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Observation of chaotic itinerancy in the light and carrier dynamics of a semiconductor laser with
optical feedback
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We report a direct experimental observation of chaotic itinerancy in simultaneous measurements of the light
intensity and voltage fluctuations of a laser diode exhibiting low-frequency fluctuations. The distribution of
trajectories leading up to (following) an intensity dropout is computed from the experiment and reveals the
presence of itinerant mechanisms before (after) dropout initiation. A phase space reconstruction of the trajec-
tory for the optimal path of motion illustrates sudden shifts between low-dimensional attractor ruins and is
shown to correspond to simulations of the laser intensity and carrier number.
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Chaotic itinerancy (CI) has recently been proposed as a
ubiquitous phenomenon in a variety of high-dimensional dy-
namical systems and is generally recognized as itinerant
switching between low-dimensional attractors via high-
dimensional chaos [1]. Experiments and numerical models of
nonlinear coupled oscillators [2] and systems with time-
delayed feedback [3], in particular, have contributed largely
to the characterization of this dynamic mechanism. Optical
media under the influence of delayed feedback have served
as exemplary systems for studying manifestations of CI [4],
and itinerant motion has been found to be relevant in de-
scribing the dynamical behavior of photorefractive cells [5]
and laser systems exhibiting multimode oscillations [6].

A semiconductor laser under the influence of reflective
optical feedback may display a wide variety of dynamical
states over a large range of feedback strengths. Analysis of
the delay-differential equations [7] governing this system
predict an itinerant motion among external cavity modes and
unstable saddles, resulting in sudden dropouts of the laser
intensity [8,9]. These dropout events occur irregularly at an
average time scale that is much slower than the intrinsic time
scales of the light dynamics and are commonly referred to as
low-frequency fluctuations (LFF).

Identification of CI is especially difficult in experiments,
where typically only one scalar variable may be measured
directly. Streak camera measurements of the light dynamics
on very short time scales have provided indirect confirmation
of the deterministic scenario of LFF predicted from the nu-
merical model [10]. Hilbert phase information extracted
from filtered intensity measurements has previously demon-
strated external cavity mode shifts [11].

For the present study, we are interested in characterizing
the itinerant motions displayed in simultaneous measure-
ments of the light and carrier dynamics during the course of
a dropout event. In order to elicit features common to many
individual dropouts, we form a statistical description of the
process from a large number of dropouts by calculating the
experimental prehistory and posthistory probability distribu-
tion functions [12] for the intensity and voltage fluctuations
across the laser diode. Optimal paths extracted from the
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probability distributions serve as the building blocks to re-
construct the phase space dynamics of the dropout event. The
resulting trajectory highlights episodic transitions between
low-dimensional attractor ruins [1] and demonstrates excel-
lent agreement with simulations of the intensity and carrier
number.

The dynamics of LFF in the active region of the laser has
been extensively studied in the framework of the single-
mode Lang-Kobayashi rate equations [7], given below in a
slightly different form [11]:
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Here E(1)=|E(1)]e”” is the complex optical field;
n(t)=[N(t)-N,,] is the difference between the carrier num-
ber at arbitrary time and the threshold carrier number N,;; 8,
is the linewidth enhancement factor; Gy is the differential
gain and 7 is the external cavity round trip time; wy is the
solitary laser frequency and P is the ratio of pump and
threshold currents; Fg(z) is the Langevin noise term, with
(FE(t)FE(t’)*>=Rsp5(t—t’), where R, is the spontaneous
emission rate; 7, denotes the carrier recombination time and
I" signifies the photon decay rate.

For a given effective feedback rate «, the steady states of
Egs. (1) and (2) define a set of fixed points in terms of the
intensity |E 2 carrier number difference, and external cavity
phase shift 5(r) =[ @(t) — p(t—7)]. As the feedback strength is
increased, new fixed points are created via a saddle-node
bifurcation while existing stable attractors destabilize into
locally coupled attractor ruins [8]. The resulting dynamics of
this system is traditionally viewed in the (7(¢),n(r)) phase
space, where the fixed points lie on a tilted ellipse [13]. As
the trajectory wanders among the chaotic attractors close to
the maximal gain mode at the tip of the ellipse, a crisis
occurs when the system gets too close to the saddle nodes
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(antimodes) on the upper branch. This initiates a sudden shift
in 7(¢) and n(f) to solitary lasing conditions (i.e., without
feedback), coincident with the dropout of intensity. A step-
wise, itinerant recovery of the system variables towards
maximum gain follows along the lower branch of the ellipse
[8]. We directly measure the dominant itinerant mechanisms
present in the intensity and carrier number during the time
evolution of the dropout.

In the experiment, a temperature controller is used to sta-
bilize (to better than 0.01 K) a Fabry-Perot semiconductor
laser (RLT8340). The light (A=830 nm) from the laser is
reflected by a mirror placed at a distance of 214 cm from the
antireflection-coated facet. A beam splitter directs light onto
a photodetector (12 GHz bandwidth). The output of the pho-
todetector is recorded by a digital oscilloscope with 200 ps
resolution and a 1 GHz bandwidth. The laser is pumped with
a bias current of 48.7 mA, which is 1.01 times of the thresh-
old current, and is subjected to a feedback that reduces the
threshold current by about 10%.

Concurrent measurements of the intensity from the pho-
todetector and the voltage fluctuations across the laser diode
indicate that the diode voltage exhibits pulsations when the
intensity has power dropouts—they occur simultaneously, an
observation [14] first made only a few years after the discov-
ery of LFF [15]. These voltage fluctuations represent
changes in the current (carrier number) across the laser diode
[16]. We note that a 24 ns oscillation inherent to the elec-
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FIG. 1. (a) The logarithm of the prehistory
3 and posthistory probability distribution function
(color coded as shown) of experimental intensity
dropouts with #=0 at the bottom of the dropout.
(b) The logarithm of the prehistory and posthis-
tory probability distribution of diode voltage
pulses corresponding to the intensity dropouts
in (a).
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tronic loop involved in voltage detection is present indepen-
dent of the external cavity delay time. The effect of the elec-
tronics is deconvoluted by passing the measured voltage
through a notch filter RLC circuit [17].

Each dropout pulse evolves in a similar manner, and char-
acteristics of the dropout process may be deduced statisti-
cally. Previous studies have examined the recovery process
[18] and the role of relaxation oscillations [19]. Here we
extract itinerant motions significant to a large number of
dropouts by adopting a methodology [12] commonly used to
study escape dynamics in the theory of large fluctuations.
The distribution of trajectories leading to escape from a
metastable state generally displays a distinct peak, known as
the optimal path, indicating how the system is most likely to
move. In the context of large fluctuations, the motion and
variance of this optimal path gives insight to the potential
barrier crossed during activated escape [20]. For the pur-
poses of our study, the optimal path reveals epochs before
and after the dropout where the system dynamics is domi-
nated by high-dimensional transitions between external cav-
ity modes.

The prehistory (z<<0) and posthistory (1>0) probability
distribution functions constructed from 718 intensity dropout
events in the experiment are shown in Fig. 1(a), where the
moment of dropout (r=0) is referenced at the lowest point of
a given dropout pulse evolution. The average intensity of the
entire time series has been subtracted and the probability of a
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particular intensity at a given time instant is presented loga-
rithmically to clearly display the variation of trajectories out-
side the optimal path.

The prehistory distribution reveals the behavior of the
system immediately before the dropout. Far from the drop-
out, there is no structure in the dynamics, and the optimal
path lies along the average maximal output. Right before the
intensity drops, however, several periodic build-up spikes are
visible with a period which is one external cavity round trip
time. In the posthistory distribution, a stair structure is
clearly visible with a stair width of one round trip time [18].
As the intensity recovers close to the maximal output region,
the stairs become indistinguishable.

Figure 1(b) displays the prehistory and posthistory distri-
bution for the pulses of the deconvoluted diode voltage cor-
responding to the intensity dropouts in Fig. 1(a). In the pre-
history, no build-up structure may be resolved, and we
observe a rise in the pulse to full height. The posthistory
distribution shows the gradual decay of the voltage fluctua-
tion, modulated at the round trip time period.

The experiment may be numerically modeled by integrat-
ing Egs. (1) and (2) with a time step of 0.5 ps for
the following parameter values: N,=3.3X10%, pB.=5,
Gy=7176 57!, 7=142ns, R,=5x10"s"', 7=1.1ns,
=12 ps™!, k=2X10"s7!, P=1.01. The calculations are
low-pass filtered and smoothed over intervals of 0.2 ns to
simulate the digital oscilloscope electronics.
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FIG. 2. (a) The logarithm of the prehistory
and posthistory probability distribution of simu-
lated intensity dropouts. (b) The logarithm of the
prehistory and posthistory probability distribution
of carrier number difference corresponding to the
intensity dropouts in (a).

In Fig. 2, the prehistory and posthistory distributions for
the intensity and the carrier number from the simulation are
plotted. In Fig. 2(a), all structures shown in the experimental
distribution of Fig. 1(a) are accurately reproduced. The dis-
tribution in Fig. 2(b) clearly depicts the characteristic stair
structure and periodic build-up spikes. The flat portions of
the optimal trajectory for the distributions in Figs. 1 and 2
correspond to the residence of the system in an external cav-
ity mode. However, at intervals of the external cavity round
trip time, the optimal path demonstrates large swings which
indicate the most likely excursion taken by the system vari-
ables in transit to the next low-dimensional lasing mode. In
Fig. 3(a), we build the phase space dynamics from the ex-
periment using the optimal intensity and deconvoluted diode
voltage from the distributions in Fig. 1. Similar dynamics are
constructed in Fig. 3(b) using the optimal intensity and car-
rier number from Fig. 2. The modes [(blue online) triangles]
and antimodes [(red online) circles] in this representation lie
interlaced along a curve. Before the dropout, the trajectory
resides in the high gain modes at the top of the curve. The
trajectory traverses the phase space during the pulse and it-
eratively recovers along a series of external cavity modes,
clearly depicting in-step itinerant transitions of the intensity
and carrier dynamics.

During an itinerant epoch, the system variables released
from a local attractor are temporarily free to occupy a larger
volume of phase space until the system locks onto another
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FIG. 3. (Color online) (a) Experimental dynamics in the phase
space of optimal measured dropout intensity versus diode voltage.
(b) Computational dynamics in the phase space of optimal simu-
lated dropout intensity versus deconvoluted carrier number differ-
ence. The (blue online) triangles represent external cavity modes
and the (red online) circles denote antimodes of the Lang-
Kobayashi equations.

low-dimensional external cavity mode. The increase in avail-
able system phase space results in a significant broadening of
the probability distributions computed for measurements of
the light intensity and carrier number. This variation is illus-
trated concretely in Fig. 4, where we plot the time depen-
dence of the standard deviation of the measured and calcu-
lated distributions in Figs. 1 and 2. Sharp rises in the
standard deviation of the distributions occur at intervals of
the external cavity round trip time, where high-dimensional
dynamics dominate the motion of the feedback system.
These distributions show that itinerant motions are present
both before and after the dropout events. This observation
cannot be explained by a simplified one-dimensional sto-
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FIG. 4. The standard deviation o of the probability distributions
of (a) experimental intensity dropouts, (b) diode voltage pulses, (c)
computational intensity dropouts, and (d) carrier number difference.
Time is displayed in units of the external cavity delay time 7.

chastic model [13,20] of fluctuation-induced escape. The de-
terministic structure observed before the dropout implies that
the itinerant deviations are reinforced over many round trip
times until the dropout finally occurs.

In conclusion, we have reported experimental observa-
tions of concurrent itinerant motions in the light and carrier
dynamics of a semiconductor laser under the influence of
reflective feedback. These measurements are consistent with
the predictions of the Lang-Kobayashi equations. The role of
CI in the time evolution surrounding an intensity dropout is
evaluated in detail using prehistory and posthistory probabil-
ity distributions calculated from experimental measurements
of the intensity and voltage fluctuations across the diode. At
intervals of the external cavity round trip time, the system
variables are no longer locally constrained to a low-
dimensional external cavity mode. Despite this loss of coher-
ence in the light and carrier dynamics, a continuous optimal
path of escape to another attractor ruin is evidenced in the
reconstructed phase portrait of the dropout process. This path
demonstrates a certain determinism of motion through high-
dimensional phase space in the dynamics of a time-delayed
experimental system that is additionally influenced by noise.
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