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Abstract: A system for supercontinuum generation by using a photonic
crystal fiber within a synchronously pumped ring cavity is presented. The
feedback led to an interaction of the generated supercontinuum with the
following femtosecond laser pulses and thus to the formation of a nonlinear
oscillator. The nonlinear dynamical behavior of this system was investigated
experimentally and compared with numerical simulations. Steady state,
period doubling and higher order multiplication of the repetition rate as well
as limit cycle and chaotic behavior were observed in the supercontinuum
generating system.
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1. Introduction

Supercontinuum (SC) generation is a nonlinear optical phenomenon where narrow bandwidth
light becomes spectrally broadband due to, e.g., self-phase modulation, four-wave mixing, soli-
ton fission and Raman scattering.

Since the first documentation of SC generation in 1970 by Alfano and Shapiro [1, 2] the
development of microstructured fibers (MSF) as novel, highly effective nonlinear media with
flexibly designable dispersion properties has boosted ultrabroadband supercontinuum genera-
tion [3–5]. Great progress has been achieved in the understanding of the complex mechanisms
of supercontinuum generation as well as of its crucial parameter dependence, such as for in-
stance the input wavelength, power, and pulse duration [6], as well as, the chirp [7] and the
polarization [8].

Via the input pulse and fiber parameters supercontinua can be formed such that they can
be used for several applications, such as optical coherence tomography [9, 10], fluorescence
microscopy [11], optical frequency metrology [12, 13], and ultrashort pulse generation [14].
Beside adapting these usual input parameters to taylor specific supercontinua [15–17], the co-
herence properties could for example be improved by modulating the input temporal pulse
shape [18], and certain spectral regions of the SC could be enhanced by two-color pump-
ing [19], fiber cascades [20], fiber Bragg gratings [21] or long-period gratings [22].

Furthermore, the influence of optical feedback on the spectral SC composition was investi-
gated in picosecond systems, where SC generation relies on seeded four-wave mixing [23, 24],
as well as in the case of weaker nonlinearities of a single-mode fiber, where the dynamics
of period multiplication and chaos were observed [25]. Numerical analysis of SC generation
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in a feedback system with femtosecond pump pulses considering the complex simultaneous
interplay of four-wave mixing, self-phase modulation, Raman scattering and higher-order dis-
persion was conducted recently by our group [26]. In that work, it was shown that femtosecond
SC generation within a feedback loop constitutes a nonlinear oscillator, and that in certain pa-
rameter ranges steady state, period multiplication, limit cycle and chaos can be observed. With
the introduction of feedback, additional parameters beside the conventional pulse and fiber pa-
rameters are given to influence the SC generation. Furthermore, it is possible to create specific
time series via the effect of feedback, which might promote novel applications.

The work we present in the following is an experimental investigation building upon our
recent theoretical work [26]. We experimentally study a femtosecond SC system with feedback,
which is comparable to the numerically investigated system. The radio frequency measurement
and for chaotic system behavior the optical spectrum have been adopted and their suitability for
the measurement and identification of the different kinds of system dynamics are discussed.

First the experimental feedback setup (Section 2) and the numerical model including a feed-
back loop (Section 3) are introduced and the respective measurement techniques are presented.
Then, the four different observed regimes of system dynamics and their characteristic features
are experimentally identified and compared with our numerical simulations (Section 4).

2. Experimental setup

A SC was generated by focusing femtosecond pulses of a mode-locked laser into a MSF. To
realize an optical feedback system, the MSF was incorporated into a ring cavity consisting of
silver-coated mirrors and adjustable in length by a variable delay stage, as is sketched schemat-
ically in Fig. 1.

MSF

Analysis

Variable delay

BS

MO

Laser system

MO

GS

Fig. 1. Experimental setup: The laser system consisted of a Titanium:Sapphire laser,
a Faraday isolator, and a prism pulse compressor; BS: pellicle beamsplitter, MSF: mi-
crostructured fiber, MO: 40x microscope objective, GS: uncoated glass substrate (For more
details see text).

The laser system consisted of three modules: first a Titanium:Sapphire laser (Spectra Physics,
Tsunami) and second a Faraday isolator to avoid reflections back into the laser resonator. After
passing the third module, a compression stage consisting of two SF14 prims to compensate the
dispersion of the Faraday isolator, a pulse duration (full width at half maximum) of 54±6 fs was
measured (APE autocorrelator model Mini and assuming a sech2 intensity profile) at 775 nm
central wavelength and 82 MHz repetition rate. For coupling these pulses into the ring cavity
a pellicle beam splitter (BS) with a splitting ratio of 30:70 was used, so that only 30% pump
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power is reflected to be coupled into the MSF. These high coupling losses were accepted in
order to enhance the feedback efficiency. In the ring cavity the SC was generated by focusing
the pump pulses with a 40x microscope objective (MO) into a 47±2 mm long commercially
available polarization maintaining MSF (NKT Photonics, NL-PM-750 [27]). The input power
values in the measurements mentioned within the following sections refer to the effective power
within the fiber, thus considering the coupling losses. The fiber was rotated such that the linearly
polarized pump light was coupled into the fast axis, where the widest SC was generated and the
polarization was maintained for all spectral components [8]. The fiber has two zero dispersion
wavelengths (ZDW), one at 750 nm and the second at 1250 nm, such that there is an anoma-
lous dispersion region only between these ZDWs. As the MSF was pumped in the anomalous
dispersion region, soliton fission and soliton dynamics were the dominant effects leading to
spectral broadening. The spectral broadening in dependence on the average input power was
shown in [26], where also the interplay of the involved nonlinear effects was discussed. The
generated SC was collimated behind the fiber with a second 40x MO. The cavity round trip was
completed by the SC passing the pellicle beamsplitter, with a transmission efficiency of 70%,
to be coupled back into the MSF. In order to arrange a superposition of the back-coupled SC
with the next laser pulses, the cavity length was matched to the repetition rate of the driving
laser system.

The reflection of an uncoated glass substrate (GS) was used to simultaneously measure the
optical spectrum (optical spectrum analyzer, OSA: ANDO AQ 1425) and the radio frequency
spectrum (silicon photo diode with rise time ≈1 ns, connected to a radio frequency spectrum
analyzer: Advantest, TR 4131/E).

The total losses of the feedback ring cavity strongly depended on the quality of the facets
of the MSF: The microstructured cladding showed capillary action, so that water of the air
humidity entered into the fine air hole structure, resulting in changed dispersion and mode field
properties at the entrance as well as at the exit of the fiber. As a consequence the coupling
efficiency decreased with time from about 70 % to 50 %, but could be restored by cleaving. In
addition to the temporal variation of the coupling efficiency, we observed a strong wavelength
dependence of transmission and reflection properties of the optical components in the feedback
path. To measure the feedback efficiency, the power at the output port with and without feedback
was recorded, which yielded values between 20 % to 5 %.

3. Numerical implementation

The numerical implementation is described in detail in [26]; here we only repeat shortly, what
is crucial for the understanding of the derived results presented in the following Section 4.

The numerical calculations are performed within two main steps: first the pulse propaga-
tion within the nonlinear fiber and second the interference of the generated SC with the new
incoming laser pulse, thus providing the initial conditions for the next cavity round trip.

The pulse propagation within the nonlinear fiber was described by the generalized scalar
nonlinear Schrödinger equation (GNLSE) and solved numerically using a split-step Fourier
method, which is an established model to simulate light propagation in nonlinear waveguides
[6, 26, 28].

For simulating the experimental feedback setup described in Section 2 the model of SC
generation had to be extended by a feedback loop. Specifically after each numerical integration
of the electric field along its propagation in the MSF a fraction of the SC was superimposed with
the next incoming pump pulse, simply by adding up two data arrays one for each involved pulse.
A delay τ for cavity detuning was implemented by an additional phase factor of the fed back SC
pulse, consisting of a factor iωτ linear with the instantaneous light frequency ω and a constant
factor iω0τ with the carrier frequency ω0. The linear factor is responsible for the temporal shift
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τ in the time domain, while the constant factor sets the correct interference condition. With
these modified initial conditions, the GNLSE was solved for the next propagation through the
fiber.

In order to have comparable conditions to the experiments, a power fraction of 9% of the
SC pulses was superimposed with the incoming pump pulses of the Titanium:Sapphire laser at
each round trip. This cycle of adding up the fields of the two pulses and solving the GLNSE
was repeated typically a few hundred times until the final system behavior was reached.

The fiber parameters (absorption coefficient α , nonlinear coefficient γ and dispersion coef-
ficients βk) were derived from the data sheet of the MSF (NKT Photonics, NL-PM-750 [27])
used in the experiments, as described in [26].

A fiber length of 45 mm and laser pulses with a hyperbolic secant field profile and a full
width at half maximum pulse duration of 60 fs at a central frequency of 775 nm were chosen as
input parameters. We note, that the numerical pulse parameters differ slightly from the exper-
imentally determined ones, which is due to varying experimental conditions. Nevertheless, all
numerically predicted system dynamics were also observed in our experiments.

To analyze the temporal evolution, which is specific for each regime of system dynamics, in
the simulations both the temporal and spectral field components of the resulting SC were saved
after each fiber propagation and before being superimposed with the next laser pulse. For the
calculations an array size of 216 data points was chosen for reliable results. This means, that
two vectors, one including the temporal and one the spectral field components, each with 216

complex values are created after each cavity round trip. The system state after each round trip is
defined by either the temporal field component vector or by the spectral field component vector,
which is one point in the 2 ·216 dimensional phase space (A(λi), ϕ(λi)) with i = 1...216, spanned
by the spectral amplitude A(λi) and the spectral phase ϕ(λi) of every simulated wavelength
component. The classification of the system behavior in different regimes of system dynamics
corresponds to different characteristic temporal evolutions of the system states. Since all 216

field components are coupled due to the interplay of dispersion and nonlinear effects within the
fiber, all components show the same system dynamics [25]. We checked this carefully for many
examples and observed the same qualitative behavior for these components. For a consistent
and clearly arranged classification of the system behavior in the following sections the evolution
of only one wavelength component at 800 nm was plotted in a two dimensional cross section
through phase space with its amplitude as radius and its phase as angle. The data generated
during the transient phase (typically less than one hundred round trips) were not considered.

For a detailed frequency analysis of the temporal evolution and for comparison with the
experimental data, the radio frequency spectrum Srf(νrf) was calculated. To retrieve the radio
frequency spectrum, the optical spectrum S(λ ,n) after the nth cavity round trip was integrated
over the whole spectral range to yield a single value, namely the pulse energy W (n). Accord-
ingly, the temporal evolution was discretized in steps of 12 ns, corresponding to the laser’s
repetition rate of 1/12 ns = 82 MHz. The radio frequency spectrum Srf(νrf) can then be derived
from the discretized energy evolution by performing a Fourier transformation:

Srf(νrf) = FT (W (n)) = FT

(∫
S(λ ,n)dλ

)
. (1)

To resolve detailed spectral features in the radio frequency spectrum, the Fourier transform was
generated of at least 200 feedback round trips after the transient phase. Due to the discretiza-
tion in the calculated radio frequency spectrum only modulation frequencies up to 41 MHz
can be extracted. This frequency interval, however, includes all information about the modula-
tion frequencies, as given by the Nyquist theorem. Higher frequencies that are experimentally
detected are sidebands to the repetition rate and higher harmonics and do not contain new in-
formation. Because of this relation, measurements do have a mirror symmetry with respect to
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41 MHz. However, to display characteristic features in comparison to the repetition rate, it is
useful to show the whole radio frequency spectrum up to 82 MHz and thus the calculated radio
frequency spectra are displayed up to 82 MHz throughout the paper, mirrored with a symmetry
axis at 41 MHz.

For a well-arranged demonstration of the different system dynamics especially in phase
space, the simulations were calculated without noise, so that the noise level in the radio fre-
quency spectrum was reduced to the numerical noise floor (≈ −300 dB), which was much
lower than the experimentally measured value (≈−50 dB), and therefore is not observable in
the following graphs.

4. Experimental and numerical results: Four different regimes of system dynamics

The different system dynamics identified from our numerical simulations can be classified into
four regimes: steady state, period multiplication, limit cycle and chaos. Which kind of system
dynamics is shown by the system, depends on a number of adjustable parameters, like for ex-
ample the input pulse power and duration, the feedback efficiency, the dispersion introduced per
feedback loop, and the temporal delay of the SC pulse with respect to the next pump pulse. All
different regimes of system dynamics presented in this work could be obtained experimentally
and numerically by adjusting the input pump power as well as the delay, while the other param-
eters were kept constant. The input pump powers used for the experiments and corresponding
simulations were approximately matched, but we had no absolute measure for the cavity length
at hand, and the dispersion additionally introduced in the experiment by optical elements in
the feedback path (microscope objectives, etc.) was not taken into account for the simulations.
The measurement and numerical implementation of the overall dispersion is subject of current
investigations. Without the exact knowledge of all parameters, quantitative predictions of the
system behavior seem unrealistic, but despite the discrepancy between experimental and nu-
merical parameters each kind of system dynamics found in our numerics was also observed
experimentally.

In the following the characteristics of each regime of system dynamics are presented. The
phase space representation of each regime of the simulations is consulted as a demonstrative
access to the system dynamics and for each regime the measured and simulated radio frequency
spectra are compared.

4.1. Steady state

The elementary system dynamics observed in our system was the regime of steady state, where
one system state was exactly reproduced after each cavity round trip.

Steady-state behavior was found numerically and experimentally, for example, at an input
pump power of 5 mW. The phase space representation for a wavelength component at 800 nm
from the simulated data are shown in Fig. 2(a). After each round trip, amplitude and phase
assume the same value, which constitutes a fixed point in phase space, clearly indicating the SC
feedback system being in steady state. In the according radio frequency spectrum [Fig. 2(b)],
beside the dc peak at zero frequency, there is only one peak visible, namely the laser’s repetition
frequency at 82 MHz. The experimental results are displayed in Fig. 2(c), which shows the same
two characteristic peaks at zero frequency and at the laser’s repetition rate of 82 MHz like in
the simulations.

The experimentally and numerically retrieved radio frequency spectra, both displaying only
one characteristic frequency caused by the laser’s repetition rate, are clearly indicating that the
system was in steady state.
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Fig. 2. Steady state: (a) simulated phase space representation for a wavelength component
at 800 nm at an input power of 5 mW, (b) corresponding radio frequency spectrum, and (c)
measured radio frequency spectrum.

4.2. Period multiplication

More complex was the regime of period multiplication, where a fixed point was not repeated
after every round trip, but after a finite number of round trips. This behavior can be expressed
in a fixed-point equation:

f k(A) = A, (2)

where A describes the system state (for example the complex electric field amplitude behind
the MSF) and k is the order of period multiplication, i.e., the number of iterations, which is
needed to reproduce the same system state. The function f describes one feedback round trip
including both the superposition with the next pump pulse and the fiber propagation.
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Fig. 3. Simulation of the SC evolution for a period-2 cycle at an average input power of
5 mW: optical spectrum in dependence of the number of feedback round trips.

The lowest order of period multiplication is two, where the system state is repeated after
every second round trip, and which is called period-2 cycle. The fixed-point Eq. (2) for this
case can be written as f(f(A))=A.
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Fig. 4. Period-2 cycle: (a) simulated phase space representation for a wavelength compo-
nent at 800 nm at an input power of 5 mW; (b) corresponding radio frequency spectrum and
(c) measured radio frequency spectrum.

An example for this case is shown in Fig. 3 and Fig. 4. These traces were obtained at the same
input power of 5 mW as in the case of steady state presented in Section 4.1, but the relative delay
between SC and superimposed pump pulse has been changed in the experiment by 53 fs and
in the simulation by 0.5 fs. In the spectral power density distribution shown in Fig. 3, each line
corresponds to a spectrum, where the spectral power density is color-coded on a logarithmic
scale. After a transient phase of less than 10 round trips, the system state alternated between two
fixed spectra. This could also be observed in the time domain, where the system state alternated
between two fixed pulse shapes.

The corresponding phase space representation at a wavelength component at 800 nm is
shown in Fig. 4(a). For a period-2 cycle two fixed points in phase space were reached alter-
natingly. The difference of the system states of successive round trips are manifested in the
amplitudes (Fig. 3) as well as in the phases [Fig. 4(a)] and can also be extracted from the pulse
energy evolution. In the presented case the pulse energy after odd numbers of cavity round trips
is 26% higher than that after even numbers. This originates from different interference condi-
tions of each state with the next incoming pump pulse. As a result, the energy fluctuats with half
of the laser’s repetition rate, which can easily be detected in the experiment with a photodiode
connected to a radio frequency analyzer.

As the two characteristic pulses were emitted alternatingly, each of these pulses was re-
created only after two round trips, which means, effectively, a doubling of the period of the
driving laser. As a result one would expect to detect a new characteristic frequency in the radio
frequency spectrum, namely at half of the repetition rate of the driving laser, i.e., at 41 MHz.

The corresponding simulated and measured radio frequency spectra for a period two cycle at
an average input power of 5 mW are shown in Fig. 4(b) and 4(c), where the expected additional
frequency peak at 41 MHz appears in both graphs.

Scenarios of period multiplication of higher orders were also observed in the simulations as
well as in the experiments. In Fig. 5 all orders of measured period multiplication from the order
of three up to the order of eight are shown. Typically, the stability of period multiplication
of higher orders is relatively low [29] and the parameter intervals for the existence of these
solutions are small, which should make higher-order periods increasingly difficult to observe.
Taking into account that one measured radio frequency spectrum is the result of about 106
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Fig. 5. Measured radio frequency spectra of period multiplication of order three (P3) up to
the order of eight (P8).

pulses (assuming a measurement period of 0.1 s at a repetition rate of 82 MHz) and that the
experimental system may drift out of and back into the regime during this time, it is obvious
that a combination of different regimes might be measured. The slightly smeared frequency
peaks of the period-5 and period-7 cycle in Fig. 5 could be an indication for such a behavior. In
the experiment a period-8 cycle was indeed the highest order observed, while in our simulations
period multiplication at least of the order of 16 (limited by the number of simulated round trips)
was found.

In general, if a periodic attractor was reached, a certain system state was repeated after k
cavity round trips according to the order of period multiplication k, leading to k−1 additional
peaks in the radio frequency spectrum, equally spaced between the dc peak (around zero) and
the peak of the laser’s repetition rate at 82 MHz.

4.3. Limit Cycle

Beside period multiplication, also self-sustained oscillations were observed in our SC gen-
eration optical feedback system. This phenomenon is well known from several mechanical,
chemical and biological nonlinear systems [29] such as for example spontaneous oscillations
in chemical reactions like the Belousov-Zhaboutinsky reaction [30]. In phase space represen-
tation these self-sustained oscillations form a closed orbit, which is the reason why they are
called limit cycles. Stable limit cycles are attractors very similar to stable fixed points. This
means that during the transient phase the system asymptotically develops towards this attractor
and finally remains there.

In our simulations several limit cycles were observed, for example at an input power of 6 mW.
Its typical shape of a closed orbit is shown in the phase space representation for a wavelength
component at 800 nm in Fig. 6(c). The red crosses indicate four system states, that are assumed
after successive cavity round trips in the order they are numbered and as marked by the arrows.
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Fig. 6. Limit cycle: a) simulated phase space representation for a wavelength component at
800 nm at an input power of 6 mW; details are explained in the text. Radio frequency spec-
trum of b) simulated data for an input power of 6 mW (the gray-shaded area is explained in
the text) and c) measured data for an input power of 7.5 mW.

The starting value on the limit cycle was randomly chosen. The arrows indicate, that a rotational
frequency on the limit cycle can be defined, which describes the number of feedback round trips
that are needed to complete one round trip on the limit cycle. In the presented example, more
than three and less than four round trips are needed to pass the position of the first system state.
Therefore, a rotational frequency is expected, which should appear in the radio frequency spec-
trum just above 82 MHz/4 = 20.5 MHz but lower than 82 MHz/3 = 27.3 MHz, i.e. within the
gray shaded area in Fig. 6(b). Indeed, the radio frequency spectrum derived from the numerical
simulations reveals a frequency within this area, at 21.2 MHz [peak A in Fig. 6(b)]. The ratio
of the rotational frequency and the laser’s repetition rate is not rational; in the limit of a rational
ratio, phase space would not show a full orbit, but discrete fixed points, which means that the
system would be in the regime of period multiplication.

Furthermore, the different lengths of the arrows illustrate, that the velocity on the cycle is
not constant, which means, that in Fig. 6(a) the system behavior is not described by a single
frequency, but should contain at least a second frequency. This second frequency was found in
the calculated radio frequency spectrum in Fig. 6(b) at 30.5 MHz (labeled as peak B).

In total, the calculated radio frequency spectrum shows four unequally spaced peaks: peak
A at 21.2 MHz, representing the rotational frequency, peak B at 30.5 MHz, representing the ve-
locity distribution, and peaks C and D, which are sidebands of the repetition rate corresponding
to the peaks A and B and do not contain additional information. As no higher harmonics were
observed, the energy fluctuations are a composition of two harmonic (sinusoidal) oscillations.
Limit cycles with only one and even with three additional peaks in the radio frequency spec-
trum were observed as well, indicating a pure sinusoidal oscillation and a composition of three
sinusoidal oscillations on the limit cycles, respectively.

With the insight gained by numerical simulations, limit cycles could also be identified ex-
perimentally: In Fig. 6(c) a measured radio frequency spectrum at an input power of 7.5 mW,
slightly higher than in the simulations, is presented, which shows the same qualitative charac-
teristic spectrum with four unequally spaced peaks (A, B, C, D) at similar frequencies as in
the simulations. In general unequally spaced peaks in the radio frequency spectrum are clear
indications of the system being in the regime of limit cycle.
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4.4. Chaos

At relatively high input powers above 10 mW chaotic dynamics were dominant, which are
missing any attractor like stable fixed points or stable limit cycles.
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Fig. 7. Chaos: (a) simulated phase space representation for a wavelength component at
800 nm at an input power of 25 mW; (b) corresponding radio frequency spectrum and (c)
measured radio frequency spectrum.

Figure 7 shows a cross section through phase space for a wavelength component at 800 nm as
well as the according simulated and measured radio frequency spectra at an average input power
of 25 mW in the chaotic regime are illustrated. In phase space the amplitude-phase coordinates
of the 800 nm spectral component cover a wide area, with no recognizable regularity. Such
distributions in phase space are typical for system dynamics without any attracting fixed points
or attracting orbits [29], where no system state is ever exactly reproduced. The radio frequency
spectrum gives again information about the involved frequencies. Except for the clear peak
at the repetition rate of 82 MHz, no characteristic features could be identified in either of the
two radio frequency spectra. Instead, the level of background was increased over the whole
frequency range up to the repetition rate (in the measurements from the experimental noise
level of -50 dB to -38 dB; in the simulations from the numerical noise floor below -300 dB to
-50 dB). The absence of any prominent spectral feature demonstrated, that the system states
showed no periodic order.

The random character of the phase space representation as well as the increased continuous
background of the radio frequency spectra indicate strong fluctuations of system states. This
chaotic behavior also has become manifested in the spectrum in Fig. 8(a), where 300 simulated
spectra (gray lines) of successive cavity round trips are plotted. In contrast to the case of period
multiplication (compare with Fig. 3(b)) no individual spectra can be identified. Instead, the 300
spectra overlap and combine to form the gray area.

To consider the integration time of the optical spectrum analyzer used in the experiments
(around 1 ms per data point: each measured data point was an average of some 105 cavity round
trips), the average spectrum out of the 300 spectra [solid gray lines in Fig. 8(a)] of successive
round trips was calculated [solid black line in Fig. 8(a)] from the simulated data. In contrast
to the spectrum without feedback (dotted red line) showing several detailed features, the fine
structures are leveled out as an effect of averaging in the optical spectrum with feedback, result-
ing in a dramatically flattened spectrum. For comparison, two experimentally recorded spectra
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Fig. 8. Chaos: (a) examples of simulated optical spectra at an average input power of 25 mW
from round trip number 200 to 500 (gray lines) and of the average optical spectrum without
(dotted red line) and with feedback (solid black line), (b) example of the measured average
optical spectrum at an average input power of 25 mW without (dotted red line) and with
feedback (solid black line).

are plotted in Fig. 8(b), which were both measured at an input pump power of 25 mW, one
with feedback (solid black line), and one with blocked feedback cavity (dotted red line). Here
the same flattening effect as in the simulations is observed by introducing feedback: While the
spectrum recorded without feedback displays distinct maxima and minima with spectral energy
density varying by 31.0 dB, these features were reduced to 9.5 dB in the case of feedback.

While in the regime of period multiplication and limit cycle usually fine structures in the
averaged optical spectra were maintained, flattened optical spectra are an indication for chaos,
beside the characteristic radio frequency spectrum with an increased level of background.

5. Summary and conclusions

We investigated nonlinear dynamics in an experimental supercontinuum feedback system in-
cluding a microstructured fiber in a ring cavity synchronously pumped with femtosecond laser
pulses. Different kinds of nonlinear dynamics such as steady state, period multiplication up
to the order of eight, limit cycle and chaos were experimentally found to be in good qualita-
tive agreement with our numerical results. Since the spectral phase is not directly available in
experiments, a direct representation especially of limit cycles were not possible. But it was iden-
tified, that the radio frequency spectrum delivers explicit characteristics to distinguish between
all regimes of system dynamics. For steady state only the laser’s repetition rate was visible, for
period multiplication equally spaced and for limit cycle unequally spaced additional peaks ap-
peared. For the chaotic regime not only the increased background level of the radio frequency
spectrum was characteristic, but also the dramatically flattened optical spectrum.

The system behavior crucially depends on several parameters, such as the input power, pulse
duration and chirp as well as the length, the efficiency and the dispersion of the feedback cavity.
In the presented work only two of these parameters were varied, namely the input power and
the delay. Only with those two free parameters, all presented regimes of system dynamics could
be addressed in the simulations as well as in the experiment. Extended systematic parameter
studies are the subject of our on-going investigations on SC generation with feedback.

With the nonlinear dynamics of, for example period multiplication it is possible to generate a
repeating train of alternating pulse shapes. Such a light source might promote novel applications
and as many applications would require flexible adjustability of the system dynamics and states,
we will evaluate in the future how the SC spectra can be tailored by feedback control.
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