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Bound Pulse States in a Multiple-Quantum-Well Laser Subject to Delayed Optoelectronic Feedback

Positive time-delayed optoelectronic feedback in a multiple-quantum-well semiconductor laser diode is found to produce pulsing at loop-delay repetition rate for injection current slightly below threshold following a subcritical Hopf bifurcation. Doublepulsing, clustering, and intermittent states are reported to appear at higher injection currents confirming the presence of a bound state. In summary, the experimental observations confirm the existence of three distinct regimes in the laser dynamics with delayed optoelectronic feedback; two are dominated by either the external loop characteristics or by the field-matter coupling of the laser itself, while the third regime demonstrates various mixed-mode dynamics.

Introduction

Broadly speaking, the self-pulsing behavior of laser diodes (LD) with OEF has been widely investigated [START_REF] Damen | Optoelectronic regenerative pulser[END_REF][START_REF] Tang | Chaotic pulsing and quasi-periodic route to chaos in a semiconductor laser with delayed opto-electronic feedback[END_REF][START_REF] Lin | Nonlinear dynamics of a semiconductor laser with delayed negative optoelectronic feedback[END_REF][START_REF] Lin | Harmonic frequency locking in a semiconductor laser with delayed negative optoelectronic feedback[END_REF]. In particular, the pulse-train repetition (rep) rate has been observed to be a subharmonic of the relaxationoscillation frequency fRO [START_REF] Tang | Chaotic pulsing and quasi-periodic route to chaos in a semiconductor laser with delayed opto-electronic feedback[END_REF][START_REF] Lin | Nonlinear dynamics of a semiconductor laser with delayed negative optoelectronic feedback[END_REF] or, under specific conditions, at frequency fτ = τ -1 with τ the loop delay [START_REF] Damen | Optoelectronic regenerative pulser[END_REF] as well. The intermittent timescale of the erratic dynamics between the previous two regions is reported to originate from the high-pass filters in the electronic loop in [START_REF] Al-Naimee | Chaotic spiking and incomplete homoclinic scenarios in semiconductor lasers with optoelectronic feedback[END_REF]. Dynamical behaviors have been mainly studied for restricted ranges of injection current J, specifically ~1.4Jth to ~1.6Jth, for which the rep rate depends primarily on the internal construction of the laser [START_REF] Tang | Chaotic pulsing and quasi-periodic route to chaos in a semiconductor laser with delayed opto-electronic feedback[END_REF][START_REF] Lin | Nonlinear dynamics of a semiconductor laser with delayed negative optoelectronic feedback[END_REF][START_REF] Lin | Harmonic frequency locking in a semiconductor laser with delayed negative optoelectronic feedback[END_REF]. A chaotic spiking from an incomplete homoclinic scenario to a saddle-focus appears between a steady-state and a periodic self-oscillation with respect to the injection current, and it is further explored in terms of feedback strength and cutoff frequency in Ref. [START_REF] Al-Naimee | Chaotic spiking and incomplete homoclinic scenarios in semiconductor lasers with optoelectronic feedback[END_REF]. Nevertheless, the generation of pulsed structures in lasers usually results from a balance between nonlinear dispersion and diffraction effects, as has been multiply demonstrated for the variety of mode-locked pulses. In this work, we experimentally demonstrate the existence of pulse multiplets in a LD configuration formed by positive optoelectronic (OE) feedback (OEF).

Experiment

A single-mode DFB multi-quantum-well (MQW) InGaAsP LD (3SP Technologies-1953LCV1) with a threshold current (Jth) of 20 mA is used for this experiment (see Fig. 1). The feedback loop is composed of an optical and an electronic path, creating a total delay of 32.9 ns. The electronic path, consisting of a photodetector, amplifiers, and a bias tee, has an approximately flat transfer function from 10 MHz to 12 GHz. Pump current J of the LD is self-modulated with a feedback signal injected through the bias tee (BT). The optical isolator (OI) is inserted to prevent any back reflection to the LD. The feedback originates from the photodetector (PD), which is amplified in the amplifier cascade (Amps) and attenuators (Atten) before feeding it to the radio frequency input arm of the BT. An oscilloscope measures the optical intensity after the PD.

Results and discussion

A sparsely investigated region is found while operating in the range Jth ±1.2Jth and was reported to produce pulsing at rep rate fτ [START_REF] Damen | Optoelectronic regenerative pulser[END_REF]. Interestingly, this region with fτ as pulse rep rate was discussed by merely presenting it as a bootstrap loop, and the more popular models for analyzing similar time-delayed systems, such as the rate equations model, fail to predict this state [START_REF] Damen | Optoelectronic regenerative pulser[END_REF]. In revisiting a similar experimental setup, we have found that there is a gradual transition from fτ to fRO pulsing, which is led by a steady formation of clustering around the delay time. This experimental observation confirms the existence of three distinct regimes in the LD dynamics with delayed optoelectronic feedback; two are dominated by either the external loop characteristics or by the field-matter coupling of the laser itself, while the third regime demonstrates various mixed-mode dynamics (see Fig. 2). CW operation in OEF LD is usually destabilized by the Hopf bifurcation at either fτ or fRO. In the LD threshold's vicinity, the bifurcation becomes subcritical, making the folded bifurcation structure similar to the passively mode-locked laser configuration described in [START_REF] Marconi | How lasing localized structures evolve out of passive mode locking[END_REF]. We experimentally demonstrate the folding phenomenon, which leads to the generation of various multiplets demonstrated in Fig. 3.

Conclusion

The near-threshold dynamics of a MQW LD is investigated, and various bound pulsing states are demonstrated. Under a positive OEF, the system displays several mixed-mode dynamics which are of interest to understand a sparsely explored area of the LD nonlinearity.
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 1 Figure 1: The experimental setup.
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 2 Figure 2: Experimental time series of the laser intensity in a range of pump currents. Loop delay τ = 32.9 ns. From top to bottom subfigure, J = 18.50 mA, 18.80 mA, 23 mA, and 34 mA.
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 3 Figure 3: (a, b) Intensity time series of the doublets and triplets at 17.84 mA and 19.9 mA, respectively. (c, d) The corresponding two-dimensional representations of the time series evolution per feedback loop delay.