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Experimental observation of two-state on-off intermittency

A. N. Pisarchik* and V. J. Pinto-Robledo
Centro de Investigaciones en Optica, A.C., Loma del Bosque, 115, Col. Lomas del Campestre, 37150 Leon, Guanajuato, Me

~Received 8 February 2002; revised manuscript received 14 May 2002; published 28 August 2002!

We observe a two-state on-off intermittency in a diode laser with an external cavity experimentally. The
control parameter is the length of the external cavity that is periodically modulated. We demonstrate that the
system exhibits an intermittent behavior between a two-mode chaotic regime and a single-mode state when the
control parameter passes through the bifurcation point. Power-law scaling of the average laminar time with a
critical exponent of21 is found as a function of both the amplitude and frequency of the external modulation.
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The intermittency route to chaos may be observed i
dynamical system when a control parameter passes throu
critical value. The intermittent behavior is characterized
irregular bursts~turbulent phases! interrupting the nearly
regular ~laminar! phases. The duration of the turbule
phases is fairly regular and weakly dependent on the con
parameter, but the mean duration of the laminar phases
creases as the control parameter increases beyond a c
value, and eventually they disappear. Hence only one bi
cation point is associated with the intermittency route
chaos.

Different types of intermittency have been observed
lasers: type I, type II, and type III of the Pomeau-Mannev
intermittency@1#, on-off @2#, and crisis-induced intermittenc
@3#. The type of intermittency depends on the type of bif
cation at the critical point. The type I and on-off interm
tency are associated with saddle-node bifurcations, the
II and type III with Hopf and inverse period-doubling bifu
cations, respectively, and the crisis-induced intermitte
with the crisis of chaotic attractors when two~or more! cha-
otic attractors simultaneously collide with a periodic orbit~or
orbits! @4#.

On-off intermittency differs from other types of intermi
tency because it requires a dynamical time-dependent for
of a bifurcation parameter through a bifurcation point@5#,
whereas for other types of intermittency the parameters
fixed. This type of intermittency is often calledmodulational
intermittency@6#. This name is derived from the character
tic two-state nature of the intermittent signal. One or mo
dynamical variables of the system exhibit two distinct sta
as the system evolves in time. In the ‘‘off’’ state the variab
remain approximately constant in various time interva
These periods are called laminar phases. The ‘‘on’’ states
characterized by irregular bursts of the variables away fr
their constant values.

In previous studies of the on-off intermittency the para
eter was driven either randomly or chaotically@5,7,8#. In
both cases, typical power-law scalings have been found
the onset of intermittency~i! for the mean laminar phase as
function of the coupling parameter with a critical expone
of 21 and ~ii ! for the probability distribution of laminar
phase versus the laminar length with exponent23/2 @8#. It
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was shown that these power laws are valid for a large c
of randomly driven systems. The on-off intermittency h
been also detected experimentally in a nonlinear electro
circuit tuned near a Hopf bifurcation point@9# and in a Nd-
YAG ~yttrium aluminum garnet! laser@10#. The critical ex-
ponent of21 for the mean laminar phase has been prov
with the laser experiments as a function of the pump curr
near the first laser threshold@10#. However, no externa
modulation was applied and therefore the reason for
spontaneous on-off behavior was elusive.

A particular case of modulational intermittency calle
two-state on-off intermittencywas considered recently by La
and Grebogi@11#. In a periodically forced Duffing oscillator
which possesses two symmetric low-dimensional invari
subspaces, they observed that a typical trajectory spen
long time near one invariant subspace, is repelled away f
this subspace, then possibly is attracted to the other invar
subspace or the same subspace, temporally spending a
stretch of time there, is repelled away again, etc. Due to
presence of two invariant subspaces, there are two ‘‘o
states. This is the characteristic feature of the two-state
off intermittency. This intermittent behavior differs from th
conventional on-off intermittency where there is only o
temporally attracting state.

In this Brief Report we demonstrate an experimental o
servation of a two-state on-off intermittency; the experime
tal system is a diode laser with two external cravities. T
experimental setup is displayed in Fig. 1. The laser system
based on a semiconductor laser diode with an external ca
in Littrow configuration ~Sacher Lasertechnik, TEC 100!.
The laser source is a commercial laser diode where one f
is antireflection coated, which suppresses the reflecti
typically below 1024. The laser is current and temperatu
stabilized. The external cavity is defined by a diffractio
grating. The zeroth order serves as the output beam, w
the first order is reflected back into the diode. This way,
cavity is built by the rear facet of the diode and the grati
plane. The wavelength selectivity of the grating forces
laser to oscillate in a single longitudinal mode.

The second external cavity is formed with a plane mir
(M ). The feedback strength from the mirror is adjusted w
a variable neutral density filter~VF!. 50% beamsplitters~BS!
are used to direct the laser beam to a p-i-n photodiode~PD!
of 125 MHz bandwidth~New Focus 1801! and to a wave-
length meter. An optical isolator~OI! is placed in front
©2002 The American Physical Society03-1
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of the detector to avoid the reflection from the photodio
The laser response is analyzed with a 200-MHz bandw
digital oscilloscope~OS! and personal computers~PC!.

When the reflection from the external mirror is cut off, th
laser operates in a single-mode (l15631.505 nm) regime
@Fig. 2~a!, left-hand column# that yields a steady state las
emission ~right-hand column!. When the second cavity i
open, the second wavelengthl25630.866 nm appears
which is resonant to the cavity formed by the laser dio

FIG. 1. Experimental setup. PZT is the piezo driver, BS are
beamsplitters, VF is the variable neutral filter,M is the plane mirror,
OI is the optical isolator, PD is the photodiode, OS is the osci
scope, and the PC’s are the personal computers.

FIG. 2. Optical spectrum of laser lines~left-hand column! and
corresponding time series~right-hand column! ~a! with single ex-
ternal cavity and~b! with two external cavities. Two wavelength
l15631.505mm and l25630.866mm have approximately the
same gain.
02720
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grating, and mirrorM. By tuning the grating with a piezo
actuator~PZT! the gain factors of the laser modes can
adjusted to have approximately the same values as show
Fig. 2~b! ~left-hand column!. This results in strong instabili-
ties in the laser response@Fig. 2~b!, right-hand column# with
a broadband power spectrum that may be a consequenc
chaos.

The origin of these instabilities can be derived from t
following speculations. The spontaneous emission from a
ode laser is usually concentrated into the laser modes e
by the relatively low-finesse laser resonator modes. It is e
dent that additional resonances may channel the spontan
energy to other frequencies. The typical resonances in su
system may be, for example,~i! the external optical cavity
optical resonance frequencies,~ii ! the difference of externa
cavity mode frequencies,~iii ! the ‘‘compound’’ resonator
~consisting of laser diode resonator plus external resonat!
frequencies, and~iv! the relaxation oscillation frequency. It i
intuitively plausible that, when two of these resonance f
quencies match, one might expect some ‘‘resonant desta
zation.’’ Although the solitary laser is stable~as a classB
laser!, the reflections into the laser from the external reso
tors may lead to chaotic laser pulsations~see, e.g., Ref.@12#
and references therein!. Preliminary numerical simulations o
a diode laser with the ‘‘compound’’ resonator@13# yield os-
cillatory behavior very similar to that observed in our expe
ments.

The transition between the two laser modes is clearly s
in Fig. 3 where we show the laser response at slow lar

FIG. 3. Laser response to large-amplitude modulation of ca
detuning withf 510 Hz. ~a! The external mirror is cut off.~b! The
second external cavity is open. The dashed lines indicate the o
of chaos.
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amplitude modulation of cavity detuning~the modulation
frequencyf 510 Hz). When the second cavity is cut off, th
laser operates in a single-mode regime (l1) with a stable
steady state emission at any value of detuning~Fig. 3~a!!.
Small instabilities observed in the figure result from intern
noise. When the second cavity is open, the single-mode
eration is observed only in the extreme positions of the g
ing where the laser operates in one or another mode (l1 or
l2) @below and above the dashed lines in Fig. 3~b!#. The
chaotic two-mode regime occurs in the range of detun
bounded by the dashed lines where the laser modes
approximately the same gain (l11l2).

The external modulation is the necessary condition for
observation of the on-off intermittency. The two-state int
mittency arises when the cavity detuning passes through
bifurcation point for the onset of intermittency. This bifurc
tion point is situated in the middle range between the das
lines. There are two temporally attractive states: one of th
is the two-mode regime~probably chaotic! and the other is
the single-mode laser emission. The trajectory can sp
long stretches of time near each of the two attractors
leads to the intermittent behavior. The short intervals of te
poral traces of the laser output are shown in Fig. 4 for d
ferent modulation amplitudesA at fixed frequency f
573 Hz. Since one of the off states is chaotic, it is diffic
or even impossible to distinguish this off state from the
state. However, the laminar phases corresponding to
steady state single-mode lasing are clearly distinguishe
the figure.

FIG. 4. Time scales of laser output in the presence of ca
detuning modulation through onset of intermittency.~a! A
5100 mV, ~b! 250 mV, and ~c! 350 mV. f 573 Hz. Injection
currentI 588 mA. The mean laminar phase decreases with incre
ing A.
02720
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One of the important characteristics of intermittency is t
mean duration of the laminar phase. In order to characte
the intermittent behavior observed, we measure the dep
dence of the mean laminar phase corresponding to the sin
mode emission on the amplitude and frequency of the ex
nal modulation. Without modulation (A50) the laser
operates in the two-mode chaotic regime@Fig. 2~b!#. With
the increase ofA above some critical valueAc the long lami-
nar phases corresponding to the single-mode emission ap
@Fig. 4~a!#. In these phases the gain factor for the radiat
on l1 is smaller than forl2, and the latter wavelength win
in the mode competition. However, the latter state is unsta
since another laser mode still exists. Higher values ofA lead
to the decrease of the average durationt of the laminar phase
~laminar length!, correspondingly the frequency of the jump
to the laminar phase increases@Fig. 4~b,c!#, so that finally the
laminar phases can no longer be identified. The aver
laminar lengtht also depends on the modulation frequencf
because the change inf is equivalent to the change in th
velocity at which the control parameter crosses the bifur
tion point.

Two series of experiments have been carried out. From
the laminar phases and the sum of the laminar lengths
calculate the average laminar lengtht. In the first series we
determinet as a function ofA for different fixedf, and in the
second series as a function off for different fixed A. The
initial value of the detuning in each series was different a
hence the critical amplitudeAc was also different. However
the scaling law is the same and does not depend on the in

y

s-

FIG. 5. Average laminar length~a! versus difference of modu
lation amplitude over its critical value (A2Ac) for frequency f
573 Hz and ~b! versus modulation frequency for amplitudeA
5200 mV in log-log scale. The open circles represent the meas
ments and the solid lines show the slopes of21.
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value of the detuning. There is no critical value for t
modulation frequency. This means that intermittency appe
at any f .0 as soon asA.Ac . In Fig. 5~a! we present the
amplitude dependence of the mean laminar length in a
log scale for fixed f 573 Hz. In this experimentAc
578.75 mV. Similar dependence is observed when we
the modulation amplitude atA5200 mV and change the
modulation frequency@Fig. 5~b!#. We find that these depen
dences obey the following power laws:

t;~A2Ac!
21, ~1!

t; f 21. ~2!

The diagonal lines in Fig. 5 show a slope of21.
Both the amplitude and frequency variations are equi

lent to a change in the velocity at which the control para
eter ~detuning! crosses the bifurcation point~onset of inter-
mittency!. Thus, the scaling relations Eqs.~1! and~2! can be
rewritten as a single relation,

t;v21, ~3!

where v is the velocity at which the control parameter
varied.

Similar intermittent behavior is also observed by mod
lating the injection current near the onset of intermitten
For this purpose we apply a triangular-shape signal to
biasT. In this case both laser frequencies remain fixed, ho
ever, their gain factors become time dependent. We find
or.
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the pump modulation displays the same power-law dep
dences Eqs.~1!–~3! with the same scaling exponent of
21. Our experimental results agree with theoretical pred
tions of the on-off intermittency when the control parame
is driven randomly@8#. This agreement verifies that the ph
nomenon we observed experimentally is the on-off interm
tency. According to the theory of the two-state on-off inte
mittency @11#, the external periodical modulation is th
reason for the intermittent behavior.

In conclusion, the phenomenon of two-state on-off int
mittency has been observed experimentally for the first tim
to the best of our knowledge. We have applied a perio
modulation to a control parameter and measured the pow
law scaling of the mean laminar phase as a function of b
the modulation frequency and amplitude control near the
set. We have found a critical exponent of21 that coincides
with the power law theoretically expected for the on-off i
termittency in the case of a random driving. The latter fa
verifies a universal character of this scaling relation for d
ferent types of driving modulation and different types of t
on-off intermittencies. In experiments one knows the drivi
signal well and hence the appropriate modulation parame
can be computed and applied to the system in order to c
trol the mean laminar phase even without the knowledge
an adequate theoretical model.
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