Spatiotemporal Mode-Locking in a Fiber Laser
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The endeavor of multidimensional soliton generation in nonlinear optics (so-
called “light bullets”) and liquid crystals, Bose-Einstein condensates, etc., has a long
history*™. Such coherent and strongly localized structures could provide unprecedented
energy (or mass) condensation, bridging across micro- and macro-scaled phenomena.
The study of multidimensional solitons introduces a new branch of “mesoscopic” phys-
ics, permitting the study of a broad area of nonlinear phenomena far from thermody-
namic equilibrium.

We introduce a spatiotemporal mode-locking mechanism in a fiber (or wave-
guide) laser, based on nonlinear mode-cleaning enhanced by graded dissipation. Our
analysis is based on the generalized dissipative Gross-Pitaevskii equation, which has a
broad impact on nonlinear physics, including nonlinear optics and Bose-Einstein con-
densates. We demonstrate that careful control of dissipative and non-dissipative physi-
cal mechanisms results in the self-emergence of stable (2+1)-dimensional dissipative
solitons. Achieving such a regime does not require any additional mode-locking mech-
anisms, and allows for stable energy (or “mass”) harvesting by coherent localized struc-
tures, such as ultrashort laser pulses or Bose-Einstein condensates.

We anticipate that the nonlinear coupling of spatial modes in either graded-index
or photonic-crystal fibers, supported by the presence of graded dissipation, could im-
plement the concept of the distributed Kerr-lens mode-locking® in a fiber laser in the
regime of multimode self-cleaning. That would provide a means to achieve highly-
efficient and stable energy harvesting in an all-fiber laser, without the need of using any
additional mode-locking mechanisms. In a broader context, we envisage that photonic
devices could provide an efficient tool for metaphorical or analog modeling of strongly
localized coherent (or partially coherent) structures, which spontaneously emerge in
nonlinear nonequilibrium dissipative systems. In particular, these systems represent a
classical analog of a Bose-Einstein condensate in the weakly-dissipative limit.
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