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Abstract:

We present a simultaneous measurement of the route to chaos of the optical intensity and carrier density as the feedback strength is increased in an external cavity semiconductor laser (ECL). The intensity is measured with a high-speed photodetector while the carrier dynamics is obtained through a measurement of the dynamic voltage across the laser diode injection terminals. Both measurements demonstrate a route to chaos that stems from the undamping of the relaxation oscillation and provide confirmation of the predictions of the Lang and Kobayashi model concerning the routes to chaos In an external cavity laser (ECL) setup, a laser diode is place in front of a mirror and the reflected light is coupled back to the active region of the diode. The high speed and the complexity of an ECL have been widely investigated as a prototypical high-dimensional ultrafast dynamical system. An ECL with high tunability of the parameters is also well suited for a test bed for fundamental studies of nonlinear optics as well as for applications such as light detecting and ranging (LIDAR) [1], optoelectronic oscillator [2], high-speed random number generation [3][4][5], and reservoir computing [6].

Here, we present a simultaneous measurement of the dynamic optical intensity I(t) and the carrier density of our ECL system. We monitor the time-dependent voltage V (t) across the injection terminals of the laser diode under constant-current J injection as a surrogate for the latter. We verify that the dynamics exhibited by V (t) is indeed chaotic and of comparable dynamical complexity as that of I(t) by means of the largest Lyapunov-exponent (LLE) analysis. The basis for our observation is that for small signals, V (t) is proportional to the inversion N(t) in the gain medium, as was pointed out in Refs. 7-9. The dynamics of N(t) and I(t), in turn, are closely linked, as is understood, for example, on the basis of the Lang-Kobayashi equations [10]. The experimental setup is shown in Fig. 1. The single longitudinal-mode edge-emitting InGaAsP multi-quantumwell DFB LD emits at 1550 nm with free-running threshold current J th = 29.8 mA. The experimental feedback strength η is determined by the relative angle between the polarizer and the quarter-wave plate (QWP), whereas η = 1 corresponds to maximum feedback strength η max (∼16 % of the optical power that is coupled back onto the collimating lens). I(t) and V (t) are both captured by a real-time oscilloscope whose cut-off frequency is 12 GHz. Figure 2 shows the simultaneously measured bifurcation diagrams (BDs) for V (t) and I(t) which indicate the dynamical regime of the ECL [12]. Each BD is obtained by plotting the density of local extrema of the corresponding time series as the η is increased. In the BDs, the density is high in white but low in black. BDs have been obtained recently for the optical I(t) alone [11], but this is the first time the sequence of bifurcations of an ECL is observed simultaneously for both variables.

In conclusion, we have demonstrated that voltage V (t) and optical intensity I(t) have similar characteristics which allow us to investigate various routes to chaos. Both signals experience torus and period-doubling bifurcation, periodicity windows, and intermittent behavior which are experimental evidence of high-dimensional dynamics.

  OCIS codes: (190.3100) Instability and chaos; (250.5960) Semiconductor laser.

Fig. 1 .

 1 Fig. 1. Experimental setup. LD: laser diode, OSC: oscilloscope, BS: beam splitter, OI: optical isolator, PD: photodiode, P: polarizer, QWP: quarter-wave plate.

Fig. 2 .

 2 Fig. 2. (a) Voltage V (t) and (b) optical intensity I(t) bifurcation diagrams (BDs) for J = 70.12 mA and L = 42 cm as feedback strength η is increased.