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Introduction

The injection locking properties of semiconductor lasers have been analyzed since more than forty years :first, as a way to control the coherence properties of the injected laser, but more recently, as a technique to tailor specific nonlinear dynamics including optical chaos [1], time-periodic self-pulsation [2], and also dissipative solitons in large aperture laser diodes [3]. These nonlinear dynamics found applications in various fields such as: the physical security based on optical chaos, optical sensing, and radio-over fiber communications. Much less studied is the dynamics of a single mode laser diode injected by a multimode laser diode. This configuration has raised recent interest within the context of optical frequency combs. In this Letter, we make an in-depth analysis of single mode semiconductor laser dynamics induced by optical injection of a frequency comb by varying both the injection parameters and the comb properties. The number of the resulting comb modes can be tailored by varying the injection parameters and the initial comb properties (number of modes and the comb spacing).

Results and discussions

We shall discuss the emergence of complex dynamics from the injection locked solution. Figure 1 for example shows a detailed mapping of the parameter region corresponding to time-periodic dynamics in the plane of the injection parameters. The region shaded in blue correspond to the time-periodic dynamics of the slave laser output. Time-periodic dynamics could either correspond to injection locking -in which case the slave laser output power oscillates periodically at the frequency corresponding to the injected comb mode spacing -or to an unlocked dynamic that corresponds to a new comb solution and which we call "comb x" in the mapping. The region shaded in red correspond the non-periodic dynamics of the slave laser which we identify as chaotic dynamics bifurcating from injection locked solution. We are not interested here by the peculiar chaotic properties of the slave laser dynamics but, by the parameter range in which the slave laser shows an optical comb dynamics and the corresponding comb properties. Interestingly, the unlocked comb dynamics of the slave laser extends to a much broader range of injection parameters than the injection locking solution. Figures 1 (a) and 1 (b) correspond to 3comb modes and 7-comb modes injection respectively. The region around zero detuning is the injection locking region. We identify as many injection locking regions as the number of the comb modes; labelled 'IL' in the mapping. In both cases, we observe two regions of unlocked time-periodic dynamics (see regions labelled 'comb1' and comb2 in the mapping). The areas corresponding to the new comb solution extend both with the injection strength and with the detuning. We also notice that when increasing the master laser number of comb modes, i.e., comparing Figure 1 (b) to Figure 1 (a), the areas corresponding to the new comb solution extend more to the negative detuning as the injection strength increases. It is also worth noting that the comb1 region connect to the injection locking region, hence, suggesting that this new comb solution indeed bifurcates from the injection locking solution.

Tailoring the comb properties by varying the injection parameters is better seen in Fig. ~\ref{fig:fig4}, where, we plot the full-width at half maximum (FWHM) of the pulsing dynamics of the slave laser output when varying the injection strength within the parameter range corresponding to the unlocked slave laser comb solution in the two unlocked regions of the Figure 3 (a). The pulse FWHM decreases when the injection strength increases. Figure (b) and(c) then analyze the FWHM of the slave laser pulse output when increasing the injection strength κ. Figure (c) present the FWHM for 3 detuning values of 0.7 GHZ (red line), 0 GHz (blue line) and 0.7 GHZ (brown line) for the case of comb2. In both cases (comb1 and comb2), the FWHM decreases when κ increases. Furthermore, FWHM is smaller for the negative detuning than for the zero or positive detuning. 

Conclusion

In summary, we show that it is possible to generate a broadened frequency comb using injection locking technique.

Increasing the injection strength, the slave laser gets locked, chaotic dynamics is observed. Most importantly, new comb solutions take place in the unlocked time-periodic dynamics. The pulse width of the mode-locked slave laser dynamics is controlled by injection parameters. In particular, the slave laser pulse width decreases when increasing the injection strength and when moving the master laser towards more negative detuning.
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 1 Figure 1 : Numerical mapping of semiconductor laser subject to optical injection with frequency comb for Left: 3 comb modes and Right: 7 comb modes Comb spacing = 5 GHz.
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 2 Figure 2: Control of comb properties. (a) slave laser output in the unlocked comb1 and comb 2 solutions for Δν0=0.2 GHz, κ=0.202 (green) and κ =0.6 (red).(b) FWHM of the comb1 solution when increasing κ. (c) same as (b) for the comb2 solution also comparing the cases for Δν0=-0.7 GHz (red line), Δν0=0 GHz (blue line) and Δν0=0.7 GHz (brown line).