, to carefully clean and align the input optics,
and to choose a spot on the cell window with minimal aberration.

The propagation and pattern formation of the input laser beam El is computed in the paraxial and
slowly-varying-envelope approximations:

VT2A, + 2ikaA,/Dz = -aAl, (1)
where

Ej(x,y,z,coj) = AI(x,y,z,co,)exp[i(klz - wit)],
k, = 2mtol/c, and
VT2 = 021x 2 + C /ay2.

The coefficient al(x,y,z), a function of A, and wol, has been integrated over the Doppler velocity
distribution; it includes both nonlinear absorption (gain) and refraction, leading to the pattern formation.
Equation (1) is solved in 3 CPU minutes on a CRAY computer using fast Fourier transform techniques.

The first intentionally introduced aberration was astigmatism induced by using two cylindrical
lenses of focal length 21 cm. The y waist was at the input cell window, while the position of the x waist
(in the absence of sodium) was 8 cm inside the sodium cell. Figure 1 shows the bifurcation sequence as
the laser pump detuning is increased from -0.7 to 7 GHz with laser power of 200 mW. When the
detuning is larger than 4 GHz, the bifurcation process begins what we call the kaleidoscope sequence
where the patterns become quite complicated, perhaps approaching spatial chaos.

The other perturbation was an input-beam convergence (phase -r2), introduced onto the wavefront
by changing the collimation of the light reaching a 30-cm focusing lens. We attribute the slightly non-
circular symmetry of the data in Fig. 2 to small aberrations persisting through the spatial filter, namely
astigmatism and coma, modeled by two asymmetric phase terms and a focus phase term.

In conclusion, we have observed spatial bifurcation sequences as interesting and complicated as
temporal bifurcation sequences observed in other optical systems. They are explained as spatial
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instabilities seeded by intentionally introduced aberrations. In temporal instabilities, the o gain curve
determines which frequencies in the fluctuations will be amplified; selective feedback or an injected signal
is used to encourage particular directions or frequencies. In spatial instabilities, the k gain curve
determines which wave vectors in the fluctuations will be amplified; input-wavefront-phase encoding is
used to accentuate particular wave vectors, resulting in complicated bifurcations as a function of intensity
or detuning. In self-induced transparency, the solitons of pulse propagation have areas of 2n, 4r .... in
order that no energy be left in the highly absorbing medium. The solitary waves here permit a cw beam
to propagate through a highly absorbing medium by forming transparent waveguides in which the
absorption is bleached in the center of each filament. The input-phase encoding breaks the symmetry,
stabilizes the spatial pattern, and makes it possible to study spatial-pattem bifurcations free of time
dynamics.

The authors are grateful for support from the U.S. Air Force Office of Scientific Research and the
Army Research Office, for use of the CRAY computer at Kirtland Air Force Base, and for helpful
discussions with E. Wright and G. Benza.

References

I. For more detail see J.W. Grantham, H.M. Gibbs, G. Khitrova, J.F. Valley, and Xu Jiajin, Phys.
Rev. Lett. 66, 1422 (1991).

2. J.F. Valley, G. Khitrova, H.M. Gibbs, J.W. Grantham, and Xu Jiajin, Phys. Rev. Lett. 64, 2362
(1990).

3. G. Khitrova, J.F. Valley, and H.M. Gibbs, Phys. Rev. Lett. 60, 1126 (1988).

Figure 1. Cell-exit profiles for a pump detuning bifurcation sequence with astigmatism applied to the
input laser beam. Computational patterns (a - d): cc = 24000 cm'; 2X = 540; A ranging from +190 (a)
to +1500 (d); "2 = 2T,; ku = 105, with parameters defined in Refs. 2 and 3. Corresponding experimental
patterns (a' - d').

Figure 2. Cell-exit profiles for a power bifurcation sequence with focus added to the input laser beam.
computational patterns (a - d): ax0L = 24000 cm'; A = +290; 2X ranging from 200 (a) to 580 (e); T2 =
2T,; ku = 105. Corresponding experimental patterns (a' - d'): 8v = 2 GHz; P ranging from 30 mW (a')
to 220 mW (d'); radius of curvature = -3.5 cm and input waist = 76.3 gm for both the experimental and
computational patterns.
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Introduction: A beam of sufficient intensity can be made self guiding in a bulk

mediuml.2.3,. It is intriguing to speculate that such solitary waves could be the building

block for cellmate all optical devices and computing. Here we are concerned with

directing one solitary wave by another. In particular, we show that two solitary waves.

depending on various factors, can attract, repel, remain unchanged in their initial direction

or spiral about each other in a double helical trajectory. Our discussion concerns both

bright and dark solitary waves in Kerr and saturating material.

Theoretical foundation: An isolated soliton of field Vl(x,v) propagates unchanged

along its initial direction, inducing an (axial uniform) refractive index profile n1 (v 1
2 ).

Now consider an identical solitary wave at a large distance from the first. In isolation,

this second solitary wave is characterized by field lp2(xy) and induced refractive index
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protile n,(V22t). When two distant solitary wave propagate together. the field near each

is in general slightly modified because of the tail of the other soliton. This interaction

between the two beams will in general make them move together or apart.

Equivalent refractive index: By several theoretical approaches, e.g. the Lorentz

force of electromagnetic theory or an invariant method, we have shown that the beam

trajectories are identical to those of rays in an effective graded index (axially unifonn

fiber. For beams of circular cross section the effective fibre also has a circular cross

section. The refractive index profile nr) of this fiber depends exponentially on radial

distance r. decreasing from the axis for in phase beams and increasing from the axis for

beams ,Trout of phase. In particular, nor) has the form

n(r) = n+ nttv) -Jl ni f y2dA/ . TdA

where no is the refractive index at zero intensity and the integrals are taken over the

infinite cross section. The radial position r coincides with the beam position. It enters

into eq.( I ) through V, as the center to center beam separation 2r. The analytical results

of this paper are found by substituting nr) of eq.( I1 into the eikonal equation oeqs 1-2S

and 2-20 of ref. 151).

The trajectories of rays propagating in an (axiallv uniform) graded index profile given by

eq.t 1) have been discussed exhaustively in the literature, e.g. review chapters 1 and 2 ,of

ref [5]. We can thus borrow directly from this literature to explain the interaction of

solitary waves.

Solitary waves of planar symmetry: In nonlinear material consider first identical,

in phase, solitary waves of planar cross section and launched at some angle 20 to each

other. These solitary waves act like rays propagating in a graded profile slab waveguide.

The profile n 2(r) has an exponential fall off for large r. A similar waveguide has been

previously studied [chapter 1 of ref. 51. If 0 is less than some critical angle 09 which

depends on n(r), then the solitary waves are 'bound' i.e. they undergo a periodic
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trajectory. In other words, the solitary waves initiaily move together and then apart in a

periodic fashion. If 0 exceeds the critical angle 0. then the solitary waves move apart.

Since the profile nr) has an exponential shape, we know that the period of solitary, waves

with 0 < 0: depends exponentially on beam separation. The further apart the solitar-

waves, the longer the period. Given the initial separation and initial inclination angle. it ;s

clear that solitary waves interaction is characterized by the critical inclination angle 0.. by

the period and by the maximum separation of any given trajectory in analogy to rays in a

graded profile guide (p 13-18 of ref. 15]). The classical equations of geometric optics.

together with eq( I ), are used to find simple expressions for these quantities.

We have been discussing identical solitary waves excited in phase. Solitons excited 1 8O

out of phase must always repel each other, the effect decreasing the further apart the

solitons. The above results for planar solitons can be shown to be the same as those

from the inverse scattering technique in a Kerr law material provided the initial separation

is sufficiently large 6.

Solitary waves of circular symmetry (threshold nonlinearity): Consider next

solitary waves of circular cross section e.g. those in an idealized saturating medium 1 !.

Such waves are known to be stable to symmetrical perturbations 17]. Again we appeal to

the analogv of rays propagating in a graded profile fiber defined by eq.( I , but now the

profile has a circular cross section. The properties of rays in such fibers is well kno, n.

e.g. review ch. 2 of reference [5]. Accordingly. beams are characterized by an angle 0.

inclined to the axial direction z-axis as in planar guides as well as an azimuthal (or

skewness) angle 6O,. If the initial directions of the two solitons are in these same plane

(i.e. 90 = 0) the trajectories are like meridional rays and behave exactly like the planar

solitons described above. However, when the solitons are launched initially skew to

each other, they undergo a helical trajectory. Planar solitons with 6, > 6. diverge but

solitons of circular cross section, launched sufficiently skew to each other, remain bound

to each other in their characteristic double helical orbit.
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Non-identical solitary waves: Finally, we emphasize that the two solitary waves

must be identical to realise the above effects. Well separated beams will propagate

virtually unchanged from their initial direction if they differ slightly from each other. To

see this we invoke the analogy of coupling between parallel guides.

Dark solitary waves: We have been discussing bright spatial solitary waves which

here have a localized region of 'high' intensity with an exponential fall-off beyond. No\&

we consider dark spatial solitons which have a localized region of low intensity

surrounded by a bright region 3 4 .8 .9. Such beams have been studied in a Kerr medium

where they always repel each other with planar symmetry but we have shown that they

have zero interaction in an idealized (step) nonlinearity. We have also shown the

existance of dark solitary waves in 3-D for both Kerr and saturating nonlinearity.
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Recent papers I? claim to have observed spatial solitons in planar waveguides where confiineent is

p)rovidedl in one transverse (y) dimension by a linear refract ive- index difference and in thle orthlogonal (x)
dimiension by self-t rapping due to anl intensity-dependent refract ive-index variation. If thlese experiment s
really do allow nonlinear effects to be observed independently in the x dimension, then the transvers.e
field s hould( take a separable formn as used implicitly in Ref. T We explore the niatuiire and ac cirae v
of t Iiis assumin O beginning withI thle st able, isolated sol it on and( retuiirnming at thle enid to th lenieral
propiagat ion prob len.

'rhe steVady -st ate form oft the isolatevd solitoii call be founid direct ly using ast raightforward variat ioiial
ecl In iq lie'3. We will desc ri be this techique and apply it to planar waveguiides wit h hothb Kerr-I aw allid

sat ur able: iiomlinearities. We also conipare our results with the experimental observat ionis of Aitchiison
et al'2 amid with Iimore det ailed numerical calculations using the finite element niethiod.

Basic Forminlation for thle Steady State

We considler propagation in a step- index, planar waveguide of t hickness 2a withI a nonliiiearity initially,

of Kerr type, so t hat the intensity-dependent refractive index is giveil by

it (.r, Y) = 112(y) + _ 4,2(X, Y)(

where nlo is thle linear refractive iiidex profile. ii is the magnitude of the electric field, a = nii; -w~c
n ,. is thle core index and it, is the nonli near coeffic ient (measured in) 111 2/W%) In lie steadyN St ate. ( lie

himict ion i. satisfies the scalar equation

~k2(nt'o t 3% (2)

whire k is the free-space wavenuinber and( we have assumed that the scalar field is writ ten Ili lie form
F = tjx(, y) exp[i(3z - t)].

Eqn (2) is equivalent to the following problem": find t, so that a mnaximuml~ value is obtainetd for

i IV V, 1~~2 + kn2, + 4(kvnm] dx dy (:)

subject to the const raint

U, 2d.dy = C = -k

3c(o()

where P is t he power in khe wave.

General Resuilts for Separable Fields

Choosing suitable trial functions and adjuistinig their parameters to maximize J produces good approx-
imnations to the exact solution of eqn (2)". If we choose a trial futiction of the separable form

= Az/)Yy/) (5)
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;111, 0i.11.; 0. iTese eqluatiolns vihld it %ery simpile re'latiloniship btwevii ,; andI ,, which sliti~,-

I 1l, althoiughi we. llav tssuiiiitt a sohiitim tin se'paralet formi, tioti hiitarity Vconn iects the to dil i iii'ii'. i~

'Ilist' equti ons pirovide' somie inte'retinlg quialitat ive iniformti olt. We litit t hat the. produict of the.

%lwi- I:1 is a iiiumbetr dteptutitio il ft'e -'xllirit fo~rms, choitsten fir XY andt Y (e'g. U = V 2 fir(

['r ;miisoilattel sltot fi tao imeni'isiuois, e(Int (G) hiolds texactl wv ithi B = I . Gtwtratlv, we.'find thait li,,

pr''..ii't oif Ilit. a'avftgiitle ails to values of H > I .As at r.,'ilt, f lit, wat'gmil. lit';rii ill t hi. x' iirtitita.

iuit l% iiroadi-r lhin flth.ilttii withI the. dgri'. of hriiadliig iecithitig (Ii Oiw 'hlapetof uthe lwain,

Assining Linear Giiling in One Dinitsion

lpniep litit';r terill ll )is much grevtt.'r t han the, tiitlilitur cotitrilmiitn0 tit tihe rifractivt' iiide.x. it

I Iv- frm t(j .. /~, for miaxiiin~g .1 loads toi

:i'ecl~x/y)- 4.1(y ti ((3 31 :1 71l

alict re. = IN"21o(A'V andh A is givet liv by (11 (6;) Witlli B = (.V/. ) .2. ( 'Not ait loti:N"

U' d" i Tinis, if we assinit' that thet field ini thet 11-directticin is uniaffected by tht'

utou1iliuiarity. tdie tlij~IIIIiii Soluitiotn prttvitit'd bty tine variat ionial p~ii'cille is ind(eedi of tih'

sitlitoti fotrm with pairanieters modiified by tin' linear wavt'guiding.

,i-ik. Niijiilaritisan Sltutl'rrativt Elitisniht il lsrla tsfr4lri lh'r'i oi

i-In ill cait' i'Lft wag-ilitai% hig por flit, bran ) i iwill it[N 1xvrnc tii'/W slo1 iith cris Nin

wh irecltion so (t I apil aio of' Y' hi\ii L'ptc is at inrig i~. ltifit, c01.,, wietiuse iit' li.l

ipp oimi o of flici form.i' Li sauato onvx (- xi, stI-rp ti i'ia. a'la.'r'i'ti i'Ir'li

I di~tiii s flllit, wltilltlr tt'ni vif .. t (3).l iAd tilt' cto o ow calculatedt prcets n jiiia aa t ois apirivii

k \c i fit ,I irt, '2 ro glv.' = lit' , rts it, f= a ra55, f .a' 't ant sh w Iit im 2 = 10 ' I W (lituid crs al r . Wiili

tx piti' I t flow, uiov'r- ift'vtls t4,it r'i adte ptre sencertt it ofth cldigiirt' ;I de1 sJtrtcraigi tast's 411

rlogl t'isate ritfri' ivf itirat'x a l fit-ttse ta (fA r'caiila w at'gitihtall tit'lit t pcil.

I raL, itlinlic lih'w'nea trit'sfe- (pr . illt w casilcuation pro~tnceed sini al usiga tu to turite Ittioti
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POWER - 0.01 mW POWER = 0.02 mW POWER - 0.0274 mW
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wavgauide with exponentially saturating nonlinearity. An,,t = 0.03 and othear paramiet.r.

at, for Figure I
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It is well known, cf [1] that the optical Kerr effect can give rise to self -
focusing and is responsible for self phase modulation of optical pulses. The
formal analogy between the phenomena of spatial diffraction and temporal
dispersion of optical pulses was pointed out very early [21. However, only
recently the two aspects have come together in the strong interest which has
focussed on optical pulses propagating under the combined influence of
nonlinearity, temporal dispersion and spatial diffraction 13-71. Of particular
interest is the possibility of generating optical pulses which collapse
simultaneously in space and time due to the inherent instability of solitons in
higher dimensions.

The dynamic interplay between spatial diffraction and temporal dispersion
takes place primarily through the nonlinear self induced phase modulation. It
has been suggested [3, 71 that spatial diffraction leads to spectral features,
which are quantitatively and qualitatively different from those of the
conventional self phase modulation results. In particular it has been claimed
that , under certain circumstances, the blue might lead the red in the super
continuum, thus opening the possibility for pulse compression without
external gratings. However, the analysis used in Refs. [3, 71 is based on the
aberrationless paraxial ray approximation; the standard analytical tool for
investigating spatial self focusing phenomena. This approach which relies on
an expansion of the nonlinearity around the radial center of the pulse,usually
gives qualitatively correct results although the quantitative accuracy is not
always very good, cf. 111. However, the paraxial approximation tends to
exaggerate the wave guide correction to the nonlinear phase shift; under
certain conditions even to the point of giving the wrong sign of the nonlinear
phase. For stationary propagation we have already investigated this short
coming of the paraxial ray approximation and it has been found that very
good agreement with numerical results, qualitative as well as quantitative, can
be obtained using a variational approach [8, 91. In the present work we
analyze the dynamic interplay between nonlinearity and spatial diffraction
through self phase modulation using a variational approach. We find that the
paraxial result indicating the possibility of a change of sign in the regularized
longitudinal phase of the pulse and the subsequent conclusion that the blue
may lead the red is erroneous and only an artifact of the paraxial
approximation.

The starting point of our analysis is the conventional equation for the
envelope of the circularly symmetric scalar electric field, E:
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I-a E (r )-2ik oE + 2 IE1 2E=0

(1)

where r is the radial coordinate, z is the longitudinal coordinate, k is the linear
wave number and the refractive index, n, is assumed to be of the form n = n,+
n-,IEI 2 . For comparison with the results obtained in Refs. 6, 10 we will

investigate Gaussian pulses assuming aberrationless propagation, i.e.

2 r2
E(ujr) = A(u,z) expl- - + i b(z) r

(2)

where u = z/vg - t. Since dispersion is neglected in Eq. (1), time only appears
as a parameter. The time dependence of the diffraction-induced self-phase
modulation is however important for the compression/decompression
characteristics which appear when dispersive effects are introduced.

In the variational approach, as used in applications on optical pulse
propagation problems 18, 91, Eq. (1) is reformulated as a variational problem
corresponding to the Lagrangian, L :

aE 12. aE * E n2 
2  14L=r I- --- ik r( E -E -)--kr E

l, l, n (3)

Using the ansatz, Eq. (2), as trial function in the variational formulation of Eq.
(1), we can integrate the r-dependence explicitly. The variational equations
with respect to A, A, a and b of the reduced variational problem yields a
system of coupled ordinary differential equations. In particular, equations for
the beam width parameter, a, and the phase 0 of the wave (A = IAI exp io)
read:

da Id-2+a -- (P- I)=0
d 2  k2a 3(4a)

i(,3)
a (4b)

where

2 22 2 2
p =n 2k a,AJn= AtEc. a0 = a(O), and A0 = A(O,u) = Eo exp(-u 2/2T 2 ) where T is the

pulse duration. Other pulse characteristics are easily obtained from the
solution of Eq. (4a). We emphasize that the corresponding critical field for self
focusing, E c, is twice as large as the field obtained from the paraxial result and
in fact in good agreement with numerical results, cf. Ref. 9. Under the initial

condition b(0) = 0. da(0)/dz = 0 the solution of Eq. (5) becomes
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a(z) = a. I,1-+ (l-Ip) y2"

I1-3P' arctan(y lN71-7), 0< p<l

I(z)=a I

24 ( I-y4T(5)

where y=z/kao 2 . The solutions given for the functions a(z) and b(z) are
identical to those obtained from the paraxial approximation except for the
definition of p which is a factor of 4 larger in the paraxial case. The solutions
for the phase is also analogous to the paraxial result, but in addition to the
new definition of p, the factor (1- 3 p/ 2 ) corresponds to the factor (I-p'/2) in
the paraxial case, where p' (p'=4p) is the critical paraxial p-parameter. In
particular, this implies that at the critical field (p-4 I and p'-4 1 respectively)
the variational result is 0 = -y/2, in good agreement with numerical results, cf
Ref. [8, 91, whereas the paraxial result reduces to 0=+y/2, i.e. has the wrong
sign.

When the paraxial result for the phase was analyzed in the parameter range 0
< p' < 2, [3, 71, it was found that the regularized phase, Oreg, defined as 0rg=

o(u,z;p) - o(u,z;0) under certain conditions could change sign with distance of
propagation. This would imply that the blue may lead the red in the super
continuum and that e.g. pulse compression without external gratings would be
possible. However, this change of sign does not persist in the more accurate
variational result and must be due to the inherent short coming of the paraxial
approximation. In the variational result the regularized phase always remains
monotonously decreasing and negative, compare Fig 1.

In conclusion, using a variational approach we have derived expressions for
the width, phase and critical self focusing field of optical pulses propagating in
a homogeneous Kerr medium. It is found that the regularized longitudinal
phase does not, as claimed previously, change sign but remains monotonously
decreasing and negative for all values of p, thus invalidating the possibility of
pulse compression without external gratings.

This work was partially supported by the Swedish Board for Technical
Development.
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