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Intermittency in the Coherence Collapse of a Semiconductor Laser anth External Feedback
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We report the first experimental observation of type-II intermittency in an optical system. The type-
II intermittency is observed in the light intensity of a GaAsfGaAIAs semiconductor laser with external
feedback in the regime of the coherence collapse. We conclude the occurrence of a time-inverted type-II
intermittency from the time distribution of the observed intensity breakdowns, with the injection current
as control parameter. This interpretation is confirmed by a reconstructed Poincare plot exhibiting the
spiraling behavior of the type-II intermittency.

PACS numbers: 42.50.Tj, 05.45.+b, 42.55.Px, 42.60.0a

Nonlinear dynamics and chaotic behavior are studied
in many systems belonging to different areas like biology,
chemistry, or physics. The interesting aspect of these
studies is the search for universality in the behavior of
nonlinear systems and their transition to chaos. Three
universal transition routes from regular to chaotic mo-
tion have been discussed so far in many diferent sys-
tems: the period-doubling route, the Ruelle- Takens-
Newhouse route (quasiperiodic route), and the intermit-
tency route. ' The intermittency route is characterized
by short, irregular bursts, interrupting the nearly regular
(laminar) motion. There are three diH'erent types of in-
termittency. Type I is associated with a inverse tangent
bifurcation, type II with a Hopf bifurcation, and type III
with a period-doubling bifurcation. Two of them are
well established by experiments: type-I and -III inter-
mittency. Type-II intermittency, however, has been
observed so far in an electrical system only.

Nonlinear dynamics and chaotic behavior in laser sys-
tems has been investigated since the late 1970s. The
three universal transitions to chaos have been found in
some gas laser systems. Opposite to these gas lasers, a
solitary single-mode semiconductor laser cannot show
chaotic behavior because it is fully described by only two
independent parameters, the electric field and the carrier
density. However, adding an additional degree of free-
dom, e.g., by an external cavity or external light injec-
tion, allows the occurrence of chaotic instabilities. The
investigation of these instabilities is of great practical
importance also because of its application related aspects
like, e.g. , for fiber communication systems or for line-
width reduction. The dynamics of instabilities in semi-
conductor lasers with external feedback have been stud-
ied by several groups. ' ' Cho and Umeda'" as well as
Glas, Muller, and Wallis" have found correlation di-
mensions of the emitted light intensity which indicate
deterministic chaos under strong feedback conditions.
Mukai and Otsuka' have reported the occurrence of
subharmonic frequencies in the light intensity of an
external cavity system with a tilted external mirror. A
particular interesting feature of an external cavity semi-

conductor laser is the occurrence of the so-called coher-
ence collapse. ' ' Coherence collapse means an enor-
mous increase of the linewidth to typically 10-25 6Hz
under certain values of the external feedback. The
linewidth of the laser is reduced for moderate levels of
feedback; however, for strong levels the linewidth in-
creases dramatically independent of the length of the
external cavity. The origin of the coherence collapse is
the occurrence of a bistability between the state of
minimal gain and the state of minimal linewidth. ' '
Numerical simulations have shown that this behavior is
not noise induced.

In the present paper we report a conclusive experimen-
tal demonstration of the occurrence of type-II intermit-
tency in an external cavity semiconductor laser con-
figuration with strong optical feedback and with the in-
jection current as an external control parameter. We
demonstrate the occurrence of a time-inverted type-II in-
termittency in this system by analyzing the light intensi-
ty Auctuations in the regime of the coherence collapse in
time and frequency domain. To our knowledge, this is
the first report of a type-II intermittency in an optical
system.

Figure 1 shows the experimental setup. We use a
temperature-stabilized GaAs/GaAIAs channeled sub-
strate planar laser diode (Hitachi HLP1400, denoted as
LD in Fig. 1). The external cavity (feedback part, on
the right-hand side of the LD) consists of a high
rellecting dielectric external mirror (98%) and an
antireAection coated microscope objective to collimate
the laser beam. The detection part is depicted on the
left-hand side of the LD. The optical spectrum of the
laser diode is measured using a 1-m Czerny-Turner grat-
ing monochromator and a scanning plane Fabry-Perot
interferometer. The time-averaged laser intensity is
measured by a slow p-i ndiode (PIN). Th-e Auctuations
of the laser intensity are detected employing a fast
avalanche photodiode (APD, rise time ~ 100 ps). Its
electrical signal output is amplified and then analyzed in
the frequency and in the time domain using a rf spec-
trum analyzer and a transient digitizer (bandwidth 600
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FIG. l. The experimental setup consists of the feedback
part on the right-hand side of the semiconductor laser (LD)
and the detection part on the left-hand side.

MHz), respectively.
The light-power-injection-current characteristics (p-i

characteristic) of the solitary laser diode and the exter-
nal cavity laser diode are shown in Fig. 2. The p-i
characteristic is strictly linear above the laser threshold
without external feedback. With feedback, the threshold
current is reduced 8% which is within the regime, where
the coherence collapse occurs. The p-i characteristic
with external feedback exhibits a kink in the current re-
gime corresponding to the threshold of the solitary laser
diode. The power spectrum of the emitted laser light at
injection levels below and above the kink are depicted in
the insets of Fig. 2. The power spectrum for a driving
current below the regime of a kink exhibits a double-
peak structure in the region of the inverse external cavity
round-trip time. The frequency f, of the narrow, low-

frequency peak is determined by the length l. of the
external cavity: f, =c/2L (=352 MHz in the present
case). The origin of the high-frequency peak, which is
shifted by 36 MHz with respect to the round-trip fre-
quency f„ is not completely understood at present; how-

ever, this feature is not important for the conclusions
drawn in this paper. The upper inset in Fig. 2 shows a
typical power spectrum for an injection current above
the kink. The width of the peaks in the region of the in-
verse external cavity round-trip time has dramatically in-
creased and a pronounced low-frequency noise occurs.
This behavior is attributed to the occurrence of the co-
herence collapse. %'e have now analyzed the Auctuations
of the light intensity in the time domain using a transient
digitizer in order to understand the origin of the low-

frequency noise. Figure 3 sho~s typical wave forms of
the light output for a current value above the kink on a
long-time [Fig. 3(a)] and a short-time scale [Fig. 3(b)].
The light intensity exhibits statistically distributed
breakdowns with subsequent relaxations (z„,t,„=40 ns)
to the equilibrium value. The frequency of the fast oscil-
lating component (z, =2 ns) in Fig. 3(b) corresponds to
the external cavity frequency f, . The low-frequency
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FIG. 3. Single shot time traces of the light intensity for a
current value slightly above the kink. (a) Long-time behavior:
The light output shows statistically distributed breakdowns.
(b) Detailed behavior on a short-time scale: The light output
breaks down and relaxes to the equilibrium value. The fast os-
cillation corresponds to the external cavity round-trip time.

FIG. 2. Light-power-injection-current characteristics (p i-
characteristic) of a semiconductor laser without optical feed-
back (right) and with optical feedback (left). The p icharac--
teristic with feedback exhibits a kink in the region of the
threshold of the solitary laser. Lower inset: Typical power
spectrum in the regime belo~ the kink. Upper inset: Corre-
sponding power spectrum in the regime slightly above the kink.
The frequency scale of the insets ranges from 0 to 500 MHz,
the intensity scale from —87 to —67 dBm.
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noise is Fourier correlated to the frequencies of the
breakdown events as proven by experiment. The tem-
poral fluctuations of the laser intensity exhibit a behavior
which is typical for intermittency. In the following we
prove that the time behavior in our particular case is de-
scribed by a time-inverted type-II intermittency.

Intermittency predicts a characteristic distribution of
the mean time (T) of regular behavior of the laser light
between two bursts. We have determined by a computer
analysis of our data the mean time (T) as a function of
the injection current. We have taken the normalized in-
jection current

I—Ith 1d

Ith ld

as control parameter which is justified by the fact that
the onset of the intermittent behavior corresponds to the
threshold of the solitary laser diode I&hg. Figure 4(a)
depicts the mean time (T) as a function of the normal-
ized injection current e in a double logarithmic plot. The
mean time (T) decreases with an increase of the control
parameter e. We find in a double logarithmic plot a
linear relation between the control parameter t. and the

(a)
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mean time (T) with a slope of —1.05, which is very close
to a power-law' dependence

&T)-e

as predicted for type-II and -III intermittency, whereas
for type-I intermittency (T)—E '~ is expected. In or-
der to further confirm type-II intermittency, we have in-
vestigated the statistical distribution of the occurrence of
a breakdown; i.e., we have determined the probability of
an event as a function of the time since the previous
event. Type-II intermittency should exhibit a behavior
—T for short times and an exponential tail for long
times, very diA'erent to type-I intermittency, which pre-
dicts an increase of the probability for long times
again. We have evaluated a histogram [Fig. 4(b)]
from the complete data set belonging to the control pa-
rameter of Fig. 3 to prove the predictions for the proba-
bility function. The experimental power law for short
times (t (300 ns) is difficult to confirm quantitatively;
however, the expected exponential tail in the long-time
regime is clearly indicated. The same results are ob-
served for other values of the control parameter e. This
statistical analysis excludes type-I intermittency again.
At this point, we are not able to decide experimentally
whether the predicted scaling behavior of type-II or -III
intermittency can be applied to our system. This, howev-

er, becomes possible when the development of the system
in phase space is considered. We have followed the
method of Berge, Pomeau, and Vidal to reconstruct a
Poincare plot by taking the successive extrema of the
laminar signal between two intermittent events. In our
case we have chosen the successive minima of the fast os-
cillation corresponding to the external cavity round-trip
time between the two breakdowns in Fig. 3(b). We, con-
sequently, plot the value of the emitted light intensity at
the time corresponding to the Nth minimum as a func-
tion of the intensity at the (N l)st minimum an—d ob-
tain the Poincare plot depicted in Fig. 5. This plot clear-
ly exhibits spiraling behavior, which is characteristic for
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FIG. 4. (a) Double logarithmic plot of the mean time be-
tween two light intensity breakdowns as a function of the con-
trol parameter e (normalized injection current). The slope is
—1.05. (b) Probability distribution of the light intensity
breakdown as a function of the time interval [Fig. 3(a)] be-
tween the events.
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FIG. 5. Poincare plot reconstructed from the experimental
data of Fig. 3(b).
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type-II intermittency. However, the spiral is time in-
verted. This behavior means that the system is disturbed
resulting in the breakdown of the light intensity and
finally oscillates back to the equilibrium value, very simi-
lar to the Shilnikov model. ' %'e call this behavior time-
inverted type-II intermittency because it is time inverted
with respect to the predicted behavior.

To summarize, we have observed a time-inverted
type-II intermittency in the coherence collapse of a semi-
conductor laser with strong external feedback. The ex-
ternal control parameter e of this system is the normal-
ized injection current. We observe statistically distribut-
ed breakdowns of the light intensity in the time domain
causing a pronounced low-frequency noise in the fre-
quency domain. The mean time between two break-
downs is inversely proportional to the normalized injec-
tion current e. The probability function of the time be-
tween the occurrence of a burst related to the previous
burst decays exponentially for long times. Finally, the
Poincare plot exhibits the typical but time-inverted spi-
raling behavior of type-II intermittency. To our
knowledge, this is the first conclusive observation of
type-II intermittency in an optical system.
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