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We reveal theoretically chaos and its characterization in a multi-quantum-well (MQW) laser based
on periodic-optical pulse injection. Under the effect of periodic-optical pulse injection, the multi-
-quantum-well laser reveals rich nonlinear dynamics. The results show that the laser can be
controlled into single-periodic, dual-periodic, triple-periodic, four-periodic, multi-periodic and
chaos for different modulation frequencies and coupling constants; the system has a larger space
of parameters.
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1. Introduction

Chaos and its characterization in semiconductor lasers (SLs) have been extensively
investigated for its potential applications, such as secured communications, sensors,
all-optical frequency conversion, laser chaos-based lidar and radar [1-7]. In the past
years, the researchers adopted all kinds of methods for enlarging the modulation
bandwidth of laser, where the strongly optical injection locking from another laser was
proved to be one of valid approaches [8]. More recently, to enhance the signal
transmission rate of SLs in chaos communication system, the bandwidth-enhanced
unidirectional chaos synchronization between SLs has been proposed through using
the strongly injection-locking technique [9—11], where both the transmitter laser and
the receiver laser are respectively subjected to external optical injection from different
lasers. Very recently, nonlinear dynamics of semiconductor lasers under repetitive
optical pulse injection have also been investigated numerically. Based on these, we
modify the systematical frame of [12—15] to the case of multi-quantum-well (MQW)
laser in chaos communication system. The optical-pulse-injection induced chaos and
its control between a master MQW laser and a slave MQW laser have been investigated
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numerically in certain conditions. When the modulation frequencies and the coupling
coefficients are changed, the slave laser (SL) shows the rich dynamics, such as single-
-periodic, dual-periodic, triple-periodic, four-periodic, multi-periodic and chaos.

2. Model

The systematical configuration is depicted in Fig. 1. The chaotic laser system consists
of a master MQW laser, optical isolator, optical controller and a slave MQW laser.
The light output (£,,) of ML meets the optical isolator, optical controller and modu-
lates SL.

] e

Fig. 1. System configuration in an optically injected MQW laser; Ol — optical isolators, OC — optical
controller.

Our present study is based on a set of following modified rate equations, including
the laser fields E, the phases ¢, and the carrier number N in active region. This system
can be described by [12, 16, 17]
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where £ and ¢ are the slowly varying electric field and phase of the laser optical
field, respectively. The parameter /= sin(2/¢) in Egs. (1) and (2) represents the effect
of optical-pulse-injection on SL. The parameter f, is the term governing modulation
frequency. N is the carrier number in the laser cavity. The mode gain:
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where V, is the laser cavity photon group velocity, V), is the volume of laser mode,
E is the saturation photon field-strength. Ny, = ny,V'is the carrier number at transpar-
ency, ny, is the carrier density at transparency. 7, = V,(&,, T &y is the total photon
loss for the group velocity V,, the cavity loss ¢, and the internal loss «;,,. Aw,,
the detuning of the angular frequency between the master and slave lasers. 7; = 2n, L/c
is the optical round-trip time in the laser cavity length of L, ¢ is the vacuum speed
of light, n, = ¢/v, is the group velocity refractive index. / is the drive current, g is
the electronic charge. /3, is the linewidth enhancement factor. 7, is the internal quantum
efficiency. ypg is the loss of carriers from the barrier region to the well layer and
Yop 18 the loss of carriers escaping from the well region to the barrier layer.
Y% =An T BWN/V)+ C(N/ V)2 is the nonlinear decay rate of carrier, A, is the nonradi-
ative recomblatlon rate, B is the radiative recombination factor, C is the Auger
recombination factor. k£ is the optical injection coefficient. The other parameters
values used in the calculation are chosen as [12, 16-18]: L = 1200 um, w =24,
d=0.15um, I"=0.045,n,=3.6,c, = 11.5cm ™", ;, =20 em, §. =3, E,, = 0.126E,
Aw, = 41x10° rad/s, ng, = 1.2x10% m™>, 4, = 1x10"8 571, B=1.2x10"""cm3s™!, C =
=3.5%x102 ecmbs!, =25 mA, E, = 1.6619x10" m™?, oz =2.3x10716 cm?.

3. Results and discussion

The rate equations (1)—(4) can be numerically solved by the fourth-order Runge—Kutta
method. To demonstrate and achieve the characterization of optical-pulse-injection
induced chaos and its control in multi-quantum-well lasers, the parameters of SL are
very important. Therefore, it is necessary to investigate the effects of the parameters
on chaos and its control in this scheme; we concentrate on the dynamics for the differ-
ent k and f, the term governing modulation frequency. Figures 2a—2d represents
the time series and phase diagram with different coupling constants for a given fre-
quency. When the modulation frequency £ is 1.582 GHz, the SL is controlled to single-
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Fig. 2. To be continued on the next page.
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Fig. 2. Time series and phase diagram in SL with different coupling constants for a given modulation
frequency.

-cycle for £ = 0.06. At the increase of £, the time series show a single peak structure,
the phase diagram remains unchanged, which shows a steady state (one-cycle) at
k=0.07. For k= 0.08 and 0.09, the time series and phase diagram are shown in Fig. 2¢
and 2d. The laser shows a single-periodic state. The pulse power gradually increases
with the increase of the coupling constant.
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Under appropriate conditions, the system can produce dual-periodic states by
changing different coupling constants for a given modulation frequency f = 1.216.
Here, we select different injection coefficients; the system can produce several kinds
of a two-cycle state, as shown in Fig. 3. From these diagrams, when £ is 0.06, the phase
portrait and the time series show a two-cycle state. With the increase of £ = 0.0708,
the orbit changes apparently. As £ = 0.08, 0.09 is further increased, the time series and

0.6 a
018 0.16
b EAVEAVAAVASYARY
04+ S, i
- w 015
@ 0083 21 22 S
w tins] w 0.14
0.2 4 i
B e R AN R A MR PR 0.13
0.358
0.358
0.0 ‘ . . 0.356 0.356
0 10 20 30 40 N 0.35470.354 N
t[ns]
0.6 : ; ‘
b
_o018
ol AVARVAVAVAVAVAVAY 017
04 r E. i 016
—_ w —_
= -
< 0.08,5 T 2 : 0.15
m t[ns —0.14
w [ns] 00
0.13
0.12
0.358
0.358
0.356 0356
0.354 0.354 N
0.6
Cc
_o0.18
E; 0.17
04 r E. bl 016
—_ w —_
= -
< 0.08, > > : 0.15
m t[ns —0.14
w [ns] 00
0.2 1 0.13
0.12
0.358
0.358
0.0 . . . 0.356
0 10 20 30 40 N 0.356
t [ns] 0.354 0.354 N

Fig. 3. To be continued on the next page.
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Fig. 3. Time series and phase diagram in SL with different coupling constants for a given modulation
frequency.

phase diagram still show a two-cycle state. The results show that every dual-period
states can be controlled much easier; the system can be adjusted and controlled in
a large parameter range.
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Fig. 4. To be continued on the next page.
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Fig. 4. Triple-periodic states: k=0.06, f=0.511 (a), k=0.07, f=0.762 (b), k=0.08, f=0.656 (c),

k=0.09, f=4.89 (d).

Figure 4 shows the time series and phase diagram of the output dynamics versus &
at different modulation frequencies. As k is 0.06, the system is a suppressed three-
-cycle at f = 0.511; when £ is increased to 0.07, the SL takes on another three-period
state, the orbit of the phase diagram changes obviously. As k is increased further,
the time series and phase diagram still show a three-period for £ = 0.08 and f = 0.656.
Here, we select another group of £=0.09 and f=4.89 GHz; the three-cycle con-
trolled in the system is shown as Fig. 4d. Besides, the pulse power gradually increases
with the increase of the coupling constants. Compared with the previous results,
Figs. 5a—5c¢ presents time series, phase correlation diagram of the output of SLs for
the different coupling constant k£ at difference modulation frequency f. From these
diagrams, the phase portrait shows a four-cycle state, when the coupling constant
k= 0.07 is taken and the corresponding modulation frequency f'is 3.956 GHz. As k is
increased, the time series and phase diagram still show a four-period for £ = 0.09 and
f=3.96 GHz. Here, we select another group of k=0.1 and f=3.953 GHz, and
the multi-cycle controlled in the system is shown as Fig. 5c. And the pulse power
changes apparently. The results indicate that the system based on optical-pulse-
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Fig. 5. Multi-periodic states: 4 cycle (a), 5 cycle (b), 6 cycle (c).

-injection easily realizes all types of the three-cycle, four-cycle state and multi-period
state by using the different coupling constant & at different modulation frequency f.
In addition, the system has a larger space of parameters.

In Figures 5a—5c, as the coupling strengths and modulation frequency are increased
further, the time series diagram shows the multi-peak power, and the system is
a controlled multi-period state from the phase diagram, namely the system remains
the multi-periodic state. Compared with the previous results in Fig. 5, the chaos in
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the time series and phase diagram is shown in Figs. 6a—6d. When the modulation
frequency f is 5.03 GHz and the coupling constants k= 0.06, 0.708, 0.08, 0.09,
the system is a controlled chaos from the time series and phase diagram. Figure 7a
shows the variation of normalized intensity versus different coupling constants. As
the coupling constant increases, the laser is controlled into single-periodic, dual-peri-
odic, triple-periodic, four-periodic, multi-periodic and even chaos for a given modu-
lation frequency. In Figure 7b, when the coupling constant is 0.704, the variation of
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Fig. 7. The variation of normalized intensity versus different coupling constant (a) and modulation
frequency (b).

normalized intensity changes with different modulation frequencies. From this figure,
we can see that the slave laser shows the rich dynamics, such as single-periodic, dual-
-periodic, triple-periodic, four-periodic, multi-periodic and chaos for a certain modula-
tion frequency. These results show that there are different ranges of coupling strengths
and modulation frequency, which can provide us with different dynamical behaviors.
Therefore, by choosing appropriate coupling and modulation frequency values, we can
use the method of optical pulse-injection in MQW laser for achieving chaos and
suppression of chaos.

4. Conclusions

In conclusion, we present a physical method to realize and achieve chaos and its control
between a master multi-quantum-well laser and a slave multi-quantum-well laser
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based on optical-pulse-injection. During the process of chaos and its control, the laser
exhibits different nonlinear dynamics for different coupling constants and the modula-
tion frequencies of the injected light. The results show that chaos can be controlled
and suppressed easily, which can effectively control the system from one-cycle state
to multi-cycle states, even chaos. We hope this work would be helpful for an insight
into the nonlinear dynamics of the laser in a chaos communication system.
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