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Abstract— High energy, ultra-short multimode soliton pulse 
fission is observed and numerically studied in multimode GRIN 
fibers, showing complex dynamics bringing to multiple 
fundamental solitons that do not entirely follow standard single 
mode soliton perturbation theory predictions. 
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I. INTRODUCTION 
Multimode (MM) optical fibers hold promise to increase 

the capacity of next-generation communications systems, and 
to scale up the energy of super-continuum and fiber laser 
sources. In this work, we consider the high-energy regime of 
femtosecond pulse propagation in a standard graded-index 
(GRIN) MM fiber. Multimode pulse fission at MW peak 
powers produces a train of fundamental solitons, which tend to 
conserve the same pulse width. Fundamental solitons must 
fulfil the condition  
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where, for the j-th soliton, 𝛾% is the nonlinear coefficient, 𝑃% 
the peak power,	𝑇(% the pulsewidth (over 1.763), and 𝛽"% the 
dispersion, respectively. All parameters are evaluated at the 
specific wavelength of each soliton; 𝛾% must account for an 
effective beam waist 𝑤%, reduced with respect to the input as a 
consequence of periodic beam self-imaging. In order to reach 
the fundamental soliton condition, pulses with different peak 
powers red-shift their wavelength under the action of Raman 
nonlinearity and high order dispersion. As a consequence, the 
effective beam waist 𝑤% of the spatially self-imaging bullet 
corresponding to the j-th soliton also increases, as the 
wavelength grows larger. 

The Raman wavelength shift resulting from the fission 
process is much faster than the value predicted by the single 
mode soliton perturbation formula  
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After the initial soliton wavelength multiplex is formed, 
solitons tend to conserve the initial common pulse width upon 
propagation, with different peak powers and effective waists. 
Wavelengths start shifting with slower speed during a second 
propagation phase, this time according to eq. 2. 

The multimode soliton fission dynamics in GRIN 
multimode fibers was experimentally studied, by launching 
high energy 150 fs pulses at the 1550 nm input wavelength, for 
several input beam diameters. Pulse dynamics was also 
numerically investigated by using a vectorial 3D+1 model, 
accounting for Kerr and Raman nonlinearity, dispersion up to 
4-th order, polarization nonlinear coupling, wavelength 
dependent losses, nonlinear losses, and fiber index 
imperfections. Solitons with wavelengths up to 2300 nm have 
been observed, in some cases exhibiting a complex interaction 
dynamics, which limits their wavelength shift.  

Nonlinear losses during the fission phase, and scattering of 
supercontinuum induced by periodic self-imaging are shown to 
be responsible for energy clamping at the fiber output.  
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