
PHYSICAL REVIEW A 85, 013828 (2012)

Rogue waves in mode-locked fiber lasers
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We report on the theoretical observation of optical rogue waves in a dissipative system, namely, a mode-locked
fiber laser. These rogue waves are pulses of huge peak power which may chaotically appear in the laser. They
exist in the normal dispersion regime and exhibit peak powers exceeding those of stable dissipative solitons by
a factor of 13. Their height exceeds the so-called significant wave height by a factor of 6. The peak power of
the rogue waves can be changed by varying the laser gain. These rogue waves arise from noise by a peculiar
nonlinear focusing process of the intracavity light in this dissipative system without requiring any specific initial
conditions. Moreover, we identify the crucial effect of gain saturation on the focusing process and, consequently,
on the peak amplitude of rogue waves. Similar to rogue events in the ocean, the laser rogue pulses are also
accompanied by holes which are moving dark solitons.
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I. INTRODUCTION

Suddenly appearing walls of water or so-called rogue waves
(RWs) are devastating phenomena on the ocean which are
responsible for many sunken ships and lost human lives. They
appear from nowhere, are short-lived, and are extremely rare.
RW phenomena are still poorly investigated because their
systematic study is extremely difficult in the real environment
due to the high risk and their unpredictable (random) appear-
ance on the ocean surface. Neither the conditions for their
generation nor the very formation process are sufficiently well
understood. The definition of RWs is not very sharp and was
introduced based on the description of this phenomenon on
the ocean [1,2]. Huge wave events are termed RWs, first, if
they have a peak amplitude exceeding the significant wave
height (the average wave height of the largest one-third of the
waves) by 2–2.5 times or more; second, if their appearance
(and disappearance) is random and unpredictable; and third, if
they occur more frequently than Gaussian statistics predicts.
In this paper we also use this RW definition.

Possible mechanisms of RW formation have been described
in the framework of the stochastic, linear, and nonlinear
theories [2]. Results obtained from the stochastic theory
based on the Rayleigh distribution show that an RW with an
amplitude 3 times higher than the significant wave height can
appear upon a storm lasting 21 years, which contradicts the
actual observations [2,3].

In the framework of the linear theory, the RW phenomenon
can be explained as spatiotemporal or spatial focusing due to
different group velocities of the different wave components
in a dispersive and/or diffractive medium [4,5]. Also, more
complicated formation mechanisms have been discussed,
accounting for atmospheric forcing (pressure, wind flow) [6–8]
or extreme currents (e.g., the Gulf Stream) which cause an
anisotropic dispersion relation [9,10].

To date the nonlinear approach relies on solutions of the
nonlinear Schrödinger equation (NLSE) which describes, in
the first order, the dynamics of deep-water waves [17]. Various
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possible mechanisms of RW formation have been discussed.
The first relies on the excitation of breather solutions in a
modulationally unstable system such as algebraic (Peregrine
solitons) [11], time periodic (Ma solitons) [12], and spatially
periodic breathers (Akhmediev breathers) [13,14], respec-
tively. A further nonlinear formation mechanism compares
to the linear one but additionally takes into account amplitude-
dependent effects [2,15]. As a possible scenario of RW
formation the collision between two or more solitons has also
been discussed, where the amplitude enhancement can be very
significant (factor of 4 or even more) [16].

It was only natural to search for optical RW events because
pulse propagation in optical fibers may likewise be described
by NLSEs or their generalizations if effects beyond second-
order linear dispersion and nonlinear self-phase modulation
are taken into account. Thus it might be expected that
interesting huge-amplitude phenomena, which might find
various applications, can be observed. But there is another,
potentially more important aspect. The optical environment
could represent a convenient laboratory for systematically
studying and understanding RW phenomena such as their
generation and evolution. There are different claims for having
theoretically and experimentally observed rogue events in
conservative (systems without loss and gain) fiber optical
systems. In particular, a series of works was devoted to
the formation of optical rogue solitons upon supercontinuum
generation in fibers, based on the collisions with other solitons
[19–23]. Another kind of optical RWs in passive fibers are
breathers, which were obtained analytically as solutions to
the NLSE but require specific initial conditions to be excited
[23–25]. In addition to these passive systems, RWs have also
been obtained in optical systems with gain. Such RW-like
extreme value fluctuations were investigated in fiber Raman
amplifiers where a partially incoherent pump was used [26].
Spatiotemporal RWs were reported by Montina et al. in a
liquid crystal light valve optical oscillator [27]. In this case
their generation was caused by a nonlocal spatial coupling of
the cavity field.

Similarly to the situation on the ocean, where the wind
represents an external pump during RW formation [18], in
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fiber lasers this pump mechanism is provided by the gain
medium. Hence, due to these analogies, here we propose a
mode-locked fiber laser as a perfect optical test bed for the
investigation of RW phenomena which takes into account
such significant effects as dispersion (analog to diffraction),
Kerr nonlinearity, external pumping, and linear and nonlinear
dissipation. Furthermore, optical RWs in fiber lasers can be
investigated systematically under definite and safe conditions.

In this article, we numerically demonstrate the formation
of optical RWs (temporal pulses) in mode-locked fiber lasers.
We show that these pulses have a huge peak power. They
appear chaotically in the laser cavity and disappear without any
trace. In agreement with the calculated statistical distribution,
their strength (amplitude in oceanology, but peak power in
fiber optics) can be as much as 6 times greater than the
significant wave height (the average peak power of the highest
one-third of the waves) and exceed by more than 13 times
the maximum possible peak power of the stable soliton in
this laser. The appearance of these giant pulses is a fairly
rare event, but at the same time, its probability is much
higher than Gaussian statistics predicts. Hence, based on the
above-introduced definition they can be termed RWs and their
formation in the laser cavity can be characterized as a peculiar
focusing process which is of a nonlinear dissipative nature
and does not require any specific initial conditions. It differs
fundamentally from those nonlinear processes previously
discussed such as multisoliton collisions, nonlinear focusing
and breather excitation. Moreover, optical RWs exist in the
normal dispersion regime where classical bright solitons do
not exist for focusing fiber Kerr nonlinearity.

The paper is organized as follows. In Sec. II we consider the
probability density function of the laser output signal for three
simple cases: a stable single pulse, a periodically appearing
and then disappearing single pulse, and two periodically
appearing pulses of different amplitudes. These examples are
helpful for interpretation of the results. In Sec. III we briefly
present the equations used for modeling the fiber ring laser
in the lumped approach, where all individual elements in the
cavity are modeled by separate equations and the pulses are
sequentially propagated. Section IV is devoted to the numerical
results, which demonstrate the chaotic appearance of RWs in
a mode-locked fiber laser. This operation regime is obtained
by a smooth transition from the region of stable dissipative
soliton generation. Finally, we summarize our work in Sec. V.

II. STATISTICAL DESCRIPTION

Since one of the major RW features is their random
appearance, the probability density function of the wave peak
power is the most appropriate measure of this phenomenon.
For a (1 + 1)–dimensional problem, e.g., pulses in a laser,
the probability distribution can be defined and calculated in
a different manner. In the present article we use the most
accurate one, in which the statistics displays the frequency of
occurrence of pulses (the events) as a function of their peak
power. For this purpose, all pulses of the randomly recorded
output have to be counted (not just the biggest one). In doing so
over many round-trips, the respective probability distribution
can be obtained. This definition is quite intuitive and can be

FIG. 1. (Color online) Examples of the calculated statistical
distribution for different sech-shape pulses. (a) Constant-amplitude
pulse; (c) single arising and vanishing pulse; (e) two arising and
vanishing pulses of different amplitudes; (b, d, f) the respective
calculated statistics.

easily realized in experiments but yields some nontrivial results
as demonstrated in the following simple example.

Figure 1 shows typical output signals as a function of
the round-trip number as well as the corresponding cal-
culated probability distribution. For the sake of simplicity,
we manually construct the laser output by periodic (along
the round-trip axis) functions where only a single period
is shown. As expected, the well-known stable single-pulse
generation in the laser causes a δ-like statistical distribution,
because every output contains only a single pulse with invariant
amplitude. But the statistical picture differs dramatically when
a pulse arises and then vanishes [see Fig. 1(b)]. Since the
output signal contains a pulse with varying peak amplitude,
dependent on the round-trip number, the statistics includes
pulses with different peak powers, finally leading to an
L-shaped probability density function. The probability func-
tion has two local maxima, corresponding to the two “turning
points” of the largest and vanishing peak power, respectively.
The maxima appear because in these regions of extreme
amplitudes, the first derivative (along the round-trip axis) is
close to 0, and consequently, pulses with such amplitudes
occur more frequently. If the transition from increasing to
decreasing peak power is instantaneous, i.e., the envelope
along the round-trip axis has a conical form with a central
kink, the second maximum in the probability distribution
disappears. Although the present probability distribution is
L-shaped, it does not represent a rogue event because the
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peak power of neither pulse exceeds the significant wave
height by at least 2 times. This example emphasizes that the
L-shaped probability density profile is only a necessary, and
not a sufficient, condition for RW events.

As required [22], the probability distribution calculated
as shown correctly takes into account all peak amplitudes
independently of their magnitude and position. The third
example clarifies that two arising and then vanishing pulses
of different amplitudes are properly expressed in the statistical
distribution as the superposition of two L-shaped profiles, and
vice versa; from Fig. 1(f) we can easily extract that the output
signal contains two pulses of different amplitudes, which
appear and disappear.

III. LASER MODEL

For numerical modeling we use a simple scheme of a fiber
ring laser which consists of a doped fiber, a saturable absorber,
and an output coupler. Our simulations are based on the lumped
approach, where each element is treated separately. The doped
fiber is described by a modified NLSE, where it has been
assumed that the carrier optical frequency equals the dopant’s
atomic resonance frequency [28],

∂U (z,t)

∂z
+ i

2

(
β2 + ig(z)T 2

1

)∂2U (z,t)

∂2t

= g(z)U (z,t)

2
+ iγ |U (z,t)|2U (z,t), (1)

where U (z,t) is the envelope of the pulse, z is the propagation
coordinate, t is the retarded time, β2 is the group velocity
dispersion, and γ represents the fiber nonlinearity. g(z) is the
saturable gain of the doped fiber, and T1 the dipole relaxation
time (inverse gain line width in parabolic approximation).
Assuming that the conditions are close to stationary, the gain
can be approximated by Ref. [29]

g(z) = g0

1 + ∫
pulses |U (z,t)|2dt/EGain

sat

, (2)

where g0 is the small-signal gain, which characterizes the
pump level, and EGain

sat is the gain saturation energy. To describe
the saturable absorber, we use the well-known transmission
equation in the instantaneous response approximation [29],

Uout(t) = Uin(t) exp

(
−1

2

δ0�z

1 + |Uin(t)|2/Psat

)
, (3)

where δ0�z defines the modulation depth of the absorber and
Psat is the saturation power. For numerical modeling we use the
following parameters. The modulation depth of the absorber
is 5% and the saturation power Psat = 0.03 W. The output loss
amounts to 30%. For the doped fiber we assume Lf = 1 m,
with a positive group velocity dispersion of 0.01 ps2 m−1, γ =
0.005 W−1 m−1, T1 = 100 fs, g0 = 0.6 m−1, and EGain

sat =
0.1 nJ. Since for this range of parameters the typical pulse
duration is on the picosecond scale, intrapulse Raman effects
can be safely neglected [37]. The output signal was always
recorded after the output coupler. As the initial condition we
use localized, but sufficiently broad noise of a low amplitude.
The weak localization of the initial signal is required by
the assumption under which Eq. (2) was derived [29]. The
localized noise is merely used to demonstrate that pulsing

and rogue events can occur even from almost-arbitrary initial
conditions.

IV. ROGUE WAVE GENERATION

The typical operation regimes of mode-locked fiber lasers
have been extensively studied and can also be controlled by
changing the small-signal gain in the system. Thus, beginning
at small pump levels the laser usually generates stable single
dissipative solitons. When the gain is gradually increased the
soliton amplitude grows too, until it reaches the limiting value.
This limit is well known in laser physics, where a further gain
increase leads to pulse breakup [30–32]. Usually this breakup
causes the formation of double-pulse (or multipulse) solutions
which are known as bound states or soliton molecules [33–36].
In the course of this process the number of pulses in the laser
increases with increasing gain, as demonstrated in previous
theoretical and experimental wors [30–36].

In order to achieve RW generation the laser parameters were
chosen such that, for increasing gain, multipulse solutions
become unstable or do not exist [33,34]. In this parameter
region the laser still shows the typical stable single-pulse
behavior for a small gain [see Figs. 2(a) and 2(b)]. But for
a larger gain, where the single soliton becomes unstable,
the mode-locked fiber laser exhibits a previously unknown
behavior. Namely, by gradually increasing the gain, we trace
the novel laser dynamics, which corresponds to the operation
regime in the transition region between the generation of
stable single dissipative solitons and the chaotic generation
of rogue pulses with a huge peak amplitude. For example,
the laser dynamics is shown in this regime in Figs. 2(c) and
2(d) for g0 = 0.7 m−1. In this operation regime the chaotic
(random) formation of high-power pulses of finite lifetime
(about 1000 round-trips) takes place. It is noteworthy that
the peak power of these pulses amounts to 22 W (the pulse
energy is 66 pJ), while the peak power of the stable dissipative
soliton in this laser is limited to 17 W (the soliton energy is
about 59 pJ). In other words, this demonstrates that unstable,
chaotically appearing pulses can have a larger peak power
than stable dissipative solitons in the same system, which is
probably a very significant issue for the understanding of RW
phenomena.

For further increasing gain the laser dynamics becomes
more complicated. In this case, one output signal contains
many low-amplitude pulses and sometimes rogue pulses of
a huge peak amplitude can suddenly arise and then vanish
(see Fig. 3). The rogue pulse peak powers are as large as
70 W (the pulse energy amounts to 109 pJ) for g0 = 1.1 m−1.
For an even bigger gain (g0 = 2.3 m−1), the measured peak
power amounts to 215 W (the pulse energy is 140 pJ). For
the system parameters used, the maximum peak power of a
stable dissipative soliton amounts to 17 W (even for a high
gain, where some noninteracting separated pulses can coexist).
Thus, the peak power of rogue pulses can exceed it by a factor
of 13. Since this operation regime provides chaotic pulses,
we use the statistical approach for description. In order to
provide a truly statistical picture the laser dynamics during
100 000 round-trips was considered and the corresponding
statistical distribution was calculated as described above. The
respective probability functions are shown in Fig. 4. It can
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FIG. 2. (Color online) Transition from the well-known dynamics
of single dissipative soliton generation (g0 = 0.6 m−1) to the novel
operation region of chaotically appearing pulses (g0 = 0.7 m−1).
(a), (c) Peak power and (b), (d) output profile as a function of the
round-trip number for g0 = 0.6 m−1 and g0 = 0.7 m−1, respectively.

be recognized that for g0 = 1.1 m−1 and g0 = 2.3 m−1, the
probability functions are characterized by fat and long tails,
which indicate the appearance of huge peak power pulses. It
is evident that these pulses generated in a fiber laser with a
large gain meet the definition of RWs; namely, they exhibit
the required statistical behavior (non-Gaussian behavior with
long tails of the probability function) and a huge peak power
(bigger than the significant wave height by a factor of 2–2.5
or more), and they appear and disappear spontaneously and
unpredictably. First, for rigorous verification we calculated
the significant wave height, which amounts to 20 W at
g0 = 1.1 m−1 and 36 W at g0 = 2.3 m−1. Thus the biggest
rogue pulses exceed the significant wave height by a factor of 3
or 6 for g0 = 1.1 m−1 and g0 = 2.3 m−1, respectively. Second,
in Fig. 3 the spontaneous appearance and disappearance are
shown. Third, the tails of the statistical distributions decay
much more slowly than an exponential distribution would
predict, which is clearly shown in Fig. 4. Moreover, the

FIG. 3. (Color online) Rogue wave generation in a mode-locked
fiber laser initiated from noise. (a), (c) Peak power and (b), (d) output
profile as a function of the round-trip number for g0 = 1.1 m−1 and
g0 = 2.3 m−1.

observed RW phenomena in the ocean are accompanied by
deep holes which occur before and after the largest crest [2].
Surprisingly, we could also observe these holes in mode-locked
lasers (the crossing dark lines in Fig. 3). We could verify that
these holes represent moving dark solitons with a characteristic
phase jump of ∼π at the hole minima [38,39] (see Fig. 5).

It should be noted that in the transition region where g0 =
0.7 m−1, the arising pulses are not RWs because the calculated
significant wave height amounts to 19.5 W while the biggest
detected peak power is only 22 W. Although this peak power
is higher than the peak power of stable solitons, they appear
more often than exponential statistics would predict and, also,
arise spontaneously.

In the operation regime where RWs are generated, two
competitive processes can be distinguished (see Fig. 3).
On one side the focusing process concentrates almost all
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FIG. 4. (Color online) Calculated probability distribution of
output pulses as a function of the peak power in linear and logarithmic
scales. It is clearly shown that for g0 = 1.1 m−1 and g0 = 2.3 m−1,
the statistics is characterized by long and fat tails, which decay much
more slowly than an exponential one.

intra-cavity light at one point that corresponds to the rogue
pulse appearance. But simultaneously there is an opposing
process which spreads the localized light when the peak
power exceeds a certain threshold. Sometimes the diffused
light can form a bunch of pulses of relatively low amplitudes
which are unstable at such a gain. Finally, the breakup of
such a multipulse state leads to a chaotic energy distribution
in the cavity, which is again nonlinearly focused. Thus it
is a perpetual competition between focusing and diffusing
phenomena, with the possible intermediate formation of
unstable multipulse states. The most powerful and intense
rogue pulses appear in the case where almost all light inside
the cavity is focused (see Fig. 3). Hence, the focusing process
is the key formation mechanism of optical RWs in the laser.

From Figs. 3 and 6 it can be recognized that the observed
focusing phenomenon differs in principle from the well-known
classical linear and nonlinear (including intensity dependence)
focusing process. Namely, this peculiar focusing starts from
random initial conditions in the laser. Furthermore, both

FIG. 5. (Color online) Power [solid (black) line] and phase
[dotted (red) line] profiles of holes observed in the output signal
taken from Fig. 3(b) after 6000 round-trips; g0 = 1.1 m−1. Two dark
solitons are clearly shown, with the characteristic (∼π ) phase jump
at the power minima.

FIG. 6. (Color online) Left: Rogue wave formation process in
the mode-locked fiber laser for g0 = 1.1 m−1 [corresponding to
Fig. 3(b)]. Right: Profile of the soliton and the two rogue waves
obtained with the same laser parameters but a different, small-signal
gain.

the observed focusing process and, consequently, the RW
formation have a strong nonlinear dissipative nature. In order
to demonstrate this we consider RW formation in the laser
for varying gain saturation energies, with all other laser
parameters kept constant. Since varying the gain saturation
energy also entails a change of the effective pump power, the
small-signal gain was additionally adjusted. As a benchmark
for adjusting the effective gain, the peak amplitude of three
noninteracting, isolated pulses was used. Figure 7 shows the
statistical distribution of the generated pulses for different
values of the gain saturation energy. It is evident that the central
portions of the probability functions (peak power up to 35 W)
are very similar for both values of EGain

sat . But the appearance
of high-amplitude pulses (peak power higher than 35 W)
depends significantly on the saturation energy of the gain.
For EGain

sat = 0.1 nJ the peak power of the generated pulses can
be as high as 70 W, while for a higher gain saturation energy,
when EGain

sat = 0.4 nJ the maximum detected peak power is
only 50 W. Thus saturability of the gain has a strong influence
on the intracavity focusing process in the mode-locked fiber
laser and, consequently, on the RW generation process and
peak amplitudes.

FIG. 7. (Color online) Statistical distribution of the output pulses
in a mode-locked laser for the same parameters but different saturation
energies of the gain EGain

sat . It can be seen that the gain saturability plays
a crucial role in the generation process in the laser, particularly, for
the peak amplitudes.
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V. CONCLUSION

In conclusion, we have numerically demonstrated RW
generation in a mode-locked fiber laser in a normal dispersion
domain. These RWs are pulses of huge peak amplitude which
appear chaotically in the laser. The maximum peak amplitude
of these rogue pulses can be controlled via the small-signal
gain. Thus for g0 = 2.3 m−1 the rogue events can reach a
peak power as high as 215 W, which is 13 times larger than
the maximum possible peak power of a single stable soliton
or a few solitons in this laser and 6 times larger than the
significant wave height. For the reduced gain of g0 = 1.1 m−1

the measured peak power of the rogue event amounts to
70 W. The RW formation process was identified to be a peculiar
focusing process which is of a nonlinear dissipative nature
and can successfully start from random initial conditions. We
also identified that nonlinear dissipation, i.e., gain saturability,
plays a crucial role in the process of RW generation, in

particular, for their peak amplitudes. Furthermore, similarly
to RWs on the ocean, the observed rogue pulses in the laser
are accompanied by holes which are moving dark solitons.

The results of this work may be useful for a better
understanding of the nature of RWs in the ocean and can also
be used as a novel approach for the generation of high-power
pulses in laser systems.

During the revision of this paper the related numerical
observation of RWs in a fiber laser in an anomalous dispersion
domain [40] and the experimental observation of RWs in an
optically injected semiconductor laser [41] were published.
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(2010).

[37] J. P. Gordon, Opt. Lett. 11, 662 (1986).
[38] Y. S. Kivshar and B. Luther-Davies, Phys. Rep. 298, 81

(1998).
[39] H. Zhang, D. Y. Tang, L. M. Zhao, and X. Wu, Phys. Rev. A 80,

045803 (2009).
[40] J. M. Soto-Crespo, P. Grelu, and N. Akhmediev, Phys. Rev. E

84, 016604 (2011).
[41] C. Bonatto, M. Feyereisen, S. Barland, M. Giudici, C. Masoller,

J. Rı́os Leite, and J. Tredicce, Phys. Rev. Lett. 107, 053901
(2011).

013828-6

http://dx.doi.org/10.1140/epjst/e2010-01233-0
http://dx.doi.org/10.1140/epjst/e2010-01233-0
http://dx.doi.org/10.1016/j.euromechflu.2003.09.002
http://dx.doi.org/10.1016/j.euromechflu.2003.09.002
http://dx.doi.org/10.1016/S0997-7546(02)01201-3
http://dx.doi.org/10.1016/S0997-7546(02)01201-3
http://dx.doi.org/10.5194/nhess-1-243-2001
http://dx.doi.org/10.5194/nhess-1-243-2001
http://dx.doi.org/10.1023/A:1007978326982
http://dx.doi.org/10.1016/S0065-2156(08)70087-5
http://dx.doi.org/10.1017/S0022112097007751
http://dx.doi.org/10.1017/S0334270000003891
http://dx.doi.org/10.1007/BF01037866
http://dx.doi.org/10.1007/BF01037866
http://dx.doi.org/10.1007/BF01017105
http://dx.doi.org/10.1007/BF01017105
http://dx.doi.org/10.1134/1.1368708
http://dx.doi.org/10.1134/1.1368708
http://dx.doi.org/10.5194/npg-10-503-2003
http://dx.doi.org/10.1134/1.2149072
http://dx.doi.org/10.1140/epjst/e2010-01246-7
http://dx.doi.org/10.1140/epjst/e2010-01246-7
http://dx.doi.org/10.1038/nature06402
http://dx.doi.org/10.1038/nature06402
http://dx.doi.org/10.1016/j.physleta.2009.12.014
http://dx.doi.org/10.1016/j.physleta.2009.11.058
http://dx.doi.org/10.1140/epjst/e2010-01244-9
http://dx.doi.org/10.1140/epjst/e2010-01244-9
http://dx.doi.org/10.1364/OE.17.021497
http://dx.doi.org/10.1016/j.physleta.2009.04.023
http://dx.doi.org/10.1016/j.physleta.2009.04.023
http://dx.doi.org/10.1103/PhysRevA.80.043818
http://dx.doi.org/10.1103/PhysRevA.80.043818
http://dx.doi.org/10.1364/OL.34.001138
http://dx.doi.org/10.1103/PhysRevLett.103.173901
http://dx.doi.org/10.1103/PhysRevLett.103.173901
http://dx.doi.org/10.1103/PhysRevA.44.7493
http://dx.doi.org/10.1364/JOSAB.27.002313
http://dx.doi.org/10.1364/JOSAB.27.002313
http://dx.doi.org/10.1016/j.yofte.2008.01.001
http://dx.doi.org/10.1364/OE.17.023137
http://dx.doi.org/10.1364/OE.17.023137
http://dx.doi.org/10.1364/JOSAB.27.001978
http://dx.doi.org/10.1364/JOSAB.27.001978
http://dx.doi.org/10.1103/PhysRevA.79.053841
http://dx.doi.org/10.1103/PhysRevA.79.053841
http://dx.doi.org/10.1103/PhysRevA.80.043829
http://dx.doi.org/10.1103/PhysRevA.80.043829
http://dx.doi.org/10.1364/OL.34.003827
http://dx.doi.org/10.1364/OL.34.003827
http://dx.doi.org/10.1364/OL.35.001578
http://dx.doi.org/10.1364/OL.35.001578
http://dx.doi.org/10.1364/OL.11.000662
http://dx.doi.org/10.1016/S0370-1573(97)00073-2
http://dx.doi.org/10.1016/S0370-1573(97)00073-2
http://dx.doi.org/10.1103/PhysRevA.80.045803
http://dx.doi.org/10.1103/PhysRevA.80.045803
http://dx.doi.org/10.1103/PhysRevE.84.016604
http://dx.doi.org/10.1103/PhysRevE.84.016604
http://dx.doi.org/10.1103/PhysRevLett.107.053901
http://dx.doi.org/10.1103/PhysRevLett.107.053901

