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Abstract Femtosecond multimode solitons composed by non-degenerate modes have unique
properties: their pulsewidth and energy only depend on linear dispersive properties, and coupling
conditions. They are unstable objects which evolve into stable singlemode pulses.

Introduction

Multimode fibers (MMFs) have recently attracted
considerable interest, motivated by their
potential for increasing the transmission
capacity of long-distance optical links via mode-
division-multiplexing (MDM), which exploits the
multiple transverse modes of the fiber as
information carriers. Moreover, the capacity of
MMF to carry high-energy beams is important
for scaling the power delivery capabilities of fiber
laser sources. Graded-index (GRIN) MMFs are
capable of of supporting the propagation of MM
solitons over long distances!'3l. Theoretical
treatments of spatiotemporal soliton propagation
in MMFs mostly rely on the variational approach
(VA)4B, When neglecting the temporal
dimension, the variational method permits to
include the Kerr effect in the description of
periodic spatial self-imaging (SSI)€H3., The
validity of the VA is based on the assumption
that the initial beam shape is maintained
unchanged upon propagation, except for a
limited set of slowly-varying parameters (e.g.,
the beam amplitude and width).

In this work, we reveal that the the generation of
femtosecond MM soliton beams in GRIN fibers
exhibits previously unexpected, and complex
dynamics, which make them very different from
their well-known singlemode counterparts. In
singlemode fibers, a soliton forms when
chromatic dispersion pulse broadening is
compensated for by self-phase modulation. This
means that a singlemode soliton can have an
arbitrary temporal duration, provided that its
peak power is properly adjusted, In contrast, the
soliton condition in a MMF also requires the
compensation of modal dispersion. This leads to
the (previously un-noticed) property that MM
solitons composed of non-degenerate modes
have a fixed pulsewidth and energy at each
wavelength, independently of the input pulse
duration.
Moreover, we observed that, for long
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propagation distances, the beam content of MM
solitons is irreversibly attracted toward the
fundamental mode of the MMF. This is due to
the combined action of intermodal four-wave
mixing (FWM) and stimulated Raman scattering
(SRS)'9.  These results are of particular
importance for different applications of nonlinear
MMFs, such as high-power mode-locked laser
sources, and soliton-based transmission.

MM soliton modal attraction

In order to guide experiments, we numerically
simulated the propagation of MM pulses by
means of a coupled-mode equation modell'11['2],
The fields of propagating modes are coupled by
inter-modal FWM and SRS via mixing products
of the type QumnAARA,, wWhere Qumn are
coupling coefficients proportional to the overlap
integrals of transverse modal field distributions.
The lack of symmetry between coupling
coefficients and Raman gain are responsible for
a slow, but irreversible transfer of energy from
higher-order modes towards the fundamental
mode. This occurs when pulses carried by
different modes are both temporally and
spatially overlapping.

Fig. 1 (left) shows the simulated energy
evolution of the propagating (1,0), (2,0), and
(3,0) modes with axial symmetry, when coupling
at the fiber input a Gaussian pulse with 67 fs
pulsewidth, 1550 nm wavelength, 30 pm
diameter, and optimal peak power of 28 kW.
The top-right panel of Fig. 1 shows the input
temporal profile of the power in the three modes;
the bottom-right panel shows the corresponding
output mode power.

Simulations (not shown here) show that
nonlinear  coupling among the three
nondegenerate modes initially leads to the
generation of a MM soliton pulse. Specifically,
because of cross-phase modulation, the modes
remain temporally trapped with each other, and
propagate at the same speed, in spite of their



linear group-velocity walk-off.
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Fig. 1: Numerical simulation of 3 axial modes propagating
over 1 km of GRIN fiber.

However, Fig.1 shows that, after approximately
120 m of propagation, the fundamental mode
acts as an attractor, and it acquires the energy
carried by higher-order modes. Fig.1 shows that,
the subsequent 880 m of propagation, a
substantially monomodal soliton propagates:
this pulse experiences a continuous wavelength
shift, owing to Raman soliton self-frequency shift
(SSFS). As the soliton wavelength increases
above 1700 nm, it starts losing its power
because of linear attenuation. This leads to its
adiabatic temporal broadening, in order to
preserve the soliton condition (bottom-right inset
of Fig. 1).

To experimentally investigate multimode soliton
generation and dynamics, we propagated
femtosecond pulses for up to 850 m of
multimode GRIN MMF. Pulses with 67 fs
temporal duration at 1550 nm, with Gaussian
beam shape (M2=1.3) and 1/e? input diameter of
approximately 30 um, where injected at the fiber
input. The MMF was a span of commercial
GRIN fiber, with core radius r=25 ym, cladding
radius rcad=62.5um, cladding index nciaq=1.444,
and relative index difference A=0.0103.

Fig. 2 shows the dependence on input pulse
energy of the measured output soliton
pulsewidth, after 850 m of GRIN fiber. The
different solid curves refer to the generation of
different Raman solitons. As can be seen from
the blue solid curve (first Raman soliton), there
is an optimal input energy of 1.75-2.25 nJ, which
leads to the minimum pulsewidth at the MMF
output (i.e., 450 fs after 850 m). For larger input
energies, a fission of the input pulse into
multiple solitons is observed, leading to the
generation of a second and third Raman soliton.
Fig. 3 illustrates the corresponding measured
output beam waist, which reduces to a value
that is close the fundamental mode waist (8 uym)
at the input energy for minimum pulsewidth. This
confirms that a soliton which is only carried by
the fundamental fiber mode has survived at the

GRIN MMF output.
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Fig. 2: Measured soliton pulsewidth at 1550 nm, after 850 m
of GRIN fiber.
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Fig. 3: Measured output beam waist after 850 m of GRIN
fiber.

MM soliton pulsewidth dynamics

In order to analyze the details of the
femtosecond multimode soliton generation
process, we carried out extensive simulations
and experiments for a series of fiber lengths
(i.,e, 1, 2, 6, 10, 20, 120, and 850 m), and
different input pulse wavelengths (i.e., 1300,
1350, 1420, 1550, and 1680 nm). We also
varied the input pulsewidth from 60 up to 240 fs.
In all cases, the input beam excitation consisted
of the first three non-degenerate modes (i.e.,
(1,0), (2,0), and (3,0)) with axial symmetry.

Fig. 4 shows the results of numerical
simulations, illustrating the evolution with
distance of the generated MM soliton
pulsewidth. Here we considered several input
wavelengths (1350, 1550, and 1680 nm) and
two values of the input pulse widths (70 and 240
fs). On the other hand, for each pair of
wavelength and pulse duration values, we
selected the optimal input pulse energy which
provides a stable long-range first Raman soliton
(i.e., over 120 m and more), i.e., corresponding
to a minimum pulse width as in Fig.2.
Simulations show that, after just a few meters of
propagation, the generated MM soliton has a
fixed pulsewidth, independently of the input



pulse duration.

We observed that the pulse width of the
generated MM soliton is larger for increasing
values of the input pulse wavelength. It was also
found that the input optimal energy remains
between 2 and 3 nJ for all input pulsewidths,
with only a weak dependence on the input
wavelength and coupling conditions.
Experiments confirmed well numerical
predictions. We measured the soliton that is
formed after long spans of GRIN fiber (i.e.,
either 120 m or 850 m), when injecting pulses
with optimal energy values between 2 and 3 nJ.
When repeating our experiments with shorter
fibers at the same optimal energy, and input
pulsewidths between 60 and 100 fs, we could
measure the pulsewidth of the soliton at the
distance where it is initially generated. For
example, this occurs at 2 m for an input 1300
nm pulse, or at 6 m for other input wavelengths.
Results are provided in Fig. 5 (green circles),
together  with corresponding numerical
simulations for same input energy, and input
pulsewidths of either 70 (blue saltires) or 240 fs
(red crosses).
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Fig. 4: Simulated MM soliton pulsewidth for 70 fs or 240 fs
duration, and 1350, 1550, or 1680 nm wavelength input
pulses.

Fig. 5 reveals the peculiar properties of
femtosecond MM solitons, which are composed
by non-degenerate modes. As can be seen, the
soliton pulsewidth only depends on its
wavelength, and it remains nearly independent
of the temporal duration of the input pulse.
Whereas all MM solitons are generated for
similar values of the input pulse energy.

In MMFs, soliton formation requires not only that
chromatic dispersion and self-phase-modulation
induced chirp balance each other, but also that
cross-phase modulation compensates for modal
dispersion. As a result, it is necessary that both
dispersion and nonlinearity lengths are nearly
equal to the fiber walk-off lengthl'3: L, = Ly, =

const - Ly,, being const an adjustment constant;
from this condition, it is possible to calculate the
theoretical black curve of Fig. 5, which only
depends only on the fiber dispersive
parameters, hence the wavelength.

For femtosecond MM solitons, the nonlinear
length is shorter than the random mode coupling
and birefringence lengths, i.e., Ly, < Lep, Lep. IN
these conditions, the MM soliton irreversibly
evolves into a fundamental-mode soliton at long
distances.
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Fig. 5: Pulsewidth of forming MM soliton vs. wavelength, at
the optimal input energy.

Conclusions

We have revealed that femtosecond MM
solitons composed by non-degenerate modes
have unique properties, which are quite different
from their single-mode cousins. Multimode
solitons form with an energy and pulsewidth
which are nearly independent of the input pulse
duration. Their generation mechanism is
governed by a balance between modal walk-off,
chromatic  dispersion, and  nonlinearity.
Therefore, MM soliton temporal duration only
depends on fiber dispersion and input
wavelength. Moreover, it is not possible to
generate non-degenerate mode MM solitons
with durations longer than a few hundreds of fs.
In addition, intermodal FWM and SRS lead to a
progressive transfer of energy from higher-order
modes into the fundamental mode.
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