Frequency Dynamics of Gain-Switched Injection-Locked Semiconductor Lasers

J. Dellunde, M.C. Torrent^�, J.M. Sancho and M. San Miguel^�

Departament d’Estructura i Constituents de la Matèria, Facultat de Física, Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain.

∗ Departament de Física i Enginyeria Nuclear, EUETIT, Universitat Politècnica de Catalunya, Colom 1, E-08222 Terrassa, Spain. ∗∗ Instituto Mediterráneo de Estudios Avanzados IMEDEA (CSIC-UIB), Campus Universitat de les Illes Balears, E-07071 Palma de Mallorca, Spain

Abstract The frequency dynamics of gain-switched single-mode semiconductor lasers subject to optical injection is investigated. The requirements for low time jitter and reduced frequency chirp operation are studied as a function of the frequency mismatch between the master and slave lasers. Suppression of the power overshoot, typical during gain-switched operation, can be achieved for selected frequency detunings.

1 Introduction

Gain-switched pulses from single-mode semiconductor lasers are used in a variety of applications. In optical communication systems working at high bit rates, narrowband spectra under fast current modulation and low time jitter at the detection end are required [1]. Several mechanisms have been designed to provide such characteristics, including mode locking to an external cavity [2], optoelectronic feedback [3], self-seeding [4] and optical injection [5, 6]. Optical narrowband injection, usually from a similar master laser, seems to be the most promising technique for controlled, low jitter, single frequency pulse generation from laser diodes. While good performance of the injectionlocked lasers at moderate injection levels was early demonstrated [7, 8, 9], only more recently the possibility of injecting a considerable amount of light into the active region of the laser structure has allowed to obtain extremely high repetition rates in the pulsed operation, with narrow spectra and wide eye openings [10, 11, 12, 13].

The frequency dynamics during the turn-on of a solitary semiconductor laser was considered in [14, 15]. In that case, the evolution of carrier and photon populations is decoupled from the phase evolution. The instantaneous frequency follows the carrier dynamics through the linewidth enhancement factor α, responsible for both the linewidth broadening which appears in steady-state operation and the frequency chirp observed during current modulation of the laser diode. The dynamics of an optically injected semiconductor laser is far more complex than that of a free-running laser, because the relevant variables intensity, phase and carrier number are nonlinearly coupled. Instabilities can occur even when the master and slave frequencies are perfectly matched, due to the depressed carrier number induced by optical injection. The DC biased slave laser exhibits several behaviors depending on the injection level and the frequency mismatch between the two lasers, including steady-states [16], periodic self-oscillations [17], chaotic output [18, 19, 20], low-frequency fluctuations [21], four-wave mixing and frequency conversion [22], among others. The steady-state, in which the slave laser is frequency locked to the master laser, has received particular attention [16, 23, 24]. Injection-locking phenomena in semiconductor lasers are currently under active research [25, 26, 27] due to their potential applications.

Our aim is to provide a framework where the frequency dynamics of the optically injected laser can be elucidated, in the strong dynamical conditions following the laser switch-on. Attention is focused on the ability of the slave laser to lock at the master frequency. The paper is organized as follows. In section 2, a transient potential for the field components is introduced which is useful to understand the frequency dynamics during the first stages of the light intensity build-up. The relaxation of the slave output to a possible steady-state and the conditions for which the power overshoot and the frequency chirp can be efficiently suppressed are studied. The timing information is analyzed in section 3, where strong links between the turn-on time statistics and the frequency dynamics appear. Finally, some general conclusions are drawn in section 4.

2 Frequency dynamics

Under optical injection, some amount of the output power launched from a master laser enters the cavity of the slave laser at the laser facet with reflectivity R_2. When a singlemode semiconductor laser is considered, the field rate equations for the amplitude of the optical field and the carrier number in the active region of the slave are [28] dE dt = 1 + iα 2 [ g(N(t) − N_0) 1 + s|E(t)|^2 − γ ] E(t) + k_mE_me^{iΔωt} + (1) + √ 2βN(t)ξ(t) dN dt = C − γ_eN(t) − g(N(t) − N_0) 1 + s|E(t)|^2 |E(t)|^2 (2)

The optical field E(t) is normalized in such a way that |E(t)|^2 gives the photon number inside the laser cavity. Typical numerical values assigned to the parameters are listed in Table I. The random spontaneous emission processes are modeled by means of a complex Gaussian white noise term ξ(t) of zero mean and correlation < ξ(t)ξ^∗(t^′) >= 2δ(t − t^′). We allow for a frequency mismatch between the master laser, with angular frequency ω_m, and the solitary slave laser, with angular frequency ω_s. This frequency mismatch is considered in the field rate equations through the frequency detuning Δω = ω_m − ω_s. k_m is the parameter controlling the injection strength. The injected field E_m is affected by power losses arising from filtering, mode matchings and other effects different to the losses introduced by the laser facet and are considered through the coupling losses parameter η_{ext}, which is always lower than one. The injection strength k_m is then given as k_m = 1 τ_L √ 1 − R_2 √ R_2 η_{ext} (3) where τ_L is the slave cavity roundtrip time. Inputs from a far above threshold biased master laser are considered, so that E_m can be reasonably taken to be constant. Injected fields with a finite linewidth generally lead to reduced efficiencies [29]. When the phase or amplitude dynamics of the optical field is under study, equation (1) can be split in two equations. The optical field is written as E(t) = R(t)e^{i[Δωt+u(t)]} in (1) to give dR dt = 1 2 [ g(N − N_0) 1 + sR^2 − γ ] R + k_mE_m cos(u) + 2βN R + √ βNξ_R(t) (4) du dt = α 2 [ g(N − N_0) 1 + sR^2 − γ ] − Δω − k_mE_m R sin(u) + √ βN R ξ_u(t) (5)

u(t) is understood as the residual phase during locked operation, because the frequency component Δω has been substracted from the field evolution. Amplitude and field noises have zero mean and a time correlation given by < ξ_i(t)ξ_j(t^′) >= 2δ_{ij}δ(t − t^′).

Strong injection is considered, and the particular injection level used in this work is I_L = (E_m/R_{so})^2 = 0.04 (R^2_{so} is the light intensity of the solitary slave in the on state). The final state depends on the driving current C_{on}, the master field amplitude E_m and the frequency detuning Δω. Steady-states exist inside a locking range given by detunings |Δω| < Δω_L, where

Δω_L = k_mE_m R_s √ 1 + α^2 (6)

In these steady-states, the laser oscillates at the same frequency of the master laser, and the slave laser is said to be locked. The steady-state values R_s, u_s and N_s are obtained by setting to zero the corresponding time derivatives. At low injection currents only one steady-state solution exists, which is identified as the off solution. Three solutions exist in general, two on solutions and one off solution. Only one of the two on states is linearly stable. Small perturbations to the steady-state values R_s, N_s and u_s are considered in order to investigate the linear stability of the solutions. The stability matrix for the solitary laser gives three eigenvalues. One of them, corresponding to the phase perturbations, is zero, and the other two are conjugate complex numbers. For the slave laser, two eigenvalues of the stability matrix, λ_1 = −Γ_s + iΩ_s and λ_2 = −Γ_s − iΩ_s, are conjugate complex numbers. The third eigenvalue, λ_3, is a pure real number. Γ_s is the damping constant of the relaxation oscillations, with angular frequency Ω_s. When Γ_s is positive and λ_3 is negative, the steady-state is stable under small perturbations. The ensemble of frequency detunings inside the locking range which lead to stable steadystates is called stable locking range. The inclusion of gain compression effects in the stability conditions reveals that gain saturation contributes to an increase of the stable locking range, effectively suppressing relaxation oscillations. Additional damping and, as a consequence, further stability can be obtained with a careful selection of the frequency detuning. The criteria for detuning selection are illustrated in figure 1. The locking range extends beyond 60 GHz. Negative detunings beyond −35 GHz show negative real parts of the three eigenvalues, leading to stable steady-states. The eigenvalues of the solitary laser are included as solid lines. Detunings exceeding −40 GHz lead to damping factors significantly higher than those of the solitary laser.

In the present section, the interest is concentrated on the relaxation to a steadystate following a gain-switch. The laser is initially below threshold with an injection current C_b. The laser is suddenly switched on by means of an increase of the driving current to C_{on}. In our numerical simulations, C_{on} is 2.1 times above its threshold value, C_{th}. Different turn-on situations are analyzed based on the previously described detuning ranges. The nonlinear equations describing the laser switch-on are numerically simulated by means of a first-order Euler algorithm, with an integration time step of 0.01 ps. The bias current is taken to be C_b = 0.9C_{th}. The results are presented in figure 2. The intensity, phase and carrier number time evolutions at detunings of −30 and

-60 GHz are included, and compared to the same evolutions without optical injection. Intensity and carrier number are normalized according to the steady-state values of the free-running slave laser. The solitary laser exhibits large overshoots following the switch-on, with a peak power five times above the steady-state output power. The field phase is rather erratic and displays a fast dynamics up to the final steady-state. The injected laser with a frequency detuning of −30 GHz shows periodic oscillations because the chosen detuning lies just outside the stable locking range. The reader will observe, however, that the laser is initially locked before the switch-on time. The off solution is stable for low injection currents. The laser gets unlocked as time goes on because the light intensity grows up, and the locking range is reduced accordingly (see equation (6)). With a detuning of −60 GHz, the final state is stable and with a strong damping of any small fluctuation. Strong damping during gain-switched operation is evident as well in figure 2c, where the power overshoot is almost completely suppressed. The frequency dynamics is rather simple in this case. Both initial and final states have well-defined locked phases u_s, different in general to each other. The phase dynamics undergoes a smooth transient between the two states, pointing to the fact that the laser is effectively locked. Only a residual instantaneous frequency shift remains as a result of the smooth transient. We stress the fact that a careful examination of the steady-states, available by means of standard analytical calculations, is able to predict the more complicated nonlinear dynamics of the laser and the suppression of relaxation oscillations, which involve the numerical simulation of modified stochastic rate equations. The possible suppression of the relaxation oscillations is also shown.

The locking process during the laser turn-on can be understood by means of a potential for the components of the optical field, valid during the transient. This potential requires the change to a new reference frame E(t) = G(t)e^{iϕ(t)} ϕ̇ = α 2 g(N(t) − N_{th}) (7)

where N_{th} = N_0 + γ/g and G(t) = G_1(t) + iG_2(t). During the transient and before reaching a significant output power, light saturation is not operative and then one can take s = 0 in the field rate equations. The nonlinear terms in the carrier evolution equation can be neglected as well. Under these reasonable assumptions, the carrier dynamics can be independently solved to give

N(t) = C_{on} γ_e + 1 γ_e (C_b − C_{on})e^{−γet} (8)

Then the time evolution of the field components G_1(t) and G_2(t), can be expressed in terms of the potential

V (G_1, G_2, t) = − 1 4 g(N(t) − N_{th})(G^2_1 + G^2) + (9) + k_mE_m (G_1 cos[Φ(t)] + G_2 sin[Φ(t)])

with Φ̇ = Δω − ϕ̇ and the time evolutions of the field components turn out to be dG_i dt = − ∂V (G_1, G_2, t) ∂G_i (10)

where i = 1, 2. Let’s closely examine this last expression. Without optical injection, the extremal values of the potential correspond to a state with a vanishing intensity. Below threshold there is a potential minimum, showing that the laser is stably turned-off because of a negative net gain. The stability is lost as time goes on and the carrier number approaches its threshold value, as identified with an increasingly small potential curvature. The transition occurs at the threshold time, when a maximum in the potential appears and the zero-intensity state becomes unstable. At this stage, any fluctuation in the photon population originated from spontaneous emission is able to trigger the laser switch-on. In this case, ϕ(t) is nothing else but the instantaneous emission frequency of the solitary laser [30]. It is evident from equation (7) that the linewidth enhancement factor α linearly couples the frequency to the carrier number.

The previously presented picture completely changes in the presence of optical injection. Stable states with a non-vanishing intensity can appear even below the threshold of the solitary laser. The time at which the instability occurs is shifted with respect to the threshold time of the solitary laser. The most remarkable result is, however, the rotation with time of the potential extrema in the complex (G_1, G_2) plane, with an angular frequency given by Φ̇ = Δω − ϕ̇ (see equation (9)). The injected field is able to compensate the α-driven frequency shift appreciated in the solitary laser and lock the slave laser emission to the master frequency. In this way, efficient frequency locking even under strong dynamic conditions is predicted. Nevertheless, we point to the fact that noise and phase matchings to the steady-states can suppress this perfect locking in some extent.

In what follows, a more systematic study of the locked operation during the whole transient is presented, following the method in [14] in order to get a statistical description of the frequency dynamics. In single-mode lasers, in spite of their single frequency behavior, a broader spectrum in comparison with the steady state operation can be measured. This broadening is caused by the carrier-induced frequency shift through the linewidth enhancement factor α. In the gain-switching process the definition of the field spectrum requires a given time window. The interest is focused on the transient buildup of intensity, so that the final steady state should be avoided when evaluating the spectrum. As a compromise, a time t_f after the first optical pulse of the solitary laser is considered for the time window of the FFT. The transient averaged field spectrum is then defined as S(w) = 1 C_s ∫ t_f 0 < E(t)E^∗(0)e^{−iωt} > dt (11) where C_s is a normalization constant giving ∫ +∞ −∞ |S(w)|^2dw = 1 (12)

The normalized field spectrum S(w) allows the calculations of relevant parameters, as the mean frequency < ν >= ∫ +∞ −∞ ω 2π |S(w)|^2dw (13) and the mean spectrum width

< Δν >^2= ∫ +∞ −∞ ( ω 2π − < ν > )2 |S(w)|^2dw (14) < Δν > is the dynamic equivalent of the linewidth in steady state operation. It is usually called mean frequency chirp or simply chirp. In our numerical simulations the time window of the FFT is set to t_f = 280 ps and the averages are taken over 10^4 turn-on events. We say that the laser is dynamically locked when the slave mean frequency is the same as the master frequency and the chirp is significantly lower than the solitary laser chirp. Both criteria have to be met to elucidate the transient frequency locking. The range of detunings giving rise to transient locking define the dynamical locking range.

Similar definitions of the dynamical locking range were reported in previous works [12] for current modulated laser diodes. Some results are presented in figure 3. Frequency locking is identified as a straight line in the mean frequency versus detuning curve. In the chirp versus detuning curve a plateau is observed, with a chirp as low as 10 GHz (the solitary laser chirp value is around 40 GHz). In the present example, the dynamical locking range goes approximately from −70 GHz to 30 GHz. As in steady-state operation, this locking range is asymmetric and favorable to negative detunings. The low carrier population, induced by a high intensity level, leads to a preferred emission at reduced frequencies. The reader will appreciate that the dynamical locking range is broader than the stable locking range (about 25 GHz). This remarkable fact is a result of the whole turn-on process, which include stages of low intensity and thus allows wide locking regimes (see equation (6)).

3 Jitter and dynamical locking

In this section, the turn-on time statistics is analyzed in terms of the results obtained in section 2 on the frequency dynamics. In the solitary laser, the turn-on is triggered by spontaneous emission random events, which lead to an important dispersion of turn-on times and to a broadening of the corresponding probability density function (PDF). The variance in the PDF of turn-on times can be considerably reduced when the turn-on process is triggered by a deterministic seed instead of the random noise. This reduction of jitter in the presence of a weak optical fiels was analytically studied in [5]. The results were reported as a function of the frequency detuning between the master and the slave lasers. For large detunings, both the mean turn-on time and the time jitter turned out to be the same as for the solitary laser, while small values of the detuning parameter led to reduced values of that quantities. The lower values corresponded to a master laser completely tuned to the slave emission frequency, and symmetrical detunings around the zero value gave the same results for the PDF of turn-on times. Experimental verification of this behavior as a function of the frequency detuning has been reported in agreement with the theoretical results [31, 32]. Additional experimental observations were a linear increase in the SMSR and pulse broadening, specially noticeable at high injection levels.

Under strong injection conditions the analytical approximations in [5] lose their validity. An alternative method was developed in [33] for lasers with a simpler dynamics (class-A), but the more complex dynamics present in semiconductor lasers prevents its direct implementation. Nonlinear effects arise in the turn-on of the optically injected slave laser when large frequency detunings are forced. A typical example is depicted in figure 4a, where a relatively high peak power prepulse appears before the final optical pulse has developed. A detuning of -70 GHz has been used just outside the negative side of the locking range, and the nonlinear effects are enhanced accordingly. As we mentioned in the previous section, if a detuning value inside the stable locking range is selected, a smooth transient occurs and prepulses are avoided.

The formation of these prepulses can be a source of large variances in the PDF of turn-on times if the reference intensity is chosen to lie near the prepulse intensity peak. This effect is illustrated in figure 4b, where the PDF is shown to be double-peaked. On the contrary, choices of the frequency detuning inside the stable locking range give rise to a lower time jitter than for the solitary laser. The long tail in the PDF of turn-on times typical of semiconductor lasers without optical injection, consequence of a turnon triggered by noise, completely disappear when a master laser is used to seed the slave. Strong optical injection forces the laser to reach the reference intensity before the carrier number has crossed its threshold value, so that the performance of the slave laser is similar to that of a semiconductor optical amplifier.

Nonlinear effects can also be appreciated at lower values of the injection level (I_L = 0.001). The results concerning the mean turn-on time and time jitter are in figure 5 as a function of the frequency detuning, at different reference intensities. The modified rate equations have been numerically solved and averaged over 10^4 turn-on events. The frequency detuning that gives a minimum in the mean turn-on time curve is generally shifted to negative detunings. Considerable reductions in the time jitter values, up to a 80 % those of the solitary laser, can be achieved by selecting positive detunings.

The choice of several reference intensities gives significantly different turn-on time PDFs. This is a known effect also present in class-A lasers subject to strong light injection [33] and is a consequence of the non-exponential growth of the light intensity during the laser turn-on. Peaks in the time jitter appear at selected detunings. In these turn-on events the light intensity crosses its reference value with an almost vanishing time slope, leading to a higher dispersion of turn-on times driven by noise-induced fluctuations.

4 Conclusions

The frequency dynamics of optically injected single-mode semiconductor lasers has been studied during the laser turn-on. A transient potential for the components of the optical field has been introduced which qualitatively describe the transient locking process. A simple linear stability analysis provides relevant information to characterize the relaxation of the gain-switched laser to a steady-state. Transient locked operation is appreciated inside a dynamical locking range of detunings where the mean frequency of the slave laser is that of the master laser. The mean frequency chirp can be as low as a 75% its numerical value in the free-running slave laser. This dynamical locking range is broader than the stable locking range. In addition, relaxation oscillations in the laser turn-on can be selectively suppressed .

The optically injected laser operates as a low time jitter source. A 80% reduction in the numerical value of jitter can be achieved if carefully selected values of frequency detuning and reference level are used. In order to obtain the above-mentioned performance, the master laser must be biased above threshold in CW operation.

These conclusions are of practical importance when injection-locked lasers are used as light sources in intensity modulated communication systems, where the direct detection requires a low time jitter.

5 Acknowledgments

The work was supported by the program Human Capital & Mobility, Refs. CHRX- CT93-0331. Work also supported by Comisión Interministerial de Ciencia y Tecnología,

Project PB93-0769-C02-01 (JD,MCT and JMS) and PB94-1167 (MSM).

References

[1] G.P.Agrawal, Fiber-Optic Communication Systems, New York: Wiley (1992).

[2] L.N.Langley, K.A.Shore and J.Mork, Dynamical and Noise Properties of Semiconductor Lasers Subject to Strong Optical Feedback, Optics Letters 19 (1994), 2137-2139.

[3] J.Dellunde and M.C.Torrent, Optoelectronic feedback stabilization of current modulated laser diodes, Applied Physics Letters 68 (1996), 1601-1603.

[4] M.Schell, W.Utz, D.Huhse, J.Kässner and D.Bimberg, Low jitter single-mode pulse generation by a self-seeded, gain-switched Fabry-Pérot semiconductor laser, Applied Physics Letters 65 (1994), 3045-3047.

[5] M.C.Torrent, S.Balle, M.San Miguel and J.M.Sancho, Detection of a weak external signal via the switch-on time statistics of a semiconductor laser, Physical Review A 47 (1993), 3390-3395.

[6] H.Scholl and H.Burkhard, Ultra High Repetition Rate Optical Pulse Generation by Continuous Light Injection into a Continuous Wave Operated Distributed Feedback Laser, Japanese Journal of Applied Physics 34 (1995), L1358-L1361.

[7] R.Hui, A.D’Ottavi, A.Mecozzi and P.Spano, Injection Locking in Distributed Feedback Semiconductor Lasers, IEEE Journal of Quantum Electronics QE-27 (1991), 1688-1695.

[8] C.Lin, J.K.Andersen and F.Mengel, Frequency chirp reduction in a 2.2 Gbit/s directly modulated InGaAsP semiconductor laser by CW injection, Electronics Letters 21 (1985), 80-81.

[9] N.A.Olsson, H.Temkin, R.A.Logan, L.F.Johnson, G.J.Dolan, J.P.Van der Ziel and J.C.Campbell, Chirp-Free Transmission Over 82.5 km of Single Mode Fibers at 2 Gbit/s with Injection Locked DFB Semiconductor Lasers, Journal of Lightwave Technology LT-3 (1985), 63-67.

[10] P.A.Andrekson, N.A.Olsson, T.Tanbun-Ek and M.A.Washington, High Power Semiconductor Laser Injection-Locking at 1.3 μm, Journal of Lightwave Technology LT-10 (1992), 903-907.

[11] S.Mohrdiek, H.Burkhard and H.Walter, Multigigabit/s standard fibre transmission by injection-locked directly modulated lasers, Proceedings of the COST Workshop 94 on Optical Telecommunications, 91-94.

[12] S.Mohrdiek, H.Burkhard and H.Walter, Chirp Reduction of Directly Modulated- Lasers at 10 Gb/s by Strong CW Light Injection, IEEE Journal of Lightwave Technology LT-12 (1994), 418-424.

[13] J.Wang, M.K.Haldar, L.Li and F.V.C.Mendis, Enhancement of Modulation Bandwidth of Laser-Diodes by Injection-Locking, IEEE Photonics Technology Letters 8 (1996), 34-36.

[14] S.Balle, N.B.Abraham, P.Colet and M.San Miguel, Parametric Dependence of Stochastic Frequency Variations in Gain Switching of a Single-Mode Laser Diode, IEEE Journal of Quantum Electronics QE-29 (1993), 33-41.

[15] S.Balle, M.Homar and M.San Miguel, Statistical properties of the spectrum of light pulses in fast pseudo-random word modulation of a single mode semiconductor laser, IEEE Journal of Quantum Electronics QE-31 (1995), 1401-1409.

[16] R.Lang, Injection Locking Properties of a Semiconductor-Laser, IEEE Journal of Quantum Electronics QE-18 (1982), 976-983.

[17] J.Ye, H.Li and J.G.McInerney, Period-doubling route to chaos in a semiconductorlaser with weak optical feedback, Physical Review A 47 (1993), 2249-2252.

[18] V.A.Lodi, S.Donati and M.Manna, Chaos and Locking in a Semiconductor Laser Due to External Injection, IEEE Journal of Quantum Electronics QE-30 (1994), 1537-1541.

[19] J.Sacher, D.Baums, P.Panknin, W.Elsasser and E.Gobel, Intensity instabilities of semiconductor lasers under current modulation, external light injection, and delayed feedback, Physical Review A 45 (1992), 1893-1905.

[20] T.B.Simpson, J.M.Liu, A.Gavrielides, V.Kovanis and P.M.Alsing, Period-doubling route to chaos in a semiconductor laser subject to optical injection, Applied Physics Letters 64 (1994), 3539-3541.

[21] K.B.Dedushenko and A.N.Mamaev, Burst noise in an injection-locked semiconductor-laser, Optics Communications 96 (1993), 78-80.

[22] J.M.Liu and T.B.Simpson, Four-Wave Mixing and Optical Modulation in a Semiconductor Laser, IEEE Journal of Quantum Electronics QE-30 (1994), 957-965.

[23] F.Mogensen, H.Olesen and G.Jacobsen, Locking Conditions and Stability Properties for a Semiconductor Laser with External Light Injection, IEEE Journal of Quantum Electronics QE-21 (1985), 784-793.

[24] I.Petitbon, P.Gallion, G.Debarge and C.Chabran, Locking Bandwidth and Relaxation Oscillations of an Injection-Locked Semiconductor Laser, IEEE Journal of Quantum Electronics QE-24 (1988), 148-154.

[25] H.Li, T.L.Lucas, J.G.McInerney, M.W.Wright and R.A.Morgan, Injection Locking Dynamics of Vertical Cavity Semiconductor Lasers Under Conventional and Phase Conjugate Injection, IEEE Journal of Quantum Electronics QE-32 (1996), 227-235.

[26] M.C.Espana-Boquera and A.Puerta-Notario, Noise effects in injection locked laser simulation: Phase jumps and associated spectral components, Electronics Letters 32 (1996), 818-819.

[27] T.B.Simpson, J.M.Liu and A.Gavrielides, Small-Signal Analysis of Modulation Characteristics in a Semiconductor Laser Subject to Strong Optical Injection, IEEE Journal of Quantum Electronics QE-32 (1996), 1456-1468.

[28] J.Dellunde, M.C.Torrent, C.R.Mirasso, E.Hernández-García and J.M.Sancho, Analytical calculations of switch-on time and timing jitter in diode-lasers subjected to optical feedback and external light injection, Optics Communications 115 (1995), 523-527.

[29] J.Dellunde, M.C.Torrent, J.M.Sancho and M.San Miguel, Transient dynamics of a laser under a fluctuating weak external field, Optics Communications 109 (1994), 435-440.

[30] S. Balle, F. de Pasquale, N. B. Abraham and M. San Miguel, Statistics of the transient frequency modulation in the switch-on of a single mode semiconductor laser, Physical Review A 45 (1992), 1955-1966.

[31] D.S.Seo, H.F.Liu, D.Y.Kim and D.Sampson, Injection power and wavelength dependence of an external-seeded gain-switched Fabry-Perot laser, Applied Physics Letters 67 (1995), 1503-1505.

[32] D.S.Seo, D.Y.Kim and H.F.Liu, Timing jitter reduction of gain-switched DFB laser by external injection-seeding, Electronics Letters 32 (1996), 44-45.

[33] J.Dellunde, M.C.Torrent and J.M.Sancho, Effect of large injected fields on the transient dynamics of a laser, Optics Communications 102 (1993), 277-280.

Table I: Semiconductor laser parameters

Parameter Meaning Value g differential gain 5.6 10^4 s^{−1} γ losses 4 10^{11} s^{−1} γ_e inverse carrier lifetime 5 10^8s^{−1} N_0 transparency value for the carrier number 6.8 10^7 β spontaneous emission rate 1.1 10^4s^{−1} α linewidth enhancement factor 5 s gain compression factor 0.7 10^{−6} τ_L cavity roundtrip time 7 10^{−12} s R_2 facet reflectivity 0.32 η_{ext} coupling losses 1

Figure captions

Figure 1: Eigenvalues of the stability matrix. Imaginary (a) and real (b) parts. The solid lines correspond to the eigenvalues of the solitary laser.

Figure 2: Time traces of the normalized intensity, normalized carrier number and field phase after the laser switch-on. (a) Without light injection. (b) With light injection and a detuning of -30 GHz. (c) With light injection and a detuning of -60 GHz.

Figure 3: mean frequency (stars) and mean frequency chirp (circles) as a function of the frequency detuning.

Figure 4: (a) Time trace of the normalized intensity after the gain-switching using a detuning of -70 GHz, outside the locking range. (b) PDF of turn-on times for the solitary laser (long dashed line), and optically injected lasers with detunings of -60 GHz (short dashed line) and -70 GHz (solid line).

Figure 5: Mean turn-on time (above) and time jitter (below) at two reference intensities (I_L = 0.001). The percentages refer to the steady-state intensity of the solitary laser. Separate points at zero detuning correspond to the values of the solitary slave laser.