Solitons in nonlinear optics

Heinz Steudel

Arbeitsgruppe “Nichtklassische Strahlung” der Max–Planck–Gesellschaft an der Humboldt–Universität zu Berlin Rudower Chaussee 5, 12484 Berlin, Germany e-mail: steudel@photon.fta-berlin.de

Abstract: A review on the application of soliton theory and soliton-type methods in nonlinear optics is given. We start with reviewing the most popular optical solitons: solitons in an optical wave guide and the 2π-pulses of self-induced transparency (SIT). Then we study the dynamics of stimulated Raman scattering (SRS) and two-photon propagation (TPP, i.e., the combination of two{photon absorption and emission), and we point out structural relations between SRS, TPP, degenerate TPP, SIT, three-wave interaction and second-harmonics generation.

Introduction

Solitons and, more generally, methods related to soliton theory have found a rich variety of applications in optics and, vice versa, a good deal of stimulation for soliton theory originates from nonlinear optics.

This printed contribution differs from the oral version. Instead of filling pages with formulae and derivations which can easily be found in the literature here I will give a short systematic overview together with a list of references. For nonresonant interaction processes only optical fields appear as dynamical variables while the structural properties of matter are hidden in nonlinear susceptibilities or coupling constants. In first- or higherorder resonant interaction processes, however, there is a dynamical interaction between matter and field. Thus nonlinear optical processes may be classified by simply counting the number of participating atomic levels as well as the number of optical waves. Here we consider the dynamics in one space dimension only together with time or, occasionally, stationary processes in two space dimensions.

1. One wave

The propagation of a quasi-monochromatic wave in a medium with Kerr nonlinearity is described by the nonlinear Schrödinger equation [1], and the same holds for a pulse propagating in an optical fiber [2]. Solitons in optical fibers were experimentally found at first by Mollenauer et al. [3]. In a planar waveguide there are spatial solitons in two space dimensions [5] which are described by the nonlinear Schrödinger equation as well. Solitons in fibers and in planar waveguides are very promising to become applied in optical communications [4]. 373

2. Three waves

For the interaction of three fields with three different group velocities a Linear System with 3 � 3 matrices was found [6, 7]. The theory essentially simplifies when two velocities coincide. If two frequencies coincide we arrive at second harmonics generation (SHG). For SHG (with two different group velocities) a linear system exists [8], but there are no solitons. When restricted to real amplitudes SHG reduces to the Liouville equation [9] which is C-integrable, i.e., integrable by change of variables.

3. Two levels and one wave

One wave propagating in a resonant two-level system leads to self-induced transparency (SIT) [10, 11, 12]. In highest idealisation it is described by the old famous sine-Gordon equation. The integrability by inverse scattering or spectral transform method (for short: S-integrability) also holds for the more general Maxwell–Bloch equations including phase modulations and inhomogeneous broadening [13]. The same dynamical system when starting from fully excited atoms describes an amplifier or — when there is no input field — superfluorescence [14–16]. A review on SIT is given in [17].

4. Two levels and two waves

Now let two waves with carrier frequencies ω_1, ω_2 propagate through a medium consisting of two-level atoms with energy separation ΔE and assume that a second-order resonance ω_1 � ω_2 = ΔE/h̄ is fulfilled. For “�” this is stimulated Raman scattering (SRS), and for “+” it is two-photon propagation (TPP), i.e., two-photon absorption and emission [18–21]. The corresponding Linear System as the base for the inverse scattering method was found [22, 23] and N -soliton formulae were established [24]. For TPP with ω_1 = ω_2 we arrive at degenerate TPP or DTPP, sometimes called two-photon self-induced transparency [25, 26]. A soliton in SRS is a pulse at the pump frequency propagating within a long pulse at the Stokes frequency. For SRS restricted to low excitation of the Raman level soliton solutions were established by Chu and Scott [27] and experimentally found by Drühl et al. [28]. Such low excitation SRS is a three-wave interaction that is mathematically equivalent to SIT [29]. In Table 1 a survey on SRS, TPP and DTPP is shown together with some structural relationships to SIT (left) and SHG (right). In the graphs horizontal lines represent atomic levels while vertical lines symbolize field frequencies. In the lower part of the Table the equations of motion are written for two steps of reduction. Real amplitudes means exact resonance and pure amplitude modulation. χ and τ are space and retarded time variables respectively.

5. Three levels and two (or three) waves

For three levels in Λ-, V - or cascade configuration there is a rich field of phenomena [30-35]. S-integrability is established under some restriction for the coupling constants [36–38]. In particular this holds for some type of degenerate SIT where soliton solutions containing internal polarization waves were established [39].

HEINZ STEUDEL 375

6. Four waves

A particular type of 4-wave interaction is mathematically equivalent to SRS [40–42]. Finally we mention a few books covering solitons in nonlinear optics [42–44].

6

  ?

     6

      ?

     ?

      6
         6

         6
           ?
           ?

              6

              6
                ?
                ?

                   6

                   6

                    ?

                     6
                      ?
                      ?

SIT SRS TPP DTPP SHG

ψ_{χτ} = sin ψ φ_χ = sin ψ ψ_τ = sin φ φ_χ = sin ψ ψ_τ = sinh φ φ_χ = sin ψ ψ_τ = e^φ φ_{χτ} = e^φ

ψ_{χτ} = ψ φχτ = sin φ φ_{χτ} = sinh φ φ_{χτ} = e^φ φχτ = φ�

               �

                 �`
   @@

  @@

@@I

REAL AMPLI- TUDES

WEAK EX- CITATION

        HHH

     HHY

  HHH

HY

Table 1. Second{order resonance processes with relationships to SIT and SHG

REFERENCES

[1] V. E. Zakharov and A. B. Shabat: Zh. Eksp. Teor. Fiz. 61 (1971), 118 [Sov. Phys. JETP 34 (1972), 62].

[2] A. Hasegawa and F. Tappert: Apl. Phys. Lett. 23 (1973), 171. [3] L. F. Mollenauer, R. H. Stolen and J. P. Gordon: Phys. Rev. Lett. 45 (1980), 1095. [4] A. Hasegawa and Y. Kodama: Solitons in Optical Communications, Clarendom Press, Oxford, 1995.

[5] S. Maneuf and F. Reynaud: Opt. Commun. 66 (1988), 325.

[6] V. E. Zakharov and S. V. Manakov: Pisma Zh. E. T. F. 18 (1973), 413 [Sov. Phys. JETP Lett.

18 (1973), 243].

[7] D. J. Kaup, A. Reiman and A. Bers: Rev. Mod. Phys. 51 (1979), 915. [8] D. J. Kaup: Stud. Appl. Math. 59 (1978), 25. [9] J. Liouville: J. Math. 18 (1853), 71.

[10] S. L. McCall and E. L. Hahn: Phys. Rev. Lett. 18 (1967), 908; Phys. Rev. 183, 457. [11] G. L. Lamb Jr.: Rev. Mod. Phys. 43 (1971), 99. [12] H. M. Gibbs and R. E. Slusher: Phys. Rev. A6 (1972), 2326. [13] M. J. Ablowitz, D. J. Kaup and A. C. Newell: J. Math. Phys. 15 (1974), 1852. [14] I. R. Gabitov, V. E. Zakharov and A. V. Mikhailov: Zh. Eksp. Teor. Fiz. 86 (1984), 1204 [Sov.

Phys. JETP 59 (1984), 703]; Teor. Mat. Fiz. 63 (1985), 11. [15] H. Steudel: Quantum Opt. 2 (1990), 387.

376 SOLITONS IN NONLINEAR OPTICS

[16] R. Michalska-Trautman: Phys. Rev. A46 (1992), 7270.

[17] A. I. Maimistov, A. M. Basharov, S. O. Elyutin and Yu. M. Sklyarov: Phys. Rep. 191 (1990), 1. [18] H. Steudel: Exp. Tech. Physik 20 (1972), 409. [19] M. Takatsuji: Phys. Rev. A11 (1975), 619.

[20] N. Tan-no, K. Yokoto and H. Inaba: Phys. Rev. Lett. 29 (1972), 1211. [21] H. Steudel: Ann. Physik Leipz. 34 (1977), 409. [22] D. J. Kaup: Physica 6D (1983), 143. [23] H. Steudel: Physica 6D (1983), 153. [24] R. Meinel: Opt. Commun. 49 (1984), 224.

[25] I. A. Poluektov, Yu. M. Popov and V. S. Roitberg: Kvant. Elektr. (Mosc.) 2 (1975), 1147 [Sov. J.

Quant. El. 5 (1975), 620].

[26] N. P. Garayantz, V. S. Grigoryan, S. A. Michaelian, K. B. Petrossian and K. M. Pokhsrarian: J.

Mod. Opt. 38 (1991), 591.

[27] F. Y. F. Chu and A. C. Scott: Phys. Rev. A12 (1975), 2060. [28] K. Drühl, R. G. Wenzel and J. L. Carlsten: Phys. Rev. Lett. 51 (1983), 1171. [29] H. Steudel in D. Levi et al. (Eds.): Self-similarity in stimulated Raman scattering, Les Publications CRM, Montreal 1994, p. 77.

[30] M. J. Konopnicki and J. H. Eberly: Phys. Rev. A24 (1981), 2567. [31] A. Kujawski: Opt. Commun. 43 (1982), 357. [32] S. E. Harris: Phys. Rev. Lett. 70 (1963), 552.

[33] J. H. Eberly, M. L. Pons and H. R. Haq: Phys. Rev. Lett. 72 (1994), 56. [34] R. Grobe, F. T. Hioe and J. H. Eberly: Phys. Rev. Lett. 73 (1994), 3183. [35] A. Kasapi, M. Jain, G. Y. Yin and S. E. Harris: Phys. Rev. Lett. 74 (1995), 2447. [36] L. A. Bolshov, V. V. Likhanskii and M. I. Persiantsev: Zh. Eksp. Teor. Fiz. 84 (1983), 903 [Sov.

Phys. JETP 57 (1983), 524].

[37] A. I. Maimistov: Kvant. El. 11 (1984), 567 [Sov. J. Quant. El. 14 (1984), 385]. [38] L. A. Bolshov and V. V. Likhanskii: Kvant. El. 12 (1985), 1339 [Sov. J. Qvant. El. 15 (1985), 889]. [39] H. Steudel: J. Mod. Opt. 35 (1988), 693.

[40] V. E. Zakharov and A. V. Mikhailov: Pisma Zh. E. T. F. 45 (1987), 279 [Sov. Phys. JETP Lett.

45 (1987), 349].

[41] A. A. Zabolotskii: Phys. Rev. A50 (1994), 3384.

[42] R. Meinel, G. Neugebauer and H. Steudel: Solitonen — Nichtlineare Strukturen, Akademie Verlag, Berlin, 1991.

[43] A. C. Newell and J. V. Moloney: Nonlinear Optics, Addisson-Wesley, Redwood City, 1991. [44] F. Abdulaev, S. Darmanyan and P. Khabibullaev: Optical Solitons, Springer-Verlag, Berlin, 1993.