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Different types of chaos in an optically injected semiconductor laser
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With advanced tools from bifurcation theory routes to chaos via period doubling and the break-up
of tori are identified. This allows us to distinguish between different types of chaos in terms of the
output characteristics of the laser. We also find locking to a periodic solution inside a region of
chaos. This information is important for applications requiring chaotic signals, such as encryption
schemes. ©2000 American Institute of Physids0003-695000)05737-5

As complex nonlinear dynamics are of increasing inter- E=K+(X1+ia)n—iw)E

est for applications, such as cryptographgnd computing,
the question arises to locate and study sources of chaotic h=—2In—(1+2Bn)(|E|?>-1).
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output. Laser systems are natural candidates because they are

indeed known to produce chaotic output and have the addiereE is the complex electric fieldy is the population in-
tional advantage of operating on very short time scales. Arversion K is the injected field strength, ardthe detuning of
guably the most accessible such laser system is a semicofite injected field from the solitary laser frequency. Further-
ductor laser subject to external optical injection. It is knownmore, « is the linewidth enhancement factd.is the cavity
that optical injection produces an enormous variety of phelifetime, andI’ is the damping rate. To keep this exposition
nomena, including chaotic outptit® and the injection laser Simple we restrict to the case=2, but similar routes to
was recently considered for chaotic synchronizatith.

An optically injected semiconductor laser is described B,
well by the three-dimensional single-mode rate equation

modef

detuning w

FIG. 1. The bifurcation diagram in théK,w) plane. The stable locking
region is shaded.
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FIG. 2. Period-doubling route to chaok;=0.62 and from(a) to (f)

dElectronic mail: B.Krauskopf@bristol.ac.uk =0.3, 0.5, 0.7, 0.71, 0.78, and 1.1.
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FIG. 3. Breakup of a torusp=—1.2 and from(a to (f) K=0.15, 0.19,  FIG. 4. Breakup of a period-two toru§=0.23 and from(a to (f) o
0.23, 0.25, 0.29, and 0.44. =-2.2,—-2.0,—-1.975,-196, —193, and—1.85.

chaos are present for differemtvalues® Furthermore, we set comes broader, and the period-doubling peaks are less
B=0.015 andI’'=0.035. The scaled variables and param-prominent, but still presenif). This involves further bifurca-
eters in Eq.(1) can be related directly to experimental tions not discussed here, such as interior crises.

quantities® An entirely different route to chaos is that via the
Figure 1 shows the bifurcation diagram of Eff) in the  break-up of a torus in Fig. 3. An attracting periodic or(ait
(K,w) plane, consisting of saddle-node bifurcatiai&N), loses its stability and a smooth attracting torus with quasi-

Hopf bifurcations (H), period-doubling bifurcationgPD),  periodic motion appear®). Motion on a torus can be qua-
saddle-node of limit cycle bifurcatio$L), and torus bifur-  siperiodic or locked, and this is governed by resonance
cations(T). Bifurcations of stable objects are solid curves,tongues. In general, a torus starts to break up when it is
and bifurcations of unstable objects are dashed curves. Wlellowed into a region where resonance tongues overlap. The
only show the bifurcation curves that are relevant here. Themooth torus starts to lose its smoothness by forming self-
bifurcation diagram is in good agreement with experimentakimilar protrusiongc) resulting in a chaotic attractor that is
and numerical studi€s’ but shows more detail so that dif- close to the original torus. Also in the spectrum, although it
ferent transitions to chaos can be studled. is broad, there is still much left of the previous dynamics.
To to this end we take different paths through the bifur-Embedded in the chaos we found a window with locking
cation diagram in Fig. 1 and present the respective dynamiosnto a period-three orbitl). When the parameter is changed
in four columns showing: the three-dimensional attractor offurther the chaotic attractor reappeé&sand it becomes big-
Eq. (1) projected onto the complek plane, the attractor of ger (f) and does not resemble the original torus any longer.
the corresponding Poincarmap, the time series of the The spectrum broadens consideraf@yand then also loses
power, and the optical spectrum. the typical peaks of the torus dynamié¢s This transition to
First we illustrate in Fig. 2 the well-known period- chaos is rather spectacular, and it results in a “much larger”
doubling route to chaos. An attracting periodic orfait un-  chaotic attractor than can be found immediately after an ac-
dergoes a sequence of period-doublirigs-(d) until it ap-  cumulation of period doublings.
parently becomes chaotie) and (f). The attractor in(e) is The two above transitions to chaos can occur in a mixed
already chaotic, and it shows a typical almost one-way. After a number of period-doublings one encounters a
dimensional shape. Large peaks are present in the spectrutoyus bifurcation, and the bifurcating torus of some higher
so that it is hard to decide whether the spectrum is alreadipase period then breaks up. An example of this is shown in

broad. The attractor then grows further, the spectrum beFig. 4. A periodic orbit(a) loses its stability and a period-two
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orbit appeargb), which then bifurcates to an attracting torus The variability of chaotic attractors presented here is im-
(c) when the curveT? in Fig. 1 is crossed. The power is portant for applications requiring a chaotic signal with par-
modulated, but the frequencies of the period doubling ardicular properties. For example, for chaotic encryption
still prominent in the spectrum. The dynamics on the torusschemes where the parameter values provide the encryption
then locks to a period-six orbitd). After the locking the key'® one needs to be confident to switch between suitable
torus is already breaking up). The ensuing chaotic attractor types of chaos. A loss of chaos due to locking must be
then grows, the power series becomes more chaotic and tlevoided to ensure privacy. Investigating this further remains
spectrum even broaddf). Notice that there is still clear an interesting challenge for future research.
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