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Bifurcation Cascade in a Semiconductor Laser Subject to Optical Feedback
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We investigated a single mode semiconductor laser system pumped near threshold and subject to
optical feedback from a short distance. We found both experimentally and numerically that as the
feedback strength is increased the laser undergoes a cascade of bifurcations as one external cavity mode
becomes unstable and the next one with higher intensity becomes stable only to be destabilized and
replaced by the next stable external cavity mode. In the stable regions the laser operates in the so-
called maximum gain mode and the unstable regions exhibit chaos which evolves into low-frequency
fluctuations characterized by intensity dropouts. [S0031-9007(98)08369-0]

PACS numbers: 42.65.Sf, 42.55.Px

Feedback-induced delay systems are pervasive in which is stable at first, and then follows a similar route
number of fields such as physiology, neurology, andnto instability. In the stable regimes the laser operates in
optical systems [1]. Such systems are characterized bytae maximum gain mode [11] which is accessible to the
very complex and high-dimensional dynamical behaviorsystem, contrary to the predictions in [5]. Experimentally
A semiconductor laser subject to delayed optical feedbacke observed coexistences between the LFFs and the stable
is an example that has received much attention. It oftemaximum gain mode and numerically we found that the
exhibits perplexing dynamical behavior that is not only of LFF trajectory stabilizes at the maximum gain mode after
interest to delay problems in general but that is also osufficiently long integration, which suggests that the LFF
great importance in technological applications, as it mayrajectory may wander close to the chaotic saddle for a very
lead to performance enhancement or degradation [2].  long time before escaping to an attractor.

When a semiconductor laser subject to optical feedback In the experiment we used a laser diode operating
is pumped near its threshold it typically operates in theat about 780 nm (SDL 5301). The laser was pumped
low-frequency fluctuation (LFF) regime. This region is near threshold/;, = 25.2 mA, and placed into a short
characterized by irregularly occurring intensity dropoutsexternal cavity consisting of a holographic grating and a
which were first observed by Risch and Voumard [3]99% reflecting mirror similar to the setup used in [12].
using a bandwidth limited detector. Fischetal.[4] The zeroth order of the grating was used to monitor the
performed high bandwidth streak camera experimentsutput and the first order was reflected back into the
and discovered that the intensity exhibits irregular pulsesavity. The grating had 1200 grooves per mm and was
with a duration of a few tens of picoseconds whichoriented at 4% narrowing the cavity bandwidth to an
had been predicted by Tartwijkt al.[5]. Tkach and estimated 50 GHz which is one-third of the solitary laser
Chraplyvy [6] classified the effects due to feedback formode spacing. Consequently, the laser subject to optical
a laser pumped above threshold and found that the LFfeedback operated in a single solitary laser mode. The
regime occurred for moderate feedback strength, andxternal cavity was 15-cm long, resulting in an ECM
for strong feedback the laser becomes stable which wagpacing of 1 GHz which was clearly resolved in the
experimentally observed by Temkat al. [7]. A random  scanning Fabry-Perot interferometer (Newport SR-240C,
switching between stable and unstable operation waBee spectral range of 2000 GHz). The feedback strength
observed by Besnaret al. [8]. Sano [9] discovered that was varied by a set of two polarizers and measured
the dropout events are initiated by a crisis, a collision of &as a percentage of threshold reductiokhi = (I, —
chaotic attractor with an unstable saddle. I)/1. We detected the intensity with a slow dc-coupled

This Letter reports the first experimental observation of aletector (New Focus 1801) and we used a fast ac-coupled
bifurcation cascade in a semiconductor laser subject to ogghotodetector (Hamamatsu C4258), two amplifiers, and
tical feedback. We compute a numerical bifurcation dia-a digitizer (Tektronix RTD 720) to capture time series
gram using the Lang-Kobayashi equations [10] and findwvith a bandwidth of 500 MHz. We also recorded power
a cascade of bifurcations in accordance with our experispectra using a spectrum analyzer (HP 8596E).
mental results. With increasing feedback strength we find Figure 1 shows the experimentally observed bifurcation
experimentally and numerically that the laser successivelgascade for a pump current Hf= 25.0 mA obtained by
operates in a series of external cavity modes (ECMs); eadmonitoring the optical spectrum. For zero feedback the
of them is initially stable, then becomes dynamically un-system operates in many solitary laser modes, and we
stable through a Hopf bifurcation, exhibits chaos whichhave plotted the trace of one mode (mode 1) located
evolves into LFFs before it is replaced by the next ECM,at 0 GHz in Fig. 1, but the intensity is so weak that
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FIG. 1. Experimental bifurcation cascade in a semiconductor 2 < \
laser pumped near threshold and subject to optical feedback. & - §_50; \
As the feedback strength is increased, measured by the amount = i o Mh | W kw iy
of threshold reductiomi, the laser undergoes a cascade of = g0l W A
bifurcations as one ECM becomes unstable and the nextone § 1o 5 4 4 - o 00 10 20 30
with higher intensity becomes stable only to be destabilized Frequency (GHz) Frequency (GHz)

and replaced by the next stable ECM. Traces (b), (d), (f), (h),

(), and (l) depict the laser in a stable sate with a narrow lineFIG. 2. Dropout events were observed i = 6.5%, when

and no sidebands. Traces (c), (e), (9), (i), and (k) depict thehe fourth ECM becomes unstable. (a) The time trace clearly

laser in an unstable state, the laser line is broadened and haBows dropouts in the intensity. (b) The corresponding optical

sidebands at the relaxation oscillation frequency. spectrum shows large sidebands on the lasing mode. (c) The
power spectrum shows the characteristic LFF peak (arrow) and

) o ) peaks at multiples of the inverse-round-trip time.
the small peak is not visible in trace:)( For weak

feedbackAi = 3.6% [trace (b)], the second ECM (mode _ ,
2) is lasing; it is shifted by about 1 GHz to the longer Throughout the bifurcation cascade we observed coex-

wavelength. AsAi is increased to 4.4%, lasing is istences between the LFF regime and the next stable mode

transferred to mode 3 [trace (d)]. The signal strength ofvhen the feedback strength was slightly weaker than re-
traces (a)—(c) is too weak to infer the dynamical state ofiuired to stabilize the next higher mode. An example is
the system. Mode 3 is initially stable but with increasingShown in Fig. 3. ForAi =~ 9.5% we observe both the
Ai relaxation oscillation sidebands are undamped close tgnstable mode 5 and the stable mode 6. Figure 3(a) de-
the frequency of the ECM spacing [13]. For a furtherPiCts a time trace showmg regions of stable output_and
increase in\i we observe that the spectrum broadens, thé€gions with large fluctuations. As we stretch the time
center line decreases, and the sidebands become stron§&@le in Fig. 3(b) we clearly observe dropout events and
[trace (e)]. This dynamical state is commonly referred to? Stable region. Note that the time trace was captured
as coherence collapse and we typically observe dropoﬂﬂ"th the ac-coupled_ dete<_:t_or; our calibrated dc-_co_upled
events. As we further increaséi we find a regime detector measured intensities and standard deviations of
of coexistences between the LFF regime and the neft:46 * 0.04 mW for the LFF state and.05 = 0.01 mW
stable mode (mode 4). Mode 4 stabilizes o = 5.6% for the stable state. Figure 3_(c) anq 3(d) §how the opthal
and the bifurcation series continues in this fashion. WePectra of the stable state displaying a single mode with
observed this sequence for a total of 15 ECMs for thel&rrow Iinewidth_and the LFF state_which exhibits a broad
largest feedback strength accessible in our experiment. line with many sidebands. Most times, however, we ob-
Experimentally we have observed dropout events foserved an optical spectrum composed of the characteristics
Ai =~ 6.5% in the fourth successive ECM. Figure 2(a) de-Of both spectra. , _
picts a time trace for this regime clearly showing sharp A Single mode semiconductor laser subject to weak
drops in the laser intensity characteristic of bandwidth@nd moderate optical feedback is modeled with the
limited LFFs; Fig. 2(b) shows the corresponding Opti_Lang-_Kobayashl equations [10]._ T_he dimensionless rate
cal spectrum indicating that the laser line has sideband§duations for the complex electric fieffl and the excess
and the corresponding power spectrum [Fig. 2(c)] clearly@rrier numben are
demonstrates the LFF peak which corresponds to the av- 4 F _ _
erage time between dropout events [14]. Low-frequency ;o — (1 +ia)NE + «E(s — 7)exp—iwo7), (1)
fluctuations also occurred in the third ECM and may occur
for even weaker feedback strength, but the signal strength
is so weak that we cannot distinguish signal from noise.

dN

T— =P —N —(1+2N)|E*. 2)
ds
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b FIG. 4. Numerically computed bifurcation cascade for a
§ 100 - single mode semiconductor laser pumped 0.001 above thresh-
£ old and subject to weak optical feedback. As the feedback
= O ,J\./\,/\_,\____ strength « is increased from zero, the first ECM is stable
2 e e e W e and then becomes unstable through a Hopf bifurcation for
& s 6 4 2 00 8 6 4 2 0 k = 0.0006 and chaotic via a period-doubling bifurcation. For
x = 0.0012 the next higher ECM (mode 2) becomes stable and
Frequency (GHz) coexists with the unstable mode 1. Mode 2 becomes unstable

) ) for k = 0.0020 and follows a quasiperiodic route into chaos.
FIG. 3. Experimentally observed coexistences between LFFStable mode 3 then becomes accessible to the system and
and the stable maximum gain mode ff ~ 9.5%. (a) The  coexists with the unstable attractor of mode 2, and then mode
intensity exhibits regions of large fluctuations and of stable op3 also becomes unstable far = 0.0032 and the bifurcation
eration. (b) A magnification of the unstable regime demon-cascade continues.

strating that the laser intensity exhibits dropout events. (c) A
single narrow line for the stable regime and (d) many sidebands

t the ECM i ding to the LFF ime. . .
atthe spacing corresponding fo the regime The scenario for the onset of LFFs is as follows:

The fixed points of the Lang-Kobayashi equations lie

In these equations time is measured in units of the in an ellipse in the phase space spanned by the phase
photon lifetimer, (s = tlel). The external round-trip difference ¢(z) — ¢(r — 7) and the carrier numbenw.
time is normalized ag = 2L/c7,. wo = w7, is the As the feedback strength is increased, new fixed points
dimensionless angular frequency of the solitary laser are created in pairs by a saddle-node bifurcation. The
andk = yr, is the normalized feedback ratexr is the fixed point associated with the initially stable node is
linewidth enhancement factor ari@l is the ratio of the denoted by filled circles, and the saddle, also called an
carrier 7, to photon lifetimer, and the pumping rate antimode, is denoted by asterisks (Fig. 5). Two new fixed
above threshold. points are born foik = 0.00273, mode 3, which are the

We numerically integrated Eqgs. (1) and (2) with typi- maximum gain mode and the corresponding antimode.
cal parameters for the semiconductor laser used is k is minutely increased the antimode moves closer
the experiment:7, = 1.0ps, 7, =1ns, T = 1000, to the unstable mode in phase space until it collides with
7=1000(L=15cm), a =4, woer=—1, and the chaotic attractor fok = 0.00305, causing a crisis.
P = 0.001. A bifurcation diagram is shown in Fig. 4. This destroys the chaotic attractor, and a chaotic saddle
As the feedback strengtk is increased from zero the remains. The trajectory in Fig. 5 initially moves around
first ECM is initially stable and then undergoes a Hopfthe fixed point of mode 2, which was attracting (chaotic
bifurcation, indicating the birth of sustained relaxationattractor) but is now destroyed and has become a chaotic
oscillations. The laser becomes unstable and chaotic visaddle. The trajectory tries to reach the maximum gain
a period-doubling bifurcation. Fot = 0.0012 the next mode but comes close to the antimode and is repelled; the
higher ECM (mode 2) becomes stable and temporarilyntensity drops to zero. Again the trajectory climbs up to
coexists with the unstable mode 1. For these values akach the maximum gain mode, stays for a while near the
x, mode 2 is the maximum gain mode and is stable [11]chaotic saddle of mode 2, comes close to the antimode,
Mode 2 undergoes a Hopf bifurcation fer= 0.0020 and  but this time is captured by the maximum gain mode and
follows a quasiperiodic route into chaos which developgemains there.
into LFFs for « = 0.00305 through a crisis. For a We find stabilization regions throughout all of the LFF
further increase inc the next ECM (mode 3) is initially regime depicted in the bifurcation diagram in Fig. 4. For
stable, then undergoes a Hopf bifurcation following ax = 0.00762, for example, we find that the intensity
similar route into instabilities, and the bifurcation cascaddnitially pulsates but stabilizes after about 450 photon
continues. lifetimes. By plotting the trajectory in phase space we
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” in the LFF regime stabilize at the maximum gain mode
. after sufficiently long integration. We have also observed
5 * experimentally that dropout events occur for very weak
. feedback, when only the third ECM is accessed; numeri-
- ® cally we found LFFs in the second ECM. Thus unlike in
%0‘ trajectory is repelled * [6] we find many stable regimes followed by instabilities
E —= for single mode lasers pumped near threshold. The
& |collision observation of accessibility of the maximum gain mode is
5'5_:::;0(;\ important for the possible stabilization of the system [15].
10 \Slf‘?ﬁ’éﬁ%ddle
stable maximum gain mode .
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