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Real-time observation of optical rogue waves in
spatiotemporally mode-locked fiber lasers

Ugur Tegin® !, Peng Wang' & Lihong V. Wang® '*

Fiber lasers offer tabletop nonlinear environments to mimic and study the complex dynamics
of nature. Optical rogue waves, rarely occurring extreme intensity fluctuations, are one of the
many subjects that can be investigated with a fiber laser cavity. Although oceanic rogue
waves are a result of spatiotemporal dynamics, the single-mode nature of the fiber laser and
the commonly used measurement techniques limit the optical rogue wave studies to only
temporal dynamics. In this study, we overcome such limit to observe rogue wave real-time
dynamics in spatiotemporally mode-locked fiber lasers by utilizing state-of-the-art com-
pressed ultrafast photography technique. The multimode laser cavity exhibits long-tailed non-
Gaussian distributions under relaxed cavity constraints. Single-shot spatiotemporal mea-
surements of rogue events showed that, instead of noise bursts, the cavity produces clean
pulses with high-quality beam profiles. Our results indicate that rogue events in spatio-
temporally mode-locked fiber lasers undergo nonlinear spatial transformation due to a
power-dependent consistent attractor.
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ver the centuries, sailors have told tales of giant waves

that appeared on high seas without warning, destroyed

vessels, and disappeared without a trace. After first time
recorded by a measurement instrument in 1995 at Draupner
platform in the North Seal, these rarely occurring, rogue waves
transitioned from being a part of sailors’ lore to a topic of intense
study of oceanography. In oceanography, rogue waves are defined
as surface waves with a height exceeding eight times the standard
deviation of the surface elevation which is equal to twice the
significant wave height?. In the following years, the concept of
rogue waves has been extended and in addition to oceanic rogue
waves, acoustic, thermal, and even financial rogue waves have
been reported>. In 2007, high intensities with similar statistics are
reported in the supercontinuum generation process, during a
dramatic spectral broadening in optical fibers, with dispersive
Fourier transform technique in real-time measurement?. These
temporally rare intensity fluctuations are analogous to oceanic
rogue waves. This discovery led to extensive studies of the impact
of noise on seed pulse to supercontinuum generation and soliton
dynamics in single-mode fibers>=8. Besides temporal studies,
rogue waves have also been investigated spatially using nonlinear
systems like optical filamentation in gas? and linear systems
combining spatial inhomogeneity and highly multimode fibers as
diffusing medial?.

With the incorporation of gain, saturable absorbers, and other
dissipation elements, the nonlinear transfer functions of single-
mode fiber lasers are considered even more complex than that of
single-pass nonlinear propagation in fibers. As a result, lasers with
external injection, mode-locking, and delayed feedback can exhibit
complex noise characteristics with spikes in output intensity. Mode-
locked fiber lasers are classified by the net dispersion of their laser
cavities, which determines the types of pulses they generate as a
result of nonlinear laser dynamics. In theory, a laser cavity generates
an identical pulse every roundtrip. In reality, fundamental mode-
locked lasers are closest to this ideal laser cavity, and their output
parameters follow Gaussian distributions!!. To create a highly
chaotic environment, gain, loss, and/or saturable absorption para-
meters must be adjusted to divert the laser cavity from the equili-
brium point. As a result of such adjustments, noise-like pulses can
form!2, or multiple pulses can form per cavity through harmonic
mode-locking!? or stimulated Raman scattering!4. An anomalous
dispersion cavity with a chaotic multi-pulse regime led to the first
demonstration of rogue waves in fiber lasers, which had been
predicted by numerical studies!>®. Later, similar laser output
behavior was observed in a normal dispersion cavity with a noise-
like mode-locking regime!”. In the following years, various laser
operations were investigated and they were summarized in a recent
review article!S.

By exploiting relatively low modal dispersion and periodic self-
imaging properties of graded-index multimode fibers (GRIN
MMFs), the spatiotemporal mode-locking mechanism has been
proposed with multimode fiber cavities!®. With coherent super-
position of transverse and longitudinal modes in a multimode
laser cavity, fiber lasers can be powered up via spatiotemporal
mode-locking. Following the initial demonstration of dissipative
soliton pulses with spatiotemporally mode-locked fiber lasers,
bound-state solitons? and harmonic mode-locking?! have been
reported as well. In addition to all-fiber spatiotemporally mode-
locked lasers with superior stability?2-23, self-similar pulse pro-
pagation is proposed to enhance beam quality?*. Complementing
this mode-locking mechanism, a nonlinear beam cleaning effect
presented as a result of a universal unstable attractor in GRIN
MMFs with a single-pass orientation?>~27. This attractor initially
causes a nonlinear spatial transformation to an arbitrary input
field and results in a high-quality beam with a weak background
of higher-order modes?®. Due to its unstable nature, with

increasing power, the attractor triggers spatiotemporal instability
to propagating field and results in the formation of Stokes and
anti-Stokes peaks with high-quality beam profiles?-30. Spatio-
temporally mode-locked fiber lasers inherit this attractor via the
GRIN MMF sections of the cavity. However, the relatively short
GRIN MMF lengths form a challenge to realize the nonlinear
beam cleaning in a laser cavity and requires high powers to
observe the effects of the attractor. Recently, by tailoring cavity
dynamics with a dispersion-managed design, nonlinear beam
cleaning a spatiotemporally mode-locked fiber laser reported and
resulted in single-mode beam profile with >20 nJ pulse energy!.
When compared to single-mode fiber lasers, with bringing spatial
interactions to the mode-locking mechanism, spatiotemporally
mode-locked lasers offer an ideal test bed to study the complex
multimode nonlinear wave dynamics under partial feedback
conditions. Using a genetic algorithm approach, an intracavity
wavefront shaping technique was used to demonstrate active
control over the nonlinear mode-locking mechanism32. Further-
more, with the compressed ultrafast photography (CUP) techni-
que, real-time non-repeating dissipative soliton dynamics have
been studied and the results demonstrated the rich dynamics of
spatiotemporally mode-locked lasers33.

Results and discussion

Here, we present optical rogue wave dynamics, to the best of our
knowledge, for the first time in a spatiotemporally mode-locked
fiber laser. We investigate real-time changes in laser output under
relaxed saturable absorber conditions and observe rarely occur-
ring pulses with intensities up to 13 times greater than the
standard deviation of the laser’s output. With our CUP unit, we
study these rogue events’ spatial and temporal properties. The
beam profile and shape of pulses with rogue events show distinct
changes both temporally and spatially. Furthermore, our CUP
unit enables us to study the intrapulse evolution of pulses with
intensities above and below the rogue wave threshold (RWT), 8c.
Our measurements indicate that the consistent attractor in the
spatiotemporally mode-locked fiber laser shapes the spatial dis-
tribution of the rogue events. For a better understanding of the
nonlinear spatiotemporal propagation of pulses in a laser cavity,
numerical simulations were performed. The Kerr-induced non-
linear beam cleaning effect is also observed numerically for pulses
with rogue event intensities propagating through the GRIN MMF
section of the cavity. We demonstrate that rogue wave dynamics
can be formed by the multimode nonlinear transfer function of
the spatiotemporally mode-locked fiber lasers. We conclude that
nonlinear beam cleaning is bound to occur for rogue events in
spatiotemporally mode-locked lasers because the universal con-
sistent attractor in GRIN MMFs is power-dependent.

Experimental studies. With the help of optical feedback, laser
cavities can offer rich nonlinear dynamics while creating a bal-
ance between dispersion, amplification, and dissipation. This
complex interaction gives rise to a nonlinear transfer function in a
form of a quintic complex Ginzburg-Landau equation34-3%. In the
presence of spatial coordinates and their corresponding terms
(diffraction, refractive index, etc.), this nonlinear transfer func-
tion is modified to model spatiotemporally mode-locked fiber
lasers as,
%’:%kovlu— (ﬂgzﬁn%>U+(tx+iy)\U|2U+6|U|4U—IR£§I(x.,y)U
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where U(x, y,z, T) is the slowly varying envelope of a multimode
field oscillating inside the laser cavity, z is the propagation
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direction, k, = wyn,/c is the wave number where wy is the center
frequency and n, is the refractive index of the medium, V2

describes the diffraction along the x and y as aa—;z + aa—;z, B, denotes

the higher order dispersion coefficients, T is the retarded time and
defined as T =t —z/v, where v, is the group-velocity of the
pulse, « and & are the cubic saturable and quintic absorption
coefficients, y is the cubic refractive nonlinearity coefficient of the
fiber, R is the fiber core radius, I(x, y) is the fiber refractive index
profile, g and [ are the wavelength-dependent net gain and loss
terms of the cavity. Here, the fiber dependent variables such as
Bn, y, R and I(x, y) change for each fiber section inside the laser
cavity.

We anticipate this spatiotemporal nonlinear transfer function
can transform small input fluctuations into extreme statistical
variations yielding long-tailed statistics and rogue events. We
studied the spatiotemporal changes in the output of a
spatiotemporally mode-locked laser under relaxed saturable
absorber conditions to investigate this possibility. While funda-
mental mode-locking creates highly stable output traces with
strong saturable absorbers (see Supplementary Note 1), a relaxed
saturable absorber creates unstable laser behavior in which optical
noise bursts (noise-like pulses) form. By reducing the strength of
the low-intensity suppression of the saturable absorber in our
laser cavity, we can achieve such constraints. Such an unstable
operation regime is suitable to investigate rogue events in
spatiotemporally mode-locked lasers. The laser we developed
for this study is shown in Fig. la. It is a dispersion-managed
cavity with a positive net cavity dispersion (B,),,,) of 8240 fs2. We
employed nonlinear polarization evolution (NPE) technique as
the saturable absorber’”. Under relaxed saturable absorber
configuration, the laser generates noise-like pulses with
~70 mW average power and around 22 MHz repetition rate (see
Supplementary Note 2). The details of the laser cavity are
described in Methods.
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By using the CUP technique, we were able to study the pulse-
to-pulse changes of the laser in real-time. CUP is a single-shot
ultrafast imaging technique that can achieve an unprecedented
maximum imaging speed of 70 trillion frames per second33?. In
the CUP imaging module (see Fig. 1), the dynamic scene is first
spatially encoded by a static pseudo-random binary pattern,
displayed by a digital micromirror device (DMD). The encoded
scene is then relayed to a streak camera whose entrance aperture
is wide open to collect the entire two-dimensional x-y images.
The streak camera temporally shears the ultrafast scene in the
y-direction and acquires a single temporally integrated raw image.
A regularization-based algorithm is then adopted to accurately
recover the ultrafast image sequence from this highly compressed
raw image#?4l, CUP’s imaging speed is primarily determined by
the selected shearing speed (i.e. the time range setting) of the
streak camera. Further details can be found in Supplementary
Note 3. It is significant to note that we can switch to different
imaging modes by using different types of DMD patterns for our
investigation of rogue dynamics in the spatiotemporally mode-
locked fiber laser.

First, we investigated the temporal intensity changes between
the output pulses. For this purpose, by applying a plane mask to
the DMD of our CUP unit, we utilized the direct streak camera
imaging without needing image reconstruction. By setting the
time range to 400 ns, we captured 8 pulses per measurement.
After 300 consecutive measurements we acquired a large set of
pulses. To establish a time trace, we digitally selected the cross-
sections which pass through the centers of pulses from these
measurements. The time trace which represents the temporal
intensity fluctuations in these 300 measurements (containing
~2400 pulses) is presented in Fig. 1b. To simplify the
representation, we normalized the intensity measurements with
the standard deviation of intensity of the time trace (o). Pulses
with intensities beyond RWT are rarely detected. To characterize
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Fig. 1 Experimental setup and temporal measurements. a Schematic of the setup including the laser cavity, second-harmonic generation, and CUP units.
Yb MMF Ytterbium-doped multimode fiber, GRIN MMF graded-index multimode fiber, C collimator, G diffraction grating, QWP quarter-wave plate, HWP
half-wave plate, PBS polarizing beamsplitter, M mirror, SF spatial filter, L lens, SHG second-harmonic generation, NLC nonlinear crystal, DMD digital
micromirror device. b Temporal intensity profile normalized to the standard deviation of intensity of the time trace (o). ¢ Histogram of the temporal
intensity profile shown as normalized probability density. d The same histogram on semi-logarithmic axis.
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Fig. 2 Spatial and temporal measurements. a Position of the maximum intensity for each pulse in the dataset containing streak camera images. b Average
beam profile calculated from all the pulses in the dataset. ¢ Position of the maximum intensity for each pulse with rogue event. d Average beam profile
calculated from the pulses with rogue events. e Stack of 1500 noise-like pulse shapes presented with a logarithmic intensity scale (normalized to maximum
of the dataset). f, g Normalized example temporal shapes of the pulses with intensities less than the rogue wave threshold. h, i Normalized example

temporal shapes of the pulses with rogue events.

the statistics of these results, we computed an intensity histogram
from the presented time series. In Fig. 1lc, d, the intensity
histograms represent the normalized temporal intensity profile in
Fig. 1b on linear and semi-logarithmic axes, respectively. It is
clear from Fig. lc that the histogram (i.e. probability density)
follows an L-shaped distribution. This long-tailed distribution is
characteristic of rogue waves since high intensities rarely occur
with a small probability. The inset of Fig. 1c presents the portion
of the histogram where intensities are above the RWT. As
expected, the probabilities of generating rogue events are highly
rare and our results indicate that from 8¢ threshold to 130 is less
than 0.0003. Figure 1d shows the same histogram with a semi-
logarithmic axis and the RWT is shown as a dashed line.

Our next step is to analyze the streak camera images to study
the spatial properties of these noise-like pulses. Figure 2a shows
the position of the maximum intensity for each pulse in the
dataset. Due to multimode nature of the laser cavity, spatial
positions of the maximum intensities of noise-like pulses are
highly dispersed. From the streak camera images, we calculated
an average beam profile which exhibits a large and asymmetric
intensity distribution, as shown in Fig. 2b. When the pulses with
rogue event intensities are isolated, we observed that the
maximum intensities of these pulses are positioned tightly around
the center of the beam, as shown in Fig. 2c. Similarly, a beam
profile was also calculated for pulses with rogue events (see
Fig. 2d). By fitting 2D Gaussian distributions to each of the beam
profiles, we were able to compare them quantitatively. The
average beam profile of the noise-like pulses (Fig. 2b) has a full
width at half maximum (FWHM) of 164 um along the x-axis and
191 pm along the y-axis, and this yields a ratio of 0.86. On the
other hand, the average beam profile of the pulses with rogue
events (Fig. 2d) has an FWHM of 156 pm along the x-axis and
164 um along the y-axis this yields a ratio of 0.95.

To obtain individual pulse shapes, we changed the DMD
pattern of our CUP unit to a slit mask and recorded the imaging
setup’s temporal impulse response. By setting the time range of
CUP unit to 1ns, we obtained sheared single pulse measure-
ments. First, we measured the response of our CUP unit to slit
DMD mask. By deconvolving the impulse response of the
imaging system, we acquired individual pulse shapes from a set of
streak camera images. A stack of 1500 noise-like pulse shapes is
presented in Fig. 2e with a logarithmic intensity scale to illustrate
the differences in both the pulse shapes and durations. We
observed that the pulses with intensities below the RWT feature
jagged burst-like pulse shapes (see the examples in Fig. 2f, g). On
the other hand, the pulses with intensities above the RWT feature
a well-structured pulse shape with a small pedestal background
(see the examples in Fig. 2h, i). The pulse durations (FWHM) of
these pulses vary between 7 ps and 14 ps.

Finally, we set the DMD pattern of our CUP unit to a
pseudorandom binary pattern to record spatiotemporal intrapulse
dynamics of our spatiotemporally mode-locked laser. The detail
of the CUP operation is described in Methods. Similar to our
previous measurements, we recorded 1500 pulses with 1 ns time
range and achieved 2 Tfps frame rate. Later, we identified the
pulses with rogue events from CUP images and performed image
reconstruction to acquire spatiotemporal information per pulse.
Figure 3 presents spatiotemporal changes of two example pulses
with rogue events. To illustrate evolution of the pulses over
spatiotemporal grid, at each temporal point we calculated a
contour from the beam profiles by applying a threshold of 0.25 to
intensity normalized 3D pulse distributions. These calculated
contours are stacked over to demonstrate spatiotemporal shapes
of the pulses. Furthermore, two example noise-like pulses with
intensities below RWT are shown in Fig. 4. Similar to average
beam profiles calculated directly from streak camera images
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Fig. 3 Spatiotemporal distributions of example pulses with rogue events. a, b Reconstructed spatiotemporal intensity distributions of two example pulses
with rogue events. These plots are achieved by calculating a contour from the beam profiles at each temporal point. Spatial distributions around the peaks
of the pulses are presented separately by normalizing to local maxima and are show in insets connected to the main panel by arrows.

(Fig. 2b, d), spatiotemporal measurements confirm that pulses
with rogue events feature enhanced beam qualities. Spatiotem-
poral evolutions of these rogue and noise-like pulses are
demonstrated in Supplementary Movies 1-4.

Numerical studies. We performed simulations with the time
dependent beam propagation method*>*3 to understand the
effect of pulse power to spatial distribution of the pulse. Since
the output beam profile of the fiber laser is heavily dependent on
the GRIN MMF section, which is the last section before the NPE
output of the laser, we studied the pulse propagating in this
parabolic-index fiber. The simulation parameters are explained in
detail in Methods.

For the same initial excitation condition and pulse, the effect of
the pulse energy on the beam profile is presented in Fig. 5. From
the experimental results, we measured the average power and the
repetition rate of the laser and calculated the pulse energy of 3.2
nJ and denoted it with p as the average pulse energy. For pulses
with spatial distribution illustrated in Fig. 5 as the launched beam
profile and energies of 1y, 8y, and 13y, we simulated the
spatiotemporal nonlinear propagation inside the GRIN MMF and
presented the beam profiles after 0.5m, 1 m, 1.5m, and 2 m (see
Fig. 5a—c) where the fiber core is highlighted with the solid circles.
The nonlinear beam cleaning effect can be observed by
comparing the beam profiles after 2m nonlinear propagation.
The resulting spatial distributions are more confined and

symmetrical. As we report in Supplementary Note 4, we observed
this beam quality improvement under a variety of launched beam
profile conditions.

Conclusion

Unlike the conventional rogue wave studies with nonlinear fiber
optics, this study provides an approach to investigate both spatial
and temporal dynamics of rogue waves with a spatiotemporal
nonlinear transfer function. Resorting to such an approach allows
to draw several conclusions on the real-time dynamics of rogue
waves. First of all, we observed that the resulting pulses from
rogue events in a noise-like mode-locking regime are different
from similar studies with single-mode lasers. In spatiotemporally
mode-locked lasers, rogue events produce clean pulse shapes
instead of high-intensity noise spikes!!.

Moreover, by resolving pulse to pulse changes, we investigated
which long-tailed probability distribution best fits our observa-
tions of rogue events in a spatiotemporally mode-locked laser
cavity. We observed that both intensity and pulse energy changes
fit the Weibull distribution better than the Rayleigh distribution
(see Supplementary Figs. 6 and 7). For the histograms calculated
from the intensity changes and pulse energy changes, the Weibull
distributions with parameters &« = 0.536 and § = 0.72 and « =
2.07 and 8 = 1.957 provided better fits to the observed data.

The spatiotemporally mode-locked lasers overcome modal
dispersion by using highly multimode GRIN MMFs and
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Fig. 4 Spatiotemporal distributions of example pulses with intensities lower than rogue wave threshold. a, b Reconstructed spatiotemporal intensity
distributions of two example pulses with intensities lower than rogue wave threshold. These plots are achieved by calculating a contour from the beam
profiles at each temporal point. Spatial distributions around the peaks of the pulses are presented separately by normalizing to local maxima and are show

in insets connected to the main panel by arrows.

few-mode step-index fibers. Thus, these fiber lasers inherit an
unstable yet consistent attractor that introduces power-dependent
nonlinear beam cleaning processes. Our results demonstrate that
rogue events in multimode mode-locked fiber lasers are prone to
be affected by this consistent attractor. Based on our experimental
and numerical studies, we expect that rogue events in spatially
mode-locked lasers always experience this nonlinear transfor-
mation. If rogue events are intensified further, this process may
lead to spatiotemporal instability, due to the unstable nature of
this attractor. It is essential to note that such a scenario will again
feature a high-quality beam profile for pulses of high intensities.

Finally, the results of this study are of great interest to studies
of spatiotemporal nonlinear optics including mode-locked fiber
lasers. Since the nonlinear beam propagation in GRIN MMFs is
governed by the temporal evolution of the three-dimensional
Gross-Pitaevskii equation which is heavily used to model Bose-
Einstein condensates?44>, our observations also pertain to con-
densed matter physics where rogue dynamics are a subject of
interest as well4047,

Methods

Laser oscillator. The oscillator is a dispersion-managed spatiotemporally mode-
locked fiber laser similar to the one reported here3!. A Yb-doped multimode gain
fiber with a core size of 10 um and 4 m length, a GRIN multimode fiber with a core
size of 50 pm and 2 m length and a passive multimode fiber of pump combiner
with a core size of 10 um and 1.3 m lengths make the fiber part of the cavity.

Multimode pulse propagation is encouraged by splicing Yb-doped multimode gain
fibers to GRIN multimode fiber with an offset (15 um) and by coiling the GRIN
fiber with a 25 cm diameter. The light is collimated after it passes through the fiber
sections, and then it travels through waveplates, beam splitters, isolators, grating
pairs (600 lines/mm), and a spatial filter (randomly placed adjustable slit). The
spatial filter’s purpose is to restrict the spatial distribution of the intracavity beam
to ensure long-term stability. NPE is implemented with wave plates and a polar-
izing beam splitter as an artificial saturable absorber. To eliminate parasitic back
reflections, GRIN fiber and step-index passive fiber are angle-cleaved on their free-
space ends. Intracavity wave plates were adjusted to allow self-starting mode-
locking conditions. A nonlinear crystal (uncoated Potassium Titanyl Phosphate
with 9 x 9 x 7 mm dimensions and orientation angles of ® = 90 ° and ¢ = 23.4°) is
used as a frequency doubler since the CUP unit has an optimal sensitivity in visible
wavelengths due to its photocathode within the streak tube.

Spatiotemporal simulations. To simulate fast nonlinear pulse propagation in the
fiber, we implemented time-dependent beam propagation in Python.
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where U(x, y, z, T) is the slowly varying envelope of a multimode field propagating
in GRIN MMF, inside the laser cavity, z is the propagation direction, T is the
retarded time and defined as T = t — z/v, where v, is the group-velocity of the
pulse, A is the relative index difference between the center of the core and the
cladding of the fiber, R is the fiber core radius and y is the cubic refractive non-
linearity coefficient of the fiber. Unlike Eq. 1 which describes the overall laser
dynamics, Eq. 2 only represents the nonlinear propagation in GRIN MMF.

In time-dependent beam propagation method simulations, heavy
multidimensional fast Fourier-transform calculations require long computation
times thus we utilized GPU-parallelization in our code. In our simulations we
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Fig. 5 Time-dependent beam propagation simulations inside the graded-index multimode fiber. a Spatial evolution of the pulse with the average pulse
energy. b Spatial evolution of the pulse with eight times the average pulse energy. ¢ Spatial evolution of the pulse with thirteen times the average pulse
energy. Launched beam profile of the pulses is presented at top corner and solid circles indicate the core size of the GRIN MMF.

performed symmetrized split-step Fourier method to compute field
propagation?>#3, In the simulation, pulses with a Gaussian temporal distribution
centered at 1064 nm with an 8 ps duration (full-width at half-maximum) are
numerically propagated for a fiber length of 2 m. The launched beam diameters
(1/€2) are set to Yb-doped gain fibers core size (10 um) with 15 pm offset. The time
window of the simulations is 100 ps with 61.5 fs temporal resolution and the spatial
window is set as a 64 x 64 spatial grid with 0.84 um spatial resolution. The
numerical integration step is set to sample each self-imaging period (~555 pm)
16 times to simulate GRIN MMF’s spatial self-imaging correctly. We created an
absorptive boundary condition around the core by truncating the parabolic fiber
index profile with a super-Gaussian filter.

Data availability
The data that support the findings of this study are available from the corresponding
author on reasonable request and in the Supplementary Information.

Supplementary Movies 1-4 contain further information on example rogue events and
pulses with low intensities.

Code availability

The reconstruction algorithm is described in detail in Methods and Supplementary
Information. We have opted not to make the computer code publicly available because
the code is proprietary and used for other projects.
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