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Abstract
We present experiments on the dynamics of a multi-

mode semiconductor laser (SL) system subject to mod-
erate optical feedback operating in the short cavity
regime (SCR). For the ratio between the external cavity
length and the optical laser cavity length, we have cho-
sen simple ratios between 2 and 4, fulfilling resonant
coupling conditions for the solitary laser modes. We
study the influence of injection current and feedback
phase on the dynamics under such conditions. As in
the case of the SCR, we find a cyclic scenario of the
dynamics depending on the feedback phase. Within
one cycle, the dynamics evolves from stable emis-
sion via periodic states to chaos. In contrast to Lang-
Kobayashi SCR-dynamics, the chaotic dynamics in this
system involves a remarkably large number of longi-
tudinal modes - easily exceeding 100 - leading to an
optical bandwidth of ∼7 nm. This dynamics is associ-
ated with broadband intensity rf-spectra with ∼ 6 GHz
bandwidth. We discuss this behavior in the context of
spectral dynamics and modal overlap leading to strong
interactions among the modes, demonstrating how this
behavior goes beyond the Lang-Kobayashi (LK-) de-
scription. Our results suggest that refined models are
desired to gain deeper insight into the nonlinear dynam-
ics of resonantly coupled multimode SL-systems.
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1 Introduction
Over the last two decades, the dynamics of semicon-

ductor lasers (SLs) subjected to delayed optical feed-
back has been attracting much attention in the field
of nonlinear dynamics. The attractiveness of these
systems is substantiated by the rich variety of non-
linear dynamical phenomena that have been found
because of their emission dynamics. For a recent

overview over various dynamical phenomena, we refer
to (Krauskopf B., 2000) and references cited therein.
The occurrence of the complex dynamics can be mainly
attributed to the following two SL characteristics.
Firstly, SL-systems with delayed optical feedback are
delay systems, which are, mathematically, infinite di-
mensional. Therefore, they offer the potential to ex-
hibit high-dimensional dynamics. Secondly, the in-
teraction among the intense laser field inside the SL
cavity and the semiconductor medium gives rise to
a pronounced inherent nonlinearity in these systems
(Henry, 1982; Heil et al., 1999). This nonlinearity
is typically described by the so-called α-parameter.
The combination of both delayed feedback and an in-
herent strong nonlinearity provides potential for high-
dimensional chaotic intensity dynamics and, finally,
evokes the multitude of dynamical phenomena which
have been observed. To date, several of the dynam-
ics phenomena occurring in delay systems are still not
fully understood. One reason lies in the fact that an
analytical treatment of delay systems is very demand-
ing. In this context, well-controllable SL-systems with
delayed feedback have been proven as excellent exper-
imental systems for studying delay dynamics. More-
over, nonlinear dynamics of such SL-systems can be
harnessed, offering perspectives for novel technolo-
gies, e.g. for chaotic light detection and ranging (CLI-
DAR) (Lin and Liu, 2004) or encrypted communica-
tions (Larger and Goedgebuer, 2004; Donati and Mi-
rasso, 2002).

Until recently, research has mainly focused on sys-
tems with external cavities LEC being sufficiently
longer than the laser cavity LL (Lang and Kobayashi,
1980; Mørk et al., 1988; Mørk et al., 1992; vanTartvijk
et al., 1995; Lenstra, 1997; Heil et al., 2001). It has
turned out that most of the dynamics of such systems
are captured by models based on the Lang-Kobayashi
(LK) SL rate equations (Lenstra, 1997; Fischer et
al., 1996; Heil et al., 1999). In that sense, the LK-
equations have become an established foundation for



modeling SL-systems. However, the LK-equations
are based on several assumptions, which are not ful-
filled in the main. Two restrictive assumptions are
that the model only accounts for one single longitu-
dinal laser mode and, furthermore, that spatial depen-
dencies in the solitary laser cavity are disregarded in
this mean-field model. Nevertheless, further modes
and spatial dependencies might become relevant for
certain systems. For those conditions, multimode ex-
tensions to the LK-equations have been proposed ac-
counting for lasing and coupling of several longitudinal
modes (Sukow et al., 1999; Yousefi et al., 2003; Ko-
ryukin and Mandel, 2004). However, these models also
have their limits of validity and cannot be applied in
general. Traveling wave models present a promising
and powerful alternative for modeling the dynamics
of SL-systems, since they can account for spatial ef-
fects. However, they imply more demanding mathe-
matical handling (Tromborg et al., 1997; Duarte and
Solari, 1997; Möhrle et al., 2001). We will show that
SL-systems with properties far beyond the validity of
a LK-description can reveal interesting dynamics phe-
nomena which can give further insight into the prop-
erties of complex nonlinear systems in general. In ad-
dition, the interesting characteristics of these systems
offer potential for technical applications.
In this context, we introduce a multimode SL-system

which clearly violates the main assumptions, being
negligibility of spatial extension of the laser cavity
and single mode operation. Firstly, and in contrast
to conventional LK SL-systems, in the presented sys-
tem the lengths of LEC and LL are of comparable size.
Secondly, we additionally introduce resonant coupling
conditions between the longitudinal modes. As we will
demonstrate, the combination of both features can ef-
fect pronounced optical broadband dynamics which are
induced by numerous strong interacting longitudinal
modes. In the following, we present and analyze the
dynamics of this interesting system in detail. The out-
line of the paper is as follows.
In section 2, we introduce the SL-system and describe

the experimental setup which we utilize for character-
ization of its dynamics. Then, we demonstrate how
strong coupling between the longitudinal modes can be
achieved by resonant cavity conditions. In section 3,
we study the influence of the relevant system parame-
ters on the dynamics. These parameters are the pump
current and the feedback phase. For variation of both
parameters, we find a cyclic scenario with dynamics
evolving from stable emission to periodic states, then
to chaos, and, again, to stable emission. We give ev-
idence that for high pump parameters, we are able to
achieve broadband chaotic intensity dynamics with an
optical bandwidth exceeding 7 nm. We point out that
easily more than 100 longitudinal modes are involved
in the dynamics. Therefore, we analyze this extraordi-
nary broadband dynamics in detail in section 4. We
present results for spectrally resolved measurements
which provide insight into the spectral components of
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Figure 1. Experimental setup for the multimode semiconductor
laser feedback system.

the dynamics. Afterwards, we discuss the spectral dy-
namics, motivating new models which reveal the rel-
evant mechanisms determining the characteristic dy-
namics of the system. Finally, we draw some conclu-
sions in section 5.

2 Experimental Setup
In this section, we introduce the SL-system allowing

for exceptional optical broadband multimode dynam-
ics and illustrate the experimental setup applied for the
analysis of the dynamical characteristics of the sys-
tem. A scheme of the experimental setup is depicted
in Figure 1. In this figure, the SL-system is framed by
a black line which is located in the upper half of the
figure, while the detection branch is mainly sketched
in the lower half of the figure. The central device of
the system is a ridge waveguide semiconductor laser
emitting at a center wavelength of 785 nm. The laser
has been selected with respect to a broad and flat gain
profile and a small spectral spacing of the longitudinal
modes. The length of the laser cavity is LL = 1.6 mm
and the effective refractive index of the gain material
of the SL is approximately n = 3.7. Consequently, the
longitudinal mode spacing amounts to 25.3 GHz. In
order to guarantee well-defined operation conditions,
the laser is pumped by an ultra-low-noise DC-current
source and its temperature is controlled and stabilized
to better than 0.01 K. The light emitted from the right
facet of the SL is collimated by a lens (L) and prop-
agates towards a semitransparent mirror (SM) with a
reflectivity R. A part of the light is reflected from
the SM and is reinjected into the laser after the de-
lay time τEC = 2 LEC/c, and with the phase (differ-
ence) Φ0 = Φ(t) − Φ(t − τ). Here, LEC stands for
the length of the external cavity, and c for the speed
of light in air, while γ denotes the feedback ratio de-
fined as the ratio between the power of the light cou-
pled back into the laser cavity and the power emitted at
the front (right) facet of the laser. In the experiments,
the ratio between LEC and the effective laser length
LL,eff = n LL has been chosen between 2 and 4. This
corresponds to external cavity round-trip frequencies
of 6.3GHz ≤ νEC ≤ 12.7GHz. The round-trip fre-



quency of the laser cavity amounts to νL = 25.3GHz.
For such short external cavity length, the Short Cavity
Regime (SCR) requirement (Heil et al., 2001; Heil et
al., 2003) is always fulfilled, since the external cav-
ity round-trip frequency 1/τEC is sufficiently larger
than the relaxation oscillation frequency νRO of the
SL, which is always smaller than 3.3 GHz for the ac-
cessible pump currents. Under these conditions, the
key parameters of the system determining the dynami-
cal behavior are the delay time τEC, the feedback ratio
γ, the pump current IDC and the feedback phase Φ0.
These parameters can be varied by changing LEC, re-
placing the SM by one with different reflectivity R, by
varying IDC and by shifting the SM on sub-wavelength
scale with a piezo-electric transducer (PZT), respec-
tively. The light emitted from the rear facet of the laser
is sent to the detection branch, which is isolated by an
optical isolator (ISO) in order to prevent influence from
unwanted back-reflections of the detection branch. At
the beam splitter (BS), a part of the total intensity is
coupled out into a fiber at the fiber coupler (FC1) and
further split into two fractions for analysis. One part
is detected by a 12 GHz photo detector (APD), whose
output is monitored on a 4 GHz bandwidth digital stor-
age oscilloscope (DSO), and an (electrical) rf-spectrum
analyzer (ESA) with 18 GHz bandwidth. The other part
of the light is analyzed with an optical grating spectrum
analyzer with a resolution of 24 GHz. The light prop-
agating through the BS, is coupled to a grating mono-
chromator (MO) where it is spectrally filtered allowing
for analysis of the emission dynamics of selected opti-
cal spectral regions. In the following, we will call these
measurements spectrally resolved measurement, since
the optical spectral bandwidth of the selected region is
sufficiently smaller than the full optical spectral band-
width of the total emission. After passing through the
MO, the light is coupled into a fiber at FC2 for detec-
tion. The spectral bandwidth (3 dB) of the filtered light
amounts to approximately 170 GHz, which is equiva-
lent to an interval comprising 7 longitudinal modes.
The center wavelength of the spectrally filtered light
can be tuned over the whole emission spectrum of the
SL-system. In analogy to the detection of the full band-
width intensity signal, the detection apparatus for the
spectrally filtered signal is identical, except for an addi-
tional rf-amplifier (A) inserted after the APD account-
ing for the reduced intensity due to spectral filtering,
and additional losses due to lower coupling efficiency
at FC2.

Before presenting the experimental characterization
of the dynamics of the SL-system, we first motivate a
particular choice of external cavity lengths. Namely,
we realize resonant coupling of the longitudinal modes
of the SL for which we are able to achieve chaotic
multimode dynamics with an extraordinary high opti-
cal bandwidth. Subsequently, we experimentally char-
acterize the total intensity dynamics of the SL-system
in dependence on the pump current and the feedback
phase Φ0.

2.1 Resonant Cavities Condition
The coupling conditions between the laser- and the ex-

ternal cavity are of crucial importance in a multimode
SL-system with optical feedback, since they influence
the interactions between the lasing modes and, con-
sequently, the dynamics of the total system. In such
a double cavity system, resonant coupling is a distin-
guished condition, in particular when the lengths of
the resonators are of comparable size. Under these
circumstances, which are realized in this short cavity
setup, best coupling conditions are accomplished when
the round-trip frequencies between both cavities, the
laser cavity (νL,eff ) and the external cavity (νEC), ful-
fill the resonance condition νL,eff/νEC = N, with N
being an integer number. For this prerequisite, both
resonators strongly couple and adjacent longitudinal
modes are equally supported in the gain medium (laser
cavity) allowing for substantial coupling between lon-
gitudinal modes. Depending on the gain profile, nu-
merous longitudinal modes may be excited in the SL-
system offering potential for dynamics with high opti-
cal bandwidth. However, fractional ratios of νL,eff/νEC

fulfill also similar, although weaker, resonance condi-
tions. In particular, conditions satisfying νL,eff/νEC =
(2N + 1)/2, are also good coupling conditions of the
family sufficing fractional resonance conditions. For
these conditions every next but one longitudinal mode
is supported in the gain medium in a similar manner
as for the integer resonance condition, while the modes
in between are considerably less supported. Therefore,
in this case, the mode spacing between every next but
other mode is of importance for the dynamics. The cor-
responding frequency can be considered as mode spac-
ing frequency of a resonator of half the length of the
original effective laser cavity, ν′L′,eff = 2 νL,eff . For
this frequency, in turn, an integer resonance condition
is accomplished, being N ′ = ν′L′,eff/νEC. This situ-
ation differs from the original integer resonance con-
dition only in the sense that the frequency spacing of
supported modes is larger, which reduces the coupling
strength between the supported modes.
In the experiments, we tune N = LEC/LL,eff in a

range between 2 and 4. We note that we find equiva-
lent good coupling conditions for ratios of 2, 3 and 4,
as well as for ratios of 2.5 and 3.5. However, in the ex-
periments presented, we choose a ratio of 2.5, since the
larger spectral spacing of the supported modes facili-
tates better control over the dynamics. This property is
especially helpful when studying the onset of dynam-
ics and the emergence of dynamics scenarios. We point
out that the results obtained for the dynamics for a ra-
tio of 2.5 agree to those obtained for a ratio of 3, ex-
cept for minor quantitative differences with respect to
the dependence on the control parameters. In the next
section, we analyze the emergence of dynamics in the
SL-system in detail and give evidence that for resonant
coupling we are able to achieve chaotic intensity dy-
namics with an extraordinarily high optical bandwidth
of several nanometers.



3 Scenarios of the Dynamics of the System
In the previous section, we have motivated our choice

of the external cavity length being LEC = 2.5LL,eff .
With this condition, we have realized two distinct fun-
damental preconditions for the behavior of the dynam-
ics of the system. Firstly, as we have seen in the pre-
vious section, the system fulfills the SCR-requirement
due to the ratio of νEC/νRO > 1. Therefore, the short
external cavity SL-system is still a delay system and,
hence, it is mathematically infinite dimensional offer-
ing the potential for high-dimensional dynamics. Sec-
ondly, an additional and new fundamental precondi-
tion lies in the fact that the round-trip time inside the
short external cavity, τEC ≈ 100 ps, is of compara-
ble size as the round-trip time in the laser cavity, be-
ing τL = c/2LL,eff ≈ 40 ps. This property implies
that adjacent longitudinal laser modes resonantly cou-
ple, since they are only separated by about 2 - 3 exter-
nal cavity modes. Therefore, the fixed points structure
of the system is a global one and fundamentally differ-
ent if compared to multimode LK-systems, in which fix
points belonging to individual longitudinal modes can
be regarded as being almost independent.
In the following, we demonstrate that interesting

broadband dynamics can be discovered because of the
specific properties of this short external cavity SL-
system. We analyze the characteristics of the dynamics
and identify the pump current IDC and the feedback
phase Φ0 as major control parameters. Henceforth, we
study their influence on the dynamical properties of the
SL-system.

3.1 Influence of the Pump Current
In this subsection, we investigate the dependence of

the dynamics on the pump current. A more significant
measure than the absolute pump current is the pump
parameter (P) which we define as the ratio between the
pump current IDC and the solitary laser threshold cur-
rent (Ith), P = IDC/Ith. Here, the solitary threshold
current is Ith = 45.72 mA. In the experiment, we have
set the feedback ratio to γ = 0.16, inducing a thresh-
old reduction of 6.9 % with respect to the solitary laser
threshold. For these conditions, we increase the pump
parameter from P = 0 to P≈ 3.
Starting at P = 0, we find the onset of dynamics for

P = 0.93. For such small values of the pump parame-
ter, the dynamics consists of slow intensity fluctuations
comprising frequencies of up to several hundred MHz.
However, the intensity fluctuations are not equally dis-
tributed, but cluster around a peak frequency. This
peak frequency increases as the pump parameter is in-
creased. As an example for such dynamics, in Figure 2
a) we present a rf-spectrum of the dynamics obtained
for a pump parameter of P = 0.96. We note that the
peak frequency of the slow intensity fluctuation does
not increase continuously for incrementing pump pa-
rameter. Instead, we find a (cyclic) scenario for in-
creasing pump parameter on a scale of ∆P ≈ 0.1. In
this scenario, the dynamics evolves from stable emis-

Figure 2. rf-spectra of the intensity dynamics in dependence on the
pump parameter P. Figure a) exemplarily shows typical dynamics for
low pump levels near laser threshold, here at P = 0.96. For interme-
diate pump levels and increasing pump parameter, we find a cyclic
scenario evolving from stable emission in b), to periodic states in c)
and d), to chaotic dynamics e), and, again, to stable emission. The
feedback ratio is moderate, γ = 0.16, and the pump parameters are:
a) P = 0.96, b) P = 1.33, c) P = 1.36, d) P = 1.38, and e) P = 1.40.

sion to slow intensity fluctuations, which start to clus-
ter giving rise to a distinct peak, as depicted in Fig-
ure 2 a). Then, clustering breaks up and the emission
becomes stable again. However, the average peak fre-
quency of the dynamics increases continuously for in-
crementing pump current. For this feedback ratio, ap-
proximately 2 cycles of this scenario can be found until
the dynamics change for pump levels of about P = 1.2.
At this level, an additional higher frequency compo-
nent emerges at 2.7 GHz, which is not directly related
to the relaxation oscillation frequency νRO of the soli-
tary SL, since νRO ≈ 0.6GHz. Further increasing the
pump parameter, the low frequency part of the dynam-
ics becomes less and less pronounced, until it vanishes
completely, while the new higher frequency component
dominates the emergence of the dynamics. However,
the property of the dynamics to evolve cyclically, medi-
ating between stable emission and dynamics, not only
persists, but becomes more and more pronounced.
An example of one characteristic cyclic scenario for

intermediate pump parameters is presented in Figure 2.
Stable emission is achieved for a pump parameter of
P = 1.33. As expected, the corresponding rf-spectrum,
which is depicted in Figure 2 b), does not give rise to



any intensity dynamics. We note that the step in the
rf-spectra at 1.7 GHz originates from the higher noise
level of the electrical spectrum analyzer for the upper
detection band for higher frequencies. Increasing the
pump level slightly, the intensity starts to oscillate pe-
riodically at a frequency of 2.91 GHz. This oscilla-
tion becomes more pronounced and slightly shifts to
higher frequencies, as the pump parameter is incre-
mented to P = 1.36. In the rf-spectra in Figure 2 c), we
identify a peak corresponding to the fundamental fre-
quency at 2.92 GHz and a weakly pronounced peak of
the second harmonic at 5.84 GHz. In comparison, the
relaxation oscillation frequency of the solitary laser is
νRO ≈ 1.5GHz. With further incrementing the pump
parameter, we find a period doubling bifurcation sce-
nario, which becomes clear from the rf-spectrum illus-
trated in Figure 2 d). The corresponding pump para-
meter is P = 1.38. For this pump level, we have already
reached a period 4 state of the dynamics. Due to this
period doubling cascade, we expect chaotic dynamics
for higher pump parameters. Indeed, chaotic dynam-
ics can be achieved for P = 1.4, which we demonstrate
with the rf-spectrum depicted in Figure 2 e). It becomes
clear from the figure that the peaks related to the orig-
inally periodic dynamics are significantly broadened.
Now, the rf-spectrum reveals an extended bandwidth
of the dynamics of ∼ 5 GHz reflecting chaotic dynam-
ics. We note that at the onset of chaos the optical spec-
trum does not give evidence for multimode dynamics.
In this sense, at the onset of chaos, the dynamics be-
comes locally chaotic. As we will demonstrate later
on, this property drastically changes for fully devel-
oped chaos at higher pump parameters, where the opti-
cal spectrum features distinct multimode dynamics. An
additional interesting property of the period doubling
route to chaos can be identified from the rf-spectrum as
presented in Figure 2 e). With increasing pump para-
meter and, hence, progressing into the chaotic regime,
we find the inverse cascade. In particular, the residuals
of the period 4 peaks are strongly suppressed in Fig-
ure 2 e). Finally, we find that with further increasing
pump parameter, the cycle is completed and the chaotic
dynamics suddenly disappear and the steady emission
state is reached again. We note that we observe hystere-
sis for this transition between the chaotic and the steady
state for increasing and decreasing pump parameter.

The results obtained for intermediate pump parame-
ters indicate that with increasing pump parameter the
chaotic dynamics comprise a growing number of lon-
gitudinal modes extending the optical bandwidth of the
dynamics. Therefore, we have increased the pump
parameter substantially, in order to verify if the SL-
system offers potential for generation of pronounced
chaotic multimode dynamics with high optical band-
width. Additionally, and in order to support the cou-
pling between adjacent longitudinal modes, we have
slightly increased the feedback rate to γ = 0.18. For
this feedback ratio we measure a threshold reduction
of 7.5 %. We have adjusted the pump parameter to
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Figure 3. Optical broadband dynamics achieved for high pump pa-
rameter P = 3.28 and moderate feedback ratio γ = 0.18. The rf-
spectrum of the intensity dynamics, which are depicted in a1), re-
veals broadband chaotic dynamics. A 20 ns long segment of the cor-
responding time series is presented in Figure a2), while Figure a3)
demonstrates pronounced multimode dynamics manifesting in the
broadband optical spectrum. The optical spectrum for single mode
emission, which is obtained for a minor change of the pump parame-
ter of ∆P = −0.03, is presented in Figure b).

P = 3.28, for which we find pronounced chaotic dynam-
ics. The results are summarized in Figure 3. Figure 3
a1) depicts the rf-spectrum of the dynamics. The con-
tinuous spectrum reveals pronounced chaotic intensity
dynamics with a bandwidth slightly exceeding 6 GHz.
Furthermore, the spectrum does not reveal remains of
periodic frequencies stemming from the period dou-
bling scenario as we have seen for lower pump lev-
els in Figure 2 e). In contrast to the pronounced pe-
riod doubling scenario for small pump parameters, the
transition for high pump parameters from the steady
state to chaotic dynamics takes place in a very small
interval. However, two different regions can be identi-
fied in the rf-spectrum. First, there is a broad peak at
around 1.3 GHz, which cannot be directly assigned to
a characteristic frequency of the system. The second
characteristic is a very broad hump with a maximum
near 3.2 GHz, which might be related to νRO, being
3.06 GHz for this pump parameter. A 20 ns long seg-
ment of the time series is presented in Figure 3 a2), il-
lustrating the irregular intensity fluctuations of the SL-
system on sub-ns time scale. The corresponding opti-
cal spectrum is presented in Figure 3 a3). In contrast
to the behavior for small pump parameters, the optical
spectrum for chaotic dynamics for high pump parame-
ters reveals an extraordinarily high spectral bandwidth
of more than 7 nm. Since the spacing of the longitu-
dinal modes amounts to 52 pm, the number of modes
involved in the dynamics exceeds 130. A distinct fea-



ture of the broadband optical spectrum is its trident
like envelope. Additional experiments have verified
that misalignment of the external cavity or dispersion
effects in the SL material can be excluded as mecha-
nisms. Therefore, this property seems to be a general
property for the optical broadband multimode dynam-
ics of this system. Furthermore, we note that only for
resonant coupling conditions, we are able to achieve
such conspicuous optical broadband chaotic dynamics.
In order to highlight the dramatic increase in the opti-
cal bandwidth, in Figure 3 b), we illustrate an optical
spectrum for stable emission for comparison. In order
to achieve this state, we have decremented the pump
level by ∆P = 0.03. However, we can also increase the
pump level in order to reach this state, since the char-
acteristic property of the dynamics evolving cyclically
for increasing (and decreasing) pump level persists also
for high pump levels.
A possible explanation for the scenario being cyclic

can be found in the indirect influence of the pump para-
meter on the feedback condition. When increasing the
pump parameter, we slightly increase LL,eff because of
thermal effects. For an increase of LL,eff , on the other
hand, the gain maximum shifts to longer wavelengths
causing a red-shift of the emission wavelength. The re-
sult is a small decrease of the feedback phase. Since
the system operates in the SCR, the feedback phase
Φ0 is a crucial parameter for the dynamics (Heil et
al., 2001; Heil et al., 2003). Whether this consideration
explains the origin of the cyclic nature of the scenario
and whether a feedback phase can be properly defined
in a such a pronounced multimode system, will be dis-
cussed in the next subsection.

3.2 Influence of the Feedback Phase
The considerations given at the end of the previ-

ous subsection indicate that the phase of the feedback
might be the relevant parameter for the occurrence of
the cyclic scenario. In order to clarify this question,
we study the effect of small changes of the length of
the external cavity on the dynamics. In the experi-
ments, we vary the length of the external cavity on sub-
wavelength scale utilizing a piezo transducer (PZT).
This results in a change of the phase of the feedback.
We note that for resonant coupling conditions, a proper
feedback phase Φ0 is defined. Due to the resonance
condition, the feedback phases are the same for all sup-
ported longitudinal modes. We have verified that the
deviations from this consideration induced by disper-
sion in the laser medium are negligible.
Figure 4 depicts the rf-spectra of typical dynamics for

different values of the feedback phase Φ0. Here, we
have chosen a moderate pump parameter of P = 3.06
and a moderate feedback rate, being γ = 0.16. At
the beginning of the experiment, we adjust for steady
emission, which is presented by the flat rf-spectrum de-
picted in Figure 4 a). For this condition, we associate
the feedback phase with Φ0 = 0. In advance, we high-
light that we have found a cyclic scenario depending on
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Figure 4. rf-spectra of characteristic dynamics of the π-cyclic sce-
nario for decreasing feedback phase Φ0. The phase condition for
continuous emission, illustrated in Figure a), has been assigned to the
phase value Φ0 = 0 π. Period two dynamics for Φ0 = −0.24 π,
evolving through a period doubling route to chaos, is presented in
Figure b). Chaotic dynamics are obtained for Φ0 = −0.32 π, de-
picted in Figure c). Other conditions are P = 3.06 and γ = 0.16.

Φ0. We have measured the corresponding phase differ-
ence for a complete cycle of the scenario to be equiva-
lent to π.
From the stable state, we start to decrease Φ0 and

monitor the rf-spectra of the dynamics. For decreas-
ing Φ0, we find the onset of periodic dynamics for
Φ0 ≈ −0.2 π. Then, in agreement with the obser-
vations for increasing the pump parameter, a period
doubling scenario evolves with a period two state for
a feedback phase of Φ0 = −0.24 π. This state is il-
lustrated in Figure 4 b). Further decreasing Φ0 effects
chaotic dynamics via a period doubling route to chaos.
The rf-spectrum obtained for chaotic dynamics is de-
picted in Figure 4 c). Approximately 10 indistinguish-
able cycles of this scenario can be identified for chang-
ing the voltage supplied to the PZT. We have inves-
tigated the dependence on Φ0 for various pump para-
meters and found very good agreement for the dynam-
ics with the results obtained for variations of the pump
parameter. Therefore, we conclude that the observed
cyclic scenario can be attributed to the feedback phase
Φ0.
This crucial dependence of the dynamics of the SL-

system on Φ0 is in agreement with results presented for
SCR dynamics in references (Heil et al., 2001; Heil et
al., 2003). However, the strong dependence on Φ0 and
the emergence of a cyclic scenario are the only similari-
ties. Here, and in contradiction to the well-known SCR



dynamics, where the route to chaos is a quasi periodic
route, we find a different route to chaos, namely, a pe-
riod doubling route. Furthermore, the pronounced op-
tical broadband dynamics, originating from a multitude
of strongly interacting modes, which is realized by the
resonant coupling condition, are unique for the present
system. The interactions between the high number of
longitudinal modes giving rise to this extraordinary op-
tical broadband dynamics need to be identified.

4 Interactions of the Longitudinal Modes for Op-
tical Broadband Dynamics

In order to gain insight into the interactions between
the longitudinal modes, we analyze the pronounced op-
tical broadband dynamics in detail. Therefore, we ac-
complish a more sophisticated experiment, in which we
measure both the total intensity dynamics, comprising
the dynamics of all the longitudinal modes, and the dy-
namics of spectrally filtered regions, consisting of only
7 longitudinal modes, simultaneously. The spectral fil-
tering is realized by utilizing a grating monochromator,
as illustrated in Figure 1. In the experiment, we com-
pare the total intensity dynamics with the spectrally fil-
tered dynamics at different spectral positions. We have
chosen a moderate feedback rate of γ = 0.18 and a
moderate pump parameter, being P = 2.52. For these
conditions, we have adjusted Φ0 for maximum opti-
cal bandwidth and broadband chaotic dynamics. The
results are given in Figure 5. In this figure, the total
dynamics are presented in grey, while the spectrally fil-
tered dynamics are represented in black. In order to
allow for comprehensive information, we depict the op-
tical spectra together with the corresponding rf-spectra
and 15 ns segments of the time series of the intensity
dynamics. This is accomplished for three different
spectral positions for the filtered dynamics. As it can be
seen in the optical spectra in the Figures 5 a1), b1) and
c1), the total intensity dynamics comprises a high op-
tical bandwidth of approximately 7 nm, while the 3 dB
bandwidth of the filtered dynamics can be determined
to 350 pm, which corresponds to a number of 7 longi-
tudinal modes. The series for the three different center
frequency, being 781.7 nm, 784.8 nm and 787.3 nm, are
depicted in rows a, b, and c, respectively.
We begin with a comparison of the total dynamics and

the filtered dynamics for a filter position near the center
wavelength of the optical spectrum at 784.8 nm (series
b). In Figure 5 b2), the rf-spectra of the filtered dynam-
ics reveal distinct low frequency dynamics for frequen-
cies below 1 GHz. Such low frequency components are
not present in the rf-spectrum of the total dynamics.
In contrast to this, both rf-spectra show good agree-
ment for higher frequencies between 2 GHz and 5 GHz.
A comparison of the corresponding time series, which
are presented in Figure 5 b3), underlines this property
by revealing a clear correlation. In the time series for
the filtered dynamics, we find slow intensity fluctua-
tions on a scale of several ns. These slow fluctuations

are lacking in the time series of the total dynamics.
This property gives evidence for anti-phase dynamics
of the many longitudinal modes on a time scale of up
to several hundred MHz, a property which has been ob-
served for various multimode SL-systems (Uchida et
al., 2001; Buldú et al., 2002; Masoller et al., 2005). In
many cases thereof, mode competition has been identi-
fied for being the relevant mechanism, induced by the
coupling of the modes via common gain. In contradic-
tion to the anti-phase dynamics at low frequencies, we
find in-phase dynamics in the time series for the fast
sub-ns time scale pulsations. This property has also
been reported for other multimode SL-systems (Uchida
et al., 2001). For those systems, it has been shown
that the in-phase dynamics is related to the relaxation
oscillation frequency of the system. However, in the
present SL-system and for this pump parameter, the
relaxation oscillation frequency of the solitary SL has
been determined to be νRO = 2.6GHz, which differs
significantly from the peak at 3.5 GHz visible in the rf-
spectrum.
An interesting question is if and how the dynamics

of the longitudinal modes changes in other spectral re-
gions apart from the center of the optical spectrum.
Therefore, we have first decreased the center frequency
of the filtered dynamics to 781.7 nm and then increased
the center frequency of the filter to 787.3 nm, respec-
tively. The corresponding results are presented in Fig-
ure 5 in series a) and in series c). We point out, that in
the flanks of the optical spectrum the power of the dy-
namics is approximately 8 dB less, if compared to the
central region of the optical spectrum, which needs to
be considered for comparison of the rf-spectra of dif-
ferent spectral regions. Again, the corresponding rf-
spectra reveal distinct low frequency dynamics, simi-
lar to the case of the center of the optical spectrum in
Figure 5 in series b). Although the power of the in-
tensity dynamics is just sufficient for detection, we find
evidence for less pronounced high frequency dynam-
ics in the flanks of the optical spectrum, while the low
frequency dynamics are well pronounced. A compari-
son of the corresponding normalized time series, which
are depicted in the Figures 5 a3) and 5 c3), underlines
this result. Still, we are able to identify low frequency
intensity dynamics, while the fast intensity pulsations
are less pronounced than in Figure 5 b3). Furthermore,
we hardly identify in-phase dynamics in time series in
the Figures 5 a3) and 5 c3). These results indicate that
mode competition is a relevant mechanism for all lon-
gitudinal modes involved in the dynamics, while dy-
namics on faster time scales exceeding 1 GHz origi-
nates rather from near the center region of the optical
spectrum.
However, a relevant question has been brought up by

these results concerning the nature of the pronounced
multimode dynamics. Namely, whether the dynam-
ics is inherently broadband for all longitudinal modes
disregarding the spectral position, or whether the dy-
namics in the center drives the dynamics in spectrally
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Figure 5. Comparison of total and spectrally filtered dynamics for optical broadband emission dynamics. The dynamics for three different
center frequencies of the filter, which are 781.7 nm in a), 784.8 nm in b) and 787.3 nm in c), are shown. Total dynamics are represented in gray
and filtered dynamics in black. The optical spectra are depicted in a1), b1) and c1), while the corresponding rf-spectra and normalized time series
are presented in a2) - c2) and a3) - c3), respectively. The pump parameter is P = 2.52 and the feedback rate amounts to γ = 0.18.

distant regions. This inevitably leads to the question,
whether information is (equally) produced in a collec-
tive manner in the whole spectral range, or if informa-
tion is produced in the center and successively flows to
spectrally distant regions? Further experiments are re-
quired in order to answer this question and other open
questions providing important information about the
relevant mechanisms for such dynamics. Additionally,
analysis of suitable models is a desirable and comple-
mentary approach to achieve this goal, which has been
proven as powerful for conventional SL-systems. How-
ever, a suitable model accounting for the relevant prop-
erty of resonant coupling is currently not available.

5 Conclusion
We have studied a SL-system with comparable length

of the external cavity and the laser cavity. For reso-
nant coupling conditions, we have identified that the
dynamics strongly depend on the feedback phase. For
continuously changing feedback phase, we have re-
vealed a cyclic scenario with dynamics evolving from
stable emission to periodic states, then to chaotic dy-
namics, and back to stable emission. At first sight,
these findings are similar to the properties reported for
conventional short cavity regime (SCR) SL-systems,
which can be modeled by Lang-Kobayashi (LK) equa-
tions. Nevertheless, we have demonstrated distinct dif-

ferences in the route to chaos and in the characteristics
of the chaotic dynamics if compared to conventional
SCR-dynamics. A remarkable property of the system
presented is that the system allows for the generation of
broadband chaotic intensity dynamics with broadband
spectral dynamics comprising an optical bandwidth of
around 7 nm. For this state, we have demonstrated pro-
nounced multimode dynamics with a number of more
than 130 interacting longitudinal modes. We have com-
pared the properties of the SL-system with respect to
compatibility to models based on the LK-equations,
and find that refined models are needed to understand
the systems dynamics. This is mainly due to the reso-
nant coupling condition allowing for pronounced mul-
timode dynamics. Finally, we associate the onset of the
observed optical broadband dynamics to spectral over-
lap between longitudinal modes caused by feedback in-
duced spectral dynamics.
From the nonlinear dynamics point of view, an un-

derstanding of these characteristic properties of the dy-
namics is desired, since identification of the underlying
mechanisms might reveal general properties of com-
plex multimode system. In this context, further exper-
iments with this well-controllable SL-system can sup-
port relevant studies on the dynamics of pronounced
multimode system. Finally, we point out that addi-
tionally to the interest in the pronounced multimode
dynamics of this SL-system from a nonlinear dynam-



ics point of view, the corresponding high optical band-
width qualifies the SL-systems for implementation in
novel technical and medical applications where op-
tical broadband light sources are required, e.g. for
chaotic light detection and ranging (CLIDAR) (Lin and
Liu, 2004) and coherence tomography (Brezinski and
Fujimoto, 1999).
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