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Abstract. We demonstrate spontaneous emission of discretized conical wave when an ultrashort pulse prop-
agates nonlinearly in a multimode fiber. Our theoretical predictions are experimentally and numerically con-
firmed, providing a general understanding of phase-matched radiations emitted by nonlinear waves in multidi-

mensional dispersive optical system.

1 Introduction

Conical wave formation is one of the striking spatiotempo-
ral phenomena in nonlinear optics observed during the last
decades but limited to bulk samples or condensed media
[1]. Corresponding optical wavepackets are propagation-
invariant due to their intrinsic coupled spatiotemporal
properties driven by a phase-matching condition mainly
defined by the dispersion of the material. Some recent
works have generalized the theoretical concept of coni-
cal waves towards structured media and even space-time
wave packets carrying orbital angular momentum [2], by
considering a linear superposition of fiber modes with an
engineered spatiotemporal spectrum. Besides, numerical
investigations have also reported that such conical waves
can spontaneously emerge during nonlinear propagation
of ultrashort pulses in multimode optical fibers (MMF)
similarly to bulk conical emission [3]. As MMFs support
the propagation of a discrete and finite number of guided
modes, the modal distribution then provides a discretiza-
tion of conical waves. Our study demonstrates both nu-
merical and experimental evidence of the conical wave for-
mation when an intense ultrashort pulse propagates non-
linearly in the normal dispersion of a commercial step-
index MMF (more specifically in the case of femtosecond
pulse pumping and input peak powers around the critical
self-focusing threshold of silica glass) [4].

2 Numerical simulations and theoretical
predictions

Our numerical approach is based on the multimode unidi-
rectional pulse propagation equation [5], which describes
the evolution of the complex electric field in the scalar ap-
proximation. We consider the nonlinear propagation of
275-fs pulse injected into a 5.8-cm-long segment of step-
index MMF. The central wavelength of the pump pulse
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is 1035 nm, in the normal dispersion regime of the fiber.
The fiber under study is a commercially available MMF
(pure silica core with 105-um diameter, and numerical
aperture equal to 0.22). We limit our studies to the lin-
early polarized modes of LPy,, class. Our pumping con-
figuration is a Gaussian beam coupling into the fundamen-
tal mode of the fiber (namely, LPy; mode). Figure 1(a)
shows the distribution of the full optical spectrum (power
in log scale) over the different fiber modes after propa-
gation for an input pulse energy of 1.2uJ. We observe
here an evident X-shaped pattern of the field distribution
that is very similar to typical conical wave (i.e., X-wave)
studied in the Fourier domain for bulk media [1]. The de-
tailed evolution for power spectrum, time and space pro-
files as a function of propagation distance are not shown
here, it reveals that the spectral dynamics reaches a sta-
tionary state after 2 cm, just past pulse-splitting phenom-
ena observed in the time domain, i.e. a typical scenario
already analyzed in normal dispersion of bulk media [1].
The pulse splitting occurring at the nonlinear spatial fo-
cus produces sub-pulses and a strong and rapid spectral
broadening induced by the self-steepening effect (forma-
tion of an optical shock at the trailing edge). This spec-
tral broadening seeds linear waves, in higher-order modes
according to the velocity of the shock front. Indeed, the
spontaneous formation of this energy spreading in higher-
order modes from the fundamental mode can be retrieved
by using the three-wave mixing picture, previously de-
veloped for describing the generation of conical waves
in bulk media [6]. One can find that the energy of the
spectral broadening will concentrate in fiber modes LPy,,
when fulfilling the following phase matching condition
[3]: Bim, we) = Bo(l, ws) = Bi(l, wy) X [we = wol < 27/d,,
where B(m,w) are the frequency dependent propagation
constants, By(1, ws) and B, (1, w;) are the propagation con-
stant and the inverse of group velocity of the most intense
pulse (the shock front) that is triggered during the nonlin-
ear propagation, and it then seeds a superposition of linear
waves centered at w,, thus forming the discretized coni-
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Figure 1. (a) Mode-resolved power spectrum numerically obtained after propagation in our MMF. Inset shows spatial intensity profiles
recorded experimentally by means of a CMOS camera using narrowband spectral filters. Colored crosses indicate corresponding
spectral positions of the experimentally observed LPy,, modes in both visible and infrared. White squares show the theoretical phase-
matching condition of the discretized X-wave. (b) Experimental setup. HWP: half-wave plate, P: polarizer, L: lens. (c) Far-field image

of discretized conical emission.

cal wave. Since the nonlinear process takes place over a
finite length d, = 1.4 mm, the phase-matching relation ex-
hibits a certain tolerance (marked with white dashed line
in Fig. 1(a)). White squares in Fig. 1(a) show the theo-
retical predictions, and this confirms the formation of a
discretized conical wave for which the shortest (visible)
and longest (infrared beyond the pump) wavelengths are
continuously contained in higher-order modes.

3 Experimental results

Figure 1(b) depicts the experimental setup dedicated to
conical wave generation and its characterization. Pump-
ing and fiber parameters are given in the previous section.
We simply optimized the Gaussian beam coupling into the
fundamental mode by means of a single lens with a focal
length of 12.5 cm. The output light from the fiber is col-
lected and characterized in both spectral and spatial do-
mains by combining bandpass spectral filters with near-
field imaging or far-field measurement with optical spec-
tral analysis. In the inset of Fig. 1(a), we show the spatial
intensity patterns measured by near-field imaging the fiber
output face, with simultaneous narrowband spectral filter-
ing at various wavelengths located in the two branches
of the expected discretized X-wave. We clearly reveal
that such selected spectral bands are assigned to almost
single circularly symmetric LPy,, modes. Corresponding
spectral positions of the experimentally observed LPy,,
modes are plotted with colored crosses onto the mode-
resolved power spectrum numerically obtained. Our mea-
surements are in excellent agreement with our previous

simulations and theoretical phase-matching of discretized

X-wave. The far-field characterization that allows to re-
construct an angularly-resolved power spectrum [4] also
confirms this agreement. Fig. 1(c) shows the far-field im-
age of discretized conical wave emitted from the MMF
output (i.e., distinct colored rings are seen on the white
screen).

In conclusion, we have unveiled the possible emer-
gence of discretized conical waves in MMFs, resulting
from a linear superposition of fiber modes with an engi-
neered spatiotemporal spectrum and seeded by an intense
ultrashort pulse injected into the fundamental mode of the
fiber. We expect that next experiments in multimode fibers
could reveal different forms of dispersion engineered con-
ical emission, in particular orbital angular momentum-
carrying space-time wavepackets [7].
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