1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
IEEE J Sel Top Quantum Electron. 2012 ; 18(1): 389-398.

Pulse Shaping and Evolution in Normal-Dispersion Mode-
Locked Fiber Lasers

William H. Renninger, Andy Chong, and Frank W. Wise
Department of Applied Physics, Cornell University, Ithaca, NY 14853 USA

William H. Renninger: whré@cornell.edu; Andy Chong: cyc26@cornell.edu; Frank W. Wise: fwise@ccmr.cornell.edu

Abstract

Fiber lasers mode locked with large normal group-velocity dispersion have recently achieved
femtosecond pulse durations with energies and peak powers at least an order of magnitude greater
than those of prior approaches. Several new mode-locking regimes have been demonstrated,
including self-similar pulse propagation in passive and active fibers, dissipative solitons, and a
pulse evolution that avoids wave breaking at high peak power but has not been reproduced by
theoretical treatment. Here, we illustrate the main features of these new pulse-shaping mechanisms
through the results of numerical simulations that agree with experimental results. We describe the
features that distinguish each new mode-locking state and explain how the interplay of basic
processes in the fiber produces the balance of amplitude and phase evolutions needed for stable
high-energy pulses. Dissipative processes such as spectral filtering play a major role in normal-
dispersion mode locking. Understanding the different mechanisms allows us to compare and
contrast them, as well as to categorize them to some extent.

Index Terms
Dissipative solitons (DS); fiber lasers; self-similarity

[. Introduction

Fiber lasers offer several clear advantages over solid-state systems: compact design, thermal
management, minimal alignment, spatial beam quality, and low cost. Consequently, fiber
systems have become a valued option for applications requiring continuous wave or long-
pulse operation. However, for pulsed operation, the benefits of fiber come at the cost of
tighter confinement of the light, leading to the accumulation of nonlinear phase shifts that
can rapidly degrade the pulse. For this reason, the performance of mode-locked fiber lasers
has until recently lagged behind that of their solid-state counterparts. Nonetheless, recent
developments in managing nonlinear phase shifts have led to mode-locked fiber systems
with performance that directly competes with solid-state systems [1].

Ultrashort pulses are stabilized in an oscillator when the effects of optical nonlinearity are
exactly balanced by other processes after one cycle around the cavity. The most common
way to compensate nonlinearity is through group-velocity dispersion (GVD). When the
GVD is anomalous, pulses are formed by a balance between positive nonlinear and negative
dispersive phase changes. The resulting soliton propagates indefinitely without change.
Larger phase shifts can be balanced as long as the simple relation, £z o B/, (E is the pulse
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energy, zthe pulse duration, B, the GVD coefficient, and 7, the nonlinear index) holds.
Before 1993, researchers operated fiber lasers almost exclusively with large net anomalous
GVD, in the soliton-like regime. While the soliton-like mode-locking regime is highly
robust and the pulse output is transform limited, the pulse energy (peak power) has been
experimentally limited to ~0.1 nJ (<1 kW) in single-mode fiber (SMF). The limitation arises
from the tendency of solitons to fission in the presence of perturbations, or from peak power
clamping in an effective saturable absorber [2].

The combination of solitons and chirped pulses allows for higher pulse energies because a
chirped pulse has more energy than a transform-limited pulse of equal peak power and
nonlinear phase accumulation. In a laser with segments of large and nearly equal magnitudes
of GVD but with opposite signs (referred to as a dispersion map), a pulse will stretch and
compress and the nonlinear phase is exactly balanced by the net effect of dispersion. This
stretched-pulse or dispersion-managed soliton [3], [4] operation exists for net anomalous or
small normal GVD and allows femtosecond pulses with up to nanojoule energies and ~10-
kW peak power levels. The strong evolution of the pulse within the cavity is a distinct
contrast to the static soliton solutions. However, the performance of such a laser can be
predicted to some extent by solutions of the Ginzburg—Landau equation with the average
parameters of the cavity [5], [6].

Recent work has shown theoretically [7], [8] and experimentally [1], [9] that much higher
pulse energies and peak powers can be achieved in fiber lasers that operate at large normal
dispersion. In the normal dispersion regime, solitons do not form, so new pulse-shaping
processes are needed. The aim of this paper is to present theoretical and intuitive
understanding of the pulse-shaping processes and pulse evolutions in normal-dispersion
fiber lasers. The results of numerical simulations that accurately model experiments will be
presented. Pulses that propagate in normal-dispersion media are susceptible to distortion and
breakup owing to optical wave breaking [10]. To compensate nonlinear phase and avoid
wave breaking, dissipation is required and plays a key role in the pulse shaping. Several
distinct regimes of mode locking can be labeled usefully by the pulse that forms in each one.
These include

1. dissipative solitons (DS) [8], [9], [11]-[34];

2. passive similaritons (pulses that evolve in a self-similar fashion have been dubbed
similaritons) [35]-[39];

3. amplifier similaritons [40]-[43].

In addition, we consider a pulse evolution that has been exploited experimentally in lasers
with dispersion maps but has not been understood theoretically [36], [44]. llday et a/. used
the phrase “wave breaking free” to describe these pulses, but that conveys no insight about
the pulse formation or evolution that underlies the property. The analysis shows that the
pulse formation depends crucially on dissipation, while the evolution is dominated by the
presence of the dispersion map. We suggest that these pulses be called stretched dissipative
solitons (SDS). These mode-locking regimes will be examined numerically and compared to
recent experimental works. For each regime, we will address the following questions.

1. How do the relevant physical processes balance to shape the pulse?
2. What identifies the regime? How is it unique?
3. What are the performance advantages?

This paper is organized as follows. DS in all-normal-dispersion lasers will be explained in
Section Il. Section Il addresses dispersion-managed cavities with net normal GVD. We find
that two distinct pulse evolutions can occur for a single set of cavity parameters. The
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formation of self-similar pulses in the passive normal-dispersion fiber of a laser (see Section
I11-A) will be described and contrasted with DS formation. The second regime in a mapped
cavity is the SDS. In Section 111-B, we show that these pulses are formed similarly to DS,
but their evolution is defined by the dispersion map. Section IV considers normal-dispersion
lasers in which self-similar evolution occurs in the amplifier, not in passive fiber. Spectral
filtering is critical to stabilizing this evolution, which has the remarkable feature of being a
local nonlinear attractor in the gain fiber. The different regimes will be summarized and
compared in Section V.

[l. DS Fiber Lasers

In 2006, Chong et a/. introduced a new femtosecond mode-locking regime based on cavities
with only normal-dispersion components [11]. This was a major departure from prior
approaches to femtosecond pulse generation, all of which relied on dispersion compensation.
The pulses depend on the balance of both amplitude and phase modulations and are thus
considered DS, accurately modeled with a quintic Ginzburg-Landau master equation [8]. To
date, the best performance from SMF lasers has been achieved with this mode-locking
mechanism. 100-fs pulses with energies of 30 nJ and peak power levels of 300 kW can be
generated by lasers based on SMF [9], and megawatt peak power can be reached in large-
mode area fiber [29], [32]-[34]. Furthermore, the DS regime has been extended to large net
dispersion (> 1 ps? ), which allows for high-energy pulses with large and linear chirp [22].
This giant-chirp oscillator can significantly reduce the complexity of chirped-pulse
amplification systems. In this section, the key mechanisms in normal dispersion mode
locking will be revealed in the context of an all-normal dispersion DS laser. Specifically, we
find that amplitude and phase modulations have equal importance, and that large nonlinear
phase shifts are compensated by propagation of a chirped pulse in normal-dispersion fiber.
The simulations are designed to model a realistic laser based on Yb:fiber operating at 1 pm.
Details and parameters of the simulations are given in the Appendix.

To begin to understand DS mode locking, the fiber sections are modeled as if they are
lumped into a single segment of gain fiber, which is the simplest realistic model for a DS
fiber laser (see Fig. 1). The resulting pulse parameters and evolution are those of a typical
DS laser (see Fig. 2). In the fiber, the spectrum develops structure [see Fig. 2(a)] and the
pulse duration increases [see Fig. 2(b)]. The saturable absorber slightly reduces the pulse
duration. The spectral filter cuts away the spectral structure and, because the pulse is
chirped, restores the pulse to its original duration. Further insight is gained by examining the
temporal magnitude and phase. The temporal phase is the same at the end of each segment,
which implies that the saturable absorber and the spectral filter have little effect on it.
However, if we look into the fiber section [see Fig. 2(c)], we see that the temporal phase
evolves in such a way that it begins and ends with the same profile. Thus, for this pulse
shape, normal dispersion compensates a self-focusing nonlinear phase shift.

To demonstrate that this picture is not an artifact of combining the fiber sections, and to
verify and generalize this conclusion, we also simulate a cavity that artificially separates
GVD, nonlinearity, and the saturating gain into independent sections of the oscillator, in that
order (see Fig. 3). In this case, as before, the spectrum gains structure in the nonlinear
section [see Fig. 4(a)] and the pulse duration increases due to the GVD [see Fig. 4(b)]. The
saturable absorber shortens the pulse. Also, as in Fig. 2, the spectral filter cuts away the
spectral structure and, because the pulse is chirped, decreases the pulse back to its original
duration. The primary difference in this scenario is that the temporal phase evolves in the
normal dispersion fiber [see Fig. 4(c)]. However, as in Fig. 2, the change in the phase due to
the normal GVD cancels the nonlinear phase shift [see Fig. 4(d)]. The spectral filter also
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contributes to the temporal phase, but it is negligible compared to that from the nonlinearity
and the normal GVD [see Fig. 4(d)].

Based on the simulations, we can say that linear phase accumulation is balanced by spectral
filtering and saturable absorption to create the pulse amplitude, and simultaneously GVD
balances the nonlinear phase accumulation in a DS. These balances are illustrated in Fig. 5.
Remarkably, a chirped pulse that propagates through normal-GVD material can accumulate
a linear phase that is negative, i.e., that one would ordinarily associate with propagation at
anomalous GVD. This feature is critical to the generation of high-energy pulses.

lll. Dispersion-Managed Fiber Lasers

In a dispersion-managed cavity, several distinct operating regimes exist. Dispersion-
managed solitons occur for net GVD near zero, and for large normal GVD, two distinct
regimes can coexist for a single set of cavity parameters. One of these regimes features
parabolic pulses that evolve self-similarly in a long segment of passive fiber [35]. In section
I11-A, we will investigate how nonlinearity is managed in this regime, comparing and
contrasting with DS mode locking. The second pulse evolution found at large normal GVD
was first observed experimentally by llday et al., who described it generically as “wave
breaking free.” This mode was later exploited by Buckley et a/. to achieve 100-fs pulses
with energy above 10 nJ for the first time. It features highly down-chirped pulses with large
breathing ratios and supports stable pulses with peak powers of 100 kW [36], [44].
However, a theoretical understanding has not been reported to date. In section I11-B, we will
present the first theoretical results that exhibit this evolution. These demonstrate that the
pulses are shaped by the same mechanisms as DS, but have additional evolution defined by
the particular dispersion map.

We simulate a realistic dispersion-managed cavity as in [36], e.g., (see Appendix B). SMF
precedes a Yb-doped gain fiber, which is followed by a saturable absorber, an output
coupler and gratings that supply anomalous GVD, in that order (see Fig. 6). We consider
only linear anomalous-GVD segments. It is typically desirable to avoid soliton formation in
high-energy lasers, which motivates the use of linear anomalous-GVD segments. As a
practical matter, in 1-,m systems, the anomalous GVD is commonly provided by diffraction
gratings. In most cases, the conclusions we find can be generalized to 1.55-um systems,
where the ready availability of anomalous-dispersion fiber makes nonlinear anomalous-
dispersion segments more common. By varying the initial conditions of the simulations
slightly (different white noise or Gaussian initial conditions), the two solutions shown in
Fig. 7(a) can be seen.

A. Passive Self-Similar Fiber Lasers

The solid line in Fig. 7 is the well-known self-similar pulse solution [35]. The pulses have
minimal spectral evolution. They are always positively chirped, with a nearly parabolic
pulse profile. The pulse duration increases monotonically in the passive fiber, and the
maximum duration occurs at the transition from normal to anomalous dispersion. The
temporal breathing ratio ranges from 10 to 50 under typical conditions. The dispersive delay
is primarily responsible for returning the pulse to the original duration after a round trip of
the cavity. The self-similar pulses can tolerate large nonlinear phase shifts without distortion
or wave breaking. As there has been some confusion in the literature, we emphasize that
these similaritons are the asymptotic solutions of the nonlinear Schrodinger equation with
only nonlinearity and normal GVD. These are distinct from the similaritons that form in the
presence of gain, and which constitute nonlinear attractors [45]. The first similariton laser
[35] was nota similariton amplifier with the cavity feedback.
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On initial inspection, it would seem that the self-similar propagation has little relation to DS
formation. The initial similariton laser was designed to minimize the effects of gain filtering,
which would in turn minimize perturbation of the self-similar propagation. To address these
questions, we performed a series of simulations with the parameters varied continuously but
with fixed average parameters, and we found that a continuous transition can be made from
DS formation to self-similar evolution. (The parameters of the simulations are in Appendix
B1.) Thus, we conclude that the self-similar regime does rely on dissipation. It is desirable
to have a more detailed understanding of how the temporal amplitude and phase of the pulse
balance around the cavity, and this is also provided by the simulations.

The results for the end-points of the series (i.e., the “pure” DS and the passive similariton)
are shown in Fig. 8. Although the average parameters of the systems are identical, clear
differences remain in the converged solutions. The bandwidth of the DS laser is larger and
the spectrum more square [see Fig. 8(a)]. In the DS laser, the increase of the pulse duration
from the normal dispersion is compensated by the filter and the saturable absorber, whereas
in the mapped cavity, the anomalous dispersion also plays a major role [see Fig. 8(b)]. As
expected, the self-similar pulse becomes more parabolic [see Fig. 8(d)] than the DS pulse
[see Fig. 8(c)].

To compare the performance of these two systems, the pump power is increased in both the
DS and the self-similar cavities with the same net parameters until the maximum energy is
reached. As is expected in DS lasers [8], [20], the spectrum of the high energy output
becomes broad and structured, and features prominent peaks at the edges (see Fig. 9(a), solid
line). The self-similar spectrum, although narrower than the DS spectrum, broadens while it
maintains a smooth parabolic profile (see Fig. 9(a), dashed line). Because the bandwidth
approaches that of the gain filter, the self-similar pulse has a significant pulse cutting
contribution due to the spectral filter (see Fig. 9(b), dashed line). The respective pulse
evolutions [see Fig. 9(b)] clearly distinguish the two regimes. Because of the dispersion
map, the self-similar pulse is longer and more parabolic [see Fig. 9(d)] than the DS pulse
[see Fig. 9(c)].

The numerical solutions confirm the basis of the term self-similar. Fig. 9(f) shows the
evolution of the pulse through the fiber section in the self-similar laser. The pulse evolves
self-similarly in a parabolic form, while the form of the DS pulse changes continuously and
is not self-similar [see Fig. 9(e)]. The maximum output energy for the DS pulse is 30 nJ, and
for the self-similar pulse, it is 57 nJ. This difference stems from the extended duration of the
self-similar pulse due to the additional dispersion map in the cavity, which decreases the
peak power. As another measure of performance, the nonlinear phase ¢V = [ /2)PL2)dz
is useful for quantifying the peak power that each mechanism can accommodate. ¢/VL£ = 10
for the self-similar mode and ¢’V £ = 20 for the DS mode. While in this case the energy
tolerated by the self-similar mode is greater, it occurs with less total phase shift. This is
important because in a real cavity, to operate in the self-similar mode with sufficient pulse
breathing, more fiber is necessary, which in turn carries more nonlinearity. As a
consequence, the maximum energies for self-similar and DS mode-locking regimes will be
comparable.

To illustrate how the basic physical processes balance each other to form a stable self-
similar pulse, we examine the evolution of the high-energy self-similar pulse shown in Fig.
9. The spectrum broadens and approaches a parabolic form on propagation in the long
passive fiber and is returned to its original form after the gain filter [see Fig. 10(a)]. The
temporal profile also broadens as the pulse propagates in the fiber and the positive pulse
chirp increases. The anomalous-dispersion segment compensates most of the pulse
broadening, with small contributions from the gain filter and the saturable absorber [see Fig.
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10(b)]. The large temporal phase accumulation in the fiber is canceled by the dispersive
delay [see Fig. 10(c)], with a negligible contribution from the filter [see Fig. 10(d)].

The balancing of amplitude and phase modulations in a self-similar laser are illustrated in
Fig. 11. The saturable absorber and the spectral filter play very similar roles as in the DS
laser, but the roles of dispersion and nonlinearity play out differently. Of course, the strong
evolution in the self-similar laser contrasts with the nearly static solutions in a DS laser. In a
self-similar laser, the nonlinearity interacts with the normal dispersion to linearize the
spectral phase such that the temporal phase can then be compensated by anomalous
dispersion. This can only happen if the pulse shape is near parabolic, as was predicted and
demonstrated in [35]. One consequence of this parabolic pulse is its self-similar evolution.
This means that attempts to model the self-similar solution must take into account the
evolution itself. However, because the amplitude balances are the same as in the DS pulse
and because the total GVD balances with the nonlinear phase, we can expect master-
equation treatments with average parameters to be useful in modeling self-similar lasers.

B. SDS Fiber Lasers

Perhaps surprisingly, another set of solutions exists in the dispersion-mapped cavity
designed to support self-similar pulses in the passive fiber [46]. The solution corresponding
to the dashed line in Fig. 7 exhibits the features of the curious regime reported in [36] and
[44]. The pulse duration decreases in the normal-dispersion section and increases in the
dispersive delay. The evolution in each segment is mostly monotonic as in a self-similar
laser, but the variation of the pulse duration is reversed somehow. The pulses depend
strongly on dissipative effects such as the gain filter and the saturable absorber. The pulses
are predominantly down chirped and can reach the transform limit in the first part of the
grating section. Thus, much less dispersion is required to dechirp these pulses outside the
cavity than is needed for similaritons. In order to isolate this regime from self-similar
propagation, we searched for a parameter that would ensure its existence. We found that the
nonlinearity in the first segment of SMF can be varied to determine whether this or the
passive self-similar mode exists. We find that this mode will always converge instead of a
self-similar pulse in the limit of this nonlinearity becoming small.

We isolate this new regime and exaggerate some of its key features by setting the
nonlinearity in the first fiber to zero and by varying the pulse energy (see Appendix B2 for
details). Two transform-limited pulse duration minima occur in the evolution. At high
energy, the minima occur near each other at the transition from normal to anomalous
dispersion. With decreasing energy, the minima shift to the center of the dispersive sections
[see Fig. 12(a)]. The spectrum can be cut by the gain filter and grows back in the nonlinear
section of fiber after the gain [see Fig. 12(b)]. A crucial point is that the function of the
anomalous dispersion and the first section of fiber can be viewed as simply increasing the
magnitude of the negative chirp; these sections can be removed and the solution in the gain
and the SMF will remain nearly identical, resulting in a DS in an all-normal-dispersion laser
[8]. In this simulation, the solution will truly remain identical in the gain because the
dispersion in the first SMF and the dispersive delay are equal and opposite. This regime,
therefore, is an extension of DS mode-locking toward zero net cavity dispersion because a
dispersion map allows for mode-locking at an arbitrary net cavity dispersion. The pulses are
DS with an evolution defined by the additional dispersion map. Thus, it seems most
informative to refer to these pulses as SDS. llday et a/. had dubbed these pulses “wave
breaking free” to refer to a consequence of their evolution, before the evolution itself was
understood [44]. This was a generic label, as self-similar pulses and DS also avoid wave
breaking at large nonlinear phase shifts. The analysis based on the cubic-quintic Ginzburg-
Landau equation of [8] and [20] can be used to understand this regime. For example, higher
energy solutions have less chirp and push the point in the gratings where the pulse is
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transform limited closer to the output of the laser. Also, as in the all-normal-dispersion case,
the spectrum has steep sides and can have peaks on the edges [see Fig. 12(c)]. The SDS
regime allows for large pulse energy as is typical for normal dispersion systems; the largest
energy shown here is 12 nJ (Fig. 12 solid line). In addition, the pulse duration can be very
short (e.g., 45 fs for the 12-nJ case) because of the low values of net GVD possible [21];
hence, the >100-kW peak powers seen in [36]. The temporal breathing in this regime can
also be very large; a breathing ratio of ~30 has been observed experimentally and, in the
simulated 12-nJ case, the breathing ratio is ~200.

IV. Amplifier-Similariton Fiber Lasers

Recently, a fourth normal dispersion mode-locking mechanism was introduced in which
parabolic amplifier similaritons are stabilized in an oscillator [40]-[43]. Spectral filtering is
found to be critical to stabilizing the amplifier similaritons in the cavity. The pulse
undergoes large (20 times) spectral breathing as it traverses the cavity. Unlike the other three
regimes, the amplifier similariton fiber laser relies on a local nonlinear attraction to stabilize
the pulse (see Fig. 13). An arbitrary pulse inserted into a gain fiber is nonlinearly attracted to
an asymptotically evolving parabolic pulse. The output pulse parameters are entirely
determined by the energy of the input pulse and the parameters of the fiber. The challenge is
for the pulse to reach this solution in a fiber length compatible with efficient laser design,
and filtering can facilitate this. Shorter, nearly transform-limited pulses can reach the
amplifier similariton solution in shorter propagation lengths [45]. Oktem et a/. built a laser
in which the parabolic pulse evolves into a soliton in an anomalous dispersion fiber after the
gain, which allows for a short transform-limited pulse to return to the input of the gain fiber
[40]. Renninger et al. showed that a strong spectral filter after the gain fiber can stabilize
amplifier similaritons with feedback, so an anomalous-dispersion segment is not needed [41]
(see Fig. 14). For fixed chirp, a pulse with a narrower spectrum is shorter and close enough
to the transform limit to provide a self-consistent cavity. The resultant pulse after the gain
segment is highly parabolic and the spectral profile is distinguished from that in other mode-
locking regimes (see Fig. 15). Aguergaray et a/. built a Raman oscillator with kilometers of
gain fiber, which provides enough propagation length for the asymptotic solution to be
achieved [42]. Demonstration of stable propagation of amplifier similaritons in three diverse
cavities illustrates the robustness of this regime.

The differences between this regime and the others mentioned are related to the fact that the
pulse relies on a local attraction in the gain fiber. As a consequence, the behavior and
performance of the laser are decoupled from the average cavity parameters. In [41], the
pulses are much shorter than would be expected from a master mode-locking model with the
average cavity parameters. As a result, the laser should offer flexibility in design for specific
performance and future work will address this point experimentally.

V. Discussion of Results

In this section, we will compare and contrast the four operating regimes (see Table I). High-
performance short-pulse fiber lasers rely on an exact balance of large accumulated nonlinear
phase shifts during one cycle around the cavity. In the normal-dispersion regime, dissipation
plays a crucial role in establishing this balance. Dissipative effects such as spectral filtering
and saturable absorption enable the stabilization of a chirped pulse in the presence of
nonlinearity and normal dispersion. DS, SDS, and passive self-similar lasers rely on this
complete balance. Because the effects are important through the traversal of the entire
cavity, the average cavity parameters determine the pulse parameters. Master mode-locking
models [7], [8] are useful for determining pulse properties for these regimes. Amplifier
similariton lasers, however, rely on a local nonlinear attractor and, therefore, will be less
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amenable to such analyses. This opens up interesting possibilities that may go against
conventional laser wisdom, such as operation at net zero dispersion or ultrashort pulse
durations at large normal dispersion.

The SDS and passive self-similar regime require dispersion-managed cavities. From a
physical perspective, this means that the mode-locking mechanism is more complicated, as
the evolution of the pulse is important. As an example, mathematically these two regimes
are bistable in the same cavity, which leads to a wealth of interesting nonlinear dynamical
behavior. From a practical perspective, a dispersion-managed cavity allows for a precise
tunability of the net dispersion at the cost of some complexity and loss in the design.
However, tuning the net dispersion can allow the generation of DS with shorter duration
than can be reached in all-normal-dispersion cavities.

Dispersion managed solitons can also exist in a dispersion managed cavity. In fact, the
temporal evolution of these pulses resembles that in Fig. 12(a) (dotted line), but the mode-
locking mechanism is distinctly different. Dispersion-managed solitons exist from net
anomalous dispersion to slightly normal dispersion when there are minimal dissipative
perturbations. In the normal dispersion regime, particularly near zero dispersion, dissipative
effects such as gain filtering play a major role. There is extensive literature on dispersion-
managed solitons, so we have restricted our discussion to high-energy mode-locking
regimes, which exploit (and in fact depend on) dissipative mechanisms.

In the initial development of DS lasers, the acronym AND:i fiber laser, for all-normal
dispersion fiber laser, was used. This name was given in reference to the design of the
system more than to the pulse-shaping mechanisms. Because amplifier similariton fiber
lasers can also exist in an all-normal dispersion cavity, we refer instead to the relevant
physical mechanisms: DS mode locking or amplifier similariton mode locking.

Both active and passive self-similar pulses have been stabilized in fiber lasers. In the passive
case, this coincides with temporal breathing, which leads to longer durations and large pulse
energy. In addition, a parabolic pulse and spectrum can be attractive for applications owing
to good pulse quality. In the active case, the nonlinear attraction of the gain fiber is
responsible for the mode locking of the laser. In this case, dissipation plays a supporting role
by facilitating creation of a self-consistent cavity.

Pulse quality is a critical feature for applications of mode-locked lasers. With proper design,
the pulses from almost all of the regimes can be compressed to within 5% of the transform
limit. The exception is the giant-chirp oscillator [22]. This is a property of the solution of the
equation that models the cavity with very large GVD. Pulses from a giant-chirp oscillator
can be dechirped to ~2 times the transform-limit. Another issue that affects pulse quality is
the spectral shape of the output of most normal-dispersion lasers. The square, or steep-sided,
spectral shape has a sinc function Fourier transform. As a consequence, the transform-
limited pulses have low-intensity wings in their temporal profile. These typically contain
~5% of the pulse energy. The exception is the amplifier similariton regime, where the
spectra approach a parabolic form that yields dechirped pulses with less energy in the wings.

For many applications, the square or peaked spectral shapes produced by normal-dispersion
lasers will be perfectly acceptable. This is the case in nonlinear microscopy, e.g., where the
peak power is the most important parameter. However, a smoother spectral shape may be
needed for other applications. In this case, a smoother spectrum can be obtained by taking
the output after the filter. The structured spectra of normal-dispersion lasers would appear to
be a concern for subsequent amplification. In chirped-pulse amplification, spectral
modulations can grow as nonlinear phase is accumulated. llday et a/. have shown that the
spectral structure can be smoothed by the amplification process [47]. Finally, nonlinear and
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dispersive propagation of pulses from normal-dispersion lasers is quantitatively different
from the propagation of Gaussian pulses. One must account for this is the design of a pulse
compressor, for example.

For the shortest pulses, for the mode-locking mechanisms where the average cavity
parameters are important, the laser must be operated as close as possible to net zero
dispersion. Consequently, the passive self-similar and SDS regimes are preferable. For
short-pulse operation in the amplifier similariton laser, the bandwidth is only limited by the
gain bandwidth. Initial demonstrations already include promising results (~55 fs). For
energy, however, little is known about the preferred operation regime. To date, DS mode
locking achieves the highest performances with >100-nJ pulse energies.

VI. Conclusion

A numerical investigation into fiber lasers mode-locked with net normal dispersion reveals
several distinct regimes, including active and passive similariton mode locking, along with
dissipative and SDS mode locking. Each regime balances the linear and nonlinear phase
accumulations as well as the amplitude modulations. Wave breaking is avoided with a
unique combination of normal dispersion and dissipation in each regime. A DS is a chirped
pulse that can balance nonlinear phases by spectral filtering and saturable absorption. An
SDS provides the same balance but with additional temporal evolution defined by a linear
dispersion map. Remarkably, a passive similariton solution can exist in an SDS cavity, but
with a very different evolution. In this regime, the spectral filer and saturable absorber still
play important roles in creating the pulse, but anomalous dispersion also becomes important.
A parabolic pulse evolving self-similarly linearizes the nonlinear phase in the normal
dispersion fiber, which is compensated by a dispersion delay. Because of the clear
similarities to DS mode locking, master equation models can be used to model passive
similariton lasers but, for a complete understanding, the evolution must also be taken into
account. Finally, the amplifier similariton regime is distinguished from the other three
regimes because it relies on local nonlinear attraction in the gain fiber of the laser. As a
consequence, the behavior and performance is decoupled from the average cavity
parameters, and this will allow flexibility in design for specific performance.
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Appendix: Simulation Parameters

A. DS Cavity

Simulations are solved with a standard symmetric split-step propagation algorithm. Passive
SMFs are modeled with the nonlinear Schrodinger equation with 8, = 230 fs?/cm and y =
0.0047 (W m)~1 . The active fiber is modeled by a saturating gain, g= g,/(1 + Epuise’Esat )
T,/2
where g, corresponds to 30 dB of small-signal gain, EP“‘“:f_fR//z |A|2df’ where A is the
electric field envelope, zgis the cavity round trip time, and Eg,; is the gain saturation
energy. The fiber is followed by a saturable absorber given by a monotonically increasing
transfer function, 7=1 - //[1 + A(t)/Psst ] Where /,is the unsaturated loss, A7) is the
instantaneous pulse power, and Py is the saturation power. The absorber is followed by a
variable output coupler. The cavity consists of a single 6-m segment of gain fiber with Egy; =
7.2 nJ. After the fiber is a saturable absorber with /,=0.7 and Py = 3 kW, a spectral filter
with 12-nm bandwidth, and an 88% output coupler. The simulation is seeded with a
picosecond Gaussian temporal profile and run until the pulse energy converges; the resultant
output pulse energy is 12 nJ.

B. Dispersion-Managed Cavity

A 450-cm segment of SMF precedes 25 cm of highly Yb-doped gain fiber, and a 20-cm
segment follows it. The gain fiber includes a 40-nm distributed Gaussian filter and no
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additional spectral filter is included. After the fiber section are the diffraction gratings,
modeled as an anomalous dispersive delay, the dispersion of which is varied to achieve a
particular net GVD. The cavity has a net dispersion of 5000 fs2 , /,= 0.7, 90% output
coupling, 80% additional loss from the gratings and the collimator, Py =5 kW, and Egyt =
1.2nd.

1) Passive Self-Similar Mode Locking

The cavity consists of 25 cm of SMF with varying normal GVD, a section with saturating
gain and a gain filter with 40-nm bandwidth, a saturable absorber with /,=0.7, a 70%
output coupler, and a section with variable anomalous GVD. If the anomalous GVD section
is absent, the cavity represents a DS with 5000 fs? net dispersion. If the magnitude of
anomalous dispersion is increased and an equal amount of normal dispersion is added to the
fiber section, the net cavity dispersion will remain at 5000 fs? but the dispersion map will
increase, modeling the cavity of a self-similar laser. The dispersion map was increased until
the simulations no longer converged, with a dispersion of =110 000 fs2 in the anomalous
dispersion segment.

2) SDS Mode Locking

Simulations are run with the net GVD = 5000 fs2 , /,= 0.7, 90% output coupling, 50%
additional loss from the gratings and the collimator, no nonlinearity in the first fiber, Py =
1, 6,and 21 kW, and £t = 0.2, 1.4, and 5.0 nJ.
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Fig. 1.

Schematic of the simplest all-normal dispersion DS laser.
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Fig. 2.

Evolution of the (a) spectrum and (b) temporal profile of a DS plotted after the filter (solid),
after the fiber (dashed), and after the saturable absorber (dotted). (d) Evolution of the
temporal phase in the fiber section.
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Schematic of an all-normal dispersion DS laser with physical processes separated for clarity.
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Fig. 4.

Evolution of the (a) spectrum, (b) pulse, and (c) temporal phase of the solution to a normal
dispersion oscillator plotted after the filter (solid), after the GVD (dashed), after the
nonlinearity (dotted), and after the saturable absorber (dashed-dotted). (d) Change in phase
due to the GVD (solid), nonlinearity (dashed), and spectral filter (dotted).
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Fig. 5.
Qualitative illustration of the amplitude and phase balances in a DS laser.
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Schematic of a typical 1-um dispersion-managed fiber laser.
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Fig. 7.

Evolution of the (a) pulse duration (the full-width at half of the maximum) and (b) spectral
bandwidth (the full-width at a fifth of the maximum) and output (c) spectra and (d) chirped
pulses for self-similar (solid) and SDS (dashed) mode-locked pulses given identical cavity
parameters. DDL.: dispersive delay line.
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Fig. 8.

(a) Spectrum after the first SMF and (b) temporal evolution of the DS (solid) and self-
similar (dashed) pulses. (c) Pulse after the first SMF for the DS and the (d) self-similar
pulses; the dotted lines represent parabolic fits.
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pulses; the dashed lines represent parabolic fits. Temporal evolution of the pulse in the first
section of the fiber of the (e) DS laser and the (f) self-similar laser; the dashed (solid) line
represents propagation through half (all) of the fiber.
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Evolution of the (a) spectrum, (b) pulse, and (c) temporal phase of the solution to a normal
dispersion oscillator plotted after the filter (solid), after the GVD (dashed), after the
nonlinearity (dotted), and after the saturable absorber (dashed-dotted). (d) Change in phase
due to the SMF (dashed), anomalous GVD (dashed), and spectral filter (dotted).
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Fig. 11.
Qualitative illustration of the amplitude and phase balances in a passive self-similar laser.
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Evolution of (a) pulse duration and (b) spectral bandwidth, and output (c) spectra and (d)
pulses of an SDS laser for 1 nJ (dotted line), 4 nJ (dashed line), and 12 nJ (solid line)
intracavity pulse energies.
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Illustration of the local attraction in an amplifier similariton fiber laser. The inset shows the
output pulse (solid) and parabolic fit (dotted) from the numerical results in [41], representing
the asymptotic solution.
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Fig. 14.

Cartoon schematic of an amplifier similariton fiber laser.
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(@) Cross correlation (C.C.) of the pulse (with dotted parabolic fit). (b) Spectrum after
propagation through the gain fiber.
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TABLE 1

Comparison of Important Features

DS | SDS | PassiveSS | ActiveSS
Average cavity parameters | v/ v v
Dispersion map v v
Self-similar/parabolic v v

Note: DS: dissipative soliton, SDS: stretched dissipative soliton, SS: self-similar.
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