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Abstract: We experimentally generate multimode solitons in step-index fibers, where nonlinear-
ity compensates for both chromatic and modal dispersion. These solitons are subject to Raman
self-frequency shift, and their energy is gradually transfered to the fundamental fiber mode. We
compare multimode soliton dynamics in both step-index and graded index fibers, in excellent
agreement with numerical predictions.
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1. Introduction

In recent years, there has been a growing research interest in the study of optical pulse propagation
in nonlinear multimode fibers. This has been motivated from several emerging technological
applications, such as enhancing the information capacity of optical communication links [1], or
scaling up the energy delivered by fiber lasers [2]. In this context, the possibility of generating
multimode optical solitons was theoretically proposed in 1980 by Hasegawa [3]. Early experiments
by Grudinin et al. demonstrated soliton generation in graded index fibers (GIFs). Remarkably,
a highly multimode laser pump at 1064 nm could generate, via cascaded stimulated Raman
scattering, femtosecond pulses undergoing Raman soliton self-frequency shift (SSFS), with a
beam waist close to that the fundamental mode [4].

Systematic experimental studies of the properties of multimode optical solitons, or spatiotem-
poral solitons, have only been carried out in the past few years [5-9]. So far, all of these studies
involved the use of GIFs, which are particularly suited for nonlinear optics because of their
relatively low modal dispersion, as well as the strong four-wave mixing interactions that are
allowed by multiple phase-matching conditions for the modes with equally spaced propagation
constants. Although all of these experiments have reported that Raman solitons in GIFs tend
to emerge in the fundamental mode of the fiber, the multimode nature of the soliton generation
mechanism was not confirmed until very recently. Experiments have shown that the conditions
leading to soliton generation in GIFs are based on the mechanism of balancing, via the Kerr
nonlinearity, both intramodal (or chromatic) and intermodal dispersion [10]. On the other hand,
by injecting ultrashort pulses in appropriate higher-order modes (HOMs) of step-index fibers
(SIFs), frequency-shifted solitons in different HOMs were generated from noise via Raman
scattering, by compensating chromatic dispersion walk-off with modal dispersion [11]. To our
knowledge, the generation of multimode solitons in SIFs has not been reported yet. Specifically,
no systematic experimental or even theoretical study about the modal content of SIF solitons was
ever carried out.

In this work, we experimentally demonstrate the spatial beam cleanup of femtosecond Raman
solitons in SIFs, for different input beam coupling conditions. Moreover, we carry out a detailed
intercomparison of soliton beam cleaning in SIFs and in GIFs. In GIFs, a multimode walk-off
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soliton is initially formed, which only includes non-degenerate axial modes [10]. Whereas in SIFs
the generated Raman multimode soliton is initially composed by the LPy;, LP11, and LP11;, modes
only: remaining HOMs are confined at the input pump wavelength. Similar to the case of GIFs,
we observed that also in SIFs the long-term evolution of the Raman multimode soliton results
into a fundamental mode soliton. Numerical simulations fully support the experimental results.
Finally, we propose a theoretical interpretation of the observed soliton pulsewidth, by showing
that the mechanism of balancing chromatic and modal dispersion with nonlinearity, which
underlies the formation of walk-off solitons [10], also describes multimode soliton generation in
SIFs.

2. Experimental evidence

In our experimental setup, we used an optical parametric amplifier (OPA) to generate 70 fs pulses
at 1450 nm with 100 kHz repetition rate. These pulses were injected into multimode fibers
(MMFs) with a Gaussian beam shape, and 1/¢* input diameter of approximately 30 um (15 um
beam waist, M? = 1.3). We used two, 10 m long spans of SIF and GIF, respectively. The GIF
had a core radius r, = 25 um, cladding radius 62.5 um, cladding index n¢,g = 1.445 at 1450
nm, and relative index difference A = 0.0103. The SIF was a commercial 50/125 um fiber with
numerical aperture NA = 0.2 (Thorlabs FGOS0LGA). The laser pulse input energy was controlled
by means of an external attenuator, and varied between 0.1 nJ and 60 nJ. At the fiber output, a
micro-lens focused the near field on an InGaAs camera (Hamamatsu C12741-03); a second lens
focused the beam into a real-time multiple octave spectrum analyzer (Fastlite Mozza) with a
spectral detection range of 1100-5000 nm. The output pulse temporal shape was inspected by an
intensity autocorrelator (APE pulseCheck 50) with femtosecond resolution.

We tested two different input coupling regimes into the SIF: axial coupling (on-axis input
beams), and non-axial coupling (input beams with 10 um off-axis coupling). For GIFs, only
the axial case was considered, because non-axial coupling did not produce any noteworthy
differences. Using field overlap integrals, we calculated the modal power fraction distribution at
the fiber input, which is equal to 52%, 30%, 18% for the axial modes LGy, LG, and LGy3,
respectively, in the case of a GIF with axial coupling, and to 95%, 0.3%, and 0.6% for modes
LPy;, LPy, and LPy3, respectively, in the case of an SIF with axial coupling; the remaining
power being distributed among HOMs. In the case of SIF with non-axial coupling, the calculated
input power fraction was 60%, 30%, 4%, 0.4% for modes LPy;, LP11, LP>, LP3; respectively;
the remaining power fraction was distributed among other HOMs. The input power distributions
are possibly modified by bending, along pulse propagation in the fiber.

In Fig. 1, we compare the input pulse energy dependence of the experimental output spectra
after 10 m of fiber transmission, for three different cases. Specifically: a) SIF with axial coupling;
b) SIF with 10 um offset of the input beam (non-axial coupling); ¢) GIF with axial coupling.
Here the white lines are guides to the eye, and indicate the position of the mostly red-shifted
spectral peak. Note that different input energy ranges are used in each of the panels of Fig. 1. In
the figure, for each input energy the spectrum is normalized to its peak value, in order to compare
the shape of the evolution of the red-shifted spectral lobes.

In all of the three cases, a Raman soliton spectrum separates from a residual pump wave, and
it is red-shifted by a wavelength amount that increases nearly quadratically with the input pulse
energy. Moreover, the observed Raman soliton spectra at the fiber output fit very well to the
hyperbolic secant shape of a soliton. In addition, the output pulsewidth and beam waist of the
Raman solitons reduce to a minimum at a given value of the input pulse energy, as it will be
shown below. Hence, we may conclude that in all cases a Raman soliton is generated, which
experiences SSFS up to 1750 nm as the input pulse energy grows larger. When using a SIF with
axial coupling, see Fig. 1(a), for sufficiently high input pulse energies, several spectral lobes are
observed at the fiber output. Each lobe corresponds to an individual pulse, which is generated
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Fig. 1. Output spectra vs. input pulse energy for: a) 10 m of SIF, axial coupling; b) 10 m of
SIF with non-axial coupling; ¢): 10 m of GIF with axial coupling. White lines are guides to
the eye, for marking the most red-shifted spectral peak.

from the fission of the input multisoliton pulse. Note that, when a secondary Raman soliton is
generated, the energy available for the first Raman soliton emerging from the fission is reduced.
As a result, the most red-shifted Raman soliton pulse decreases its rate of frequency shift, and an
irregular wavelength shift is observed, as in the case of 35-40 nJ input energy. When non-axial
coupling is used, see Fig. 1(b), a single dominant soliton spectrum is formed at 12 nJ input energy;
it will be shown later that this results from the generation of a single spatiotemporal soliton,
that includes the three lowest-order modes. The spectral lobe of the Raman soliton undergoes a
well-defined self-frequency shift starting from 1450 nm, and increasing continuously with the
input energy, with no wavelength jump. The presence of residual spectral lobes is not as evident
as in the case of Fig. 1(a), with the exception of a secondary large spectral lobe at 1450 nm, which
appears for an input pulse energy of 27 nJ; the origin of this secondary large spectrum is the
formation of a soliton molecule (or bound state of multiple solitons) after the initial pulse fission;
the detailed study of such a molecule goes beyond the scope of this work. In the case of a GIF
with axial coupling, see Fig. 1(c)), the Raman soliton is the dominant spectral feature, exhibiting
a continuous SSFS. The presence of a residual pump wave is considerably reduced in a GIF,
except for input energies above 6 nJ; yet, this wave carries less than 20% of the total input energy.

The appearance of step-wise wavelength changes for the generated Raman soliton, in the case
of SIF with axial coupling, is better illustrated in Fig. 2. Here we show, for each of the three
cases reported in Fig. 1, the input energy dependence of the wavelength of the most red-shifted
spectral lobe. As shown by selected spectra (see insets), in a SIF with axial coupling a spectrum
containing multiple lobes (located at either the pump or the soliton wavelength) appears at 25
nJ, after input pulse fission and multimode soliton formation; this follows an initial spectral
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narrowing at 20 nJ of input energy [12], as it is illustrated in the fourth inset of the figure.
Whereas, in the case of a SIF with non-axial input coupling, solitons undergo a gradual Raman
self-frequency shift, and secondary lobes are less visible. Figure 2 shows that, after a spectral
narrowing at 9 nJ which is illustrated in the first inset, a single soliton spectrum appears at 12 nJ
of input energy; for higher energies, this soliton continuously red-shifts because of self-induced
Raman scattering. Multimode soliton formation appears at a lower input pulse energy in a SIF
with non-axial coupling, when compared with the axial coupling case, because with non-axial
coupling modes LP;1, and LP11, possess a larger power fraction at the fiber input. As a result,
a multimode soliton including these two modes plus the fundamental LP(y; mode is generated.
In the case of a SIF with axial coupling, the launched axial modes LPy;, LPy,, LPy3; require
higher input energy for multimode soliton formation, in order to counteract the larger amount
of modal dispersion among them, as it will be explained in the remainder of this paper. The
spectral narrowing which is observed immediately before the soliton formation is caused by the
interplay of the cumulated anomalous dispersion and the self-phase modulation (SPM) which is
experienced by the input pulse. Note that, although in this case the pulse peak power is still below
the threshold for soliton generation, yet it is sufficient to introduce a significant nonlinear chirp.
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Fig. 2. Wavelength of the most red-shifted spectral lobe vs. input pulse energy for the three
cases of Fig. 1. Output spectra are reported for the cases indicated by the arrows.

When considering the near-field of the output beams, Fig. 3 reports three rows corresponding
to the cases presented in Fig. 1(a)-1(c), respectively. Here the left column shows the output
beams at relatively low pulse energies, below the threshold for generating the Raman soliton.
Whereas central and right columns in Fig. 3 illustrate output beams in the nonlinear regime.
These are measured at the fiber output after inserting either a 1500 nm short-pass filter or a 1500
nm long-pass filter, respectively. Hence, the central (right) column in Fig. 3 shows output beams
of residual pump light at 1450 nm (Raman red-shifted soliton beams). As it can be seen from the
top row of Fig. 3 (corresponding to Fig. 1(a)), at high pulse energies the residual pump beam
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is clearly dominated by mode LP;;, and it appears to lack any significant fundamental mode
component. Whereas the Raman soliton beam shape is close to that of the fundamental mode
of the SIF: the beam waist is 18.2 um. The middle row of Fig. 3 (corresponding to Fig. 1(b))
reveals that, for low input pulse energies, a highly multimode pattern is observed, including an
LPy; mode component. Whereas for high input energies, the residual pump beam is dominated
by the LP,; and LP3; modes, and it lacks the fundamental mode of the SIF (no central beam
component). On the other hand, the Raman soliton beam is once again close to the LPy; mode
of the SIF: here we recorded a minimum beam waist of 16.4 um. Finally, the bottom row of
Fig. 3 (corresponding to Fig. 1(c)), reveals that, for both low and high input pulse energies, the
output beam at the input pump wavelength is a superposition of axial modes (i.e., modes LGy,
and LGy,). Whereas the beam of the Raman soliton is mainly carried by the fundamental mode
LGy of the GIF, with a measured minimum beam waist of 7.9 um.
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Fig. 3. Output beam from 10 m of fiber length for: SIF with axial coupling (row a); SIF
with non-axial coupling (row b); GIF with axial coupling (row c). Left column: linear
regime; central and right columns: nonlinear regime with output low-pass and long-pass
filters, respectively.

To provide more details of the nonlinear evolution of the Raman soliton beams, in Fig. 4 we
illustrate the dependence on input pulse energy of the output beam waist, for each of the three
cases that were considered in Fig. 1(a)-1(c). We separately measured the output beam waist
of the residual pump beam or of the Raman soliton, by placing either a 1500 nm short-pass or
a long-pass filter, respectively. The beam waist was measured at 1/e” radius of the near field,
collected by the InGaAs camera, and averaged over the x and y transverse axes. Beam radius
was also calculated using the second-moment equations according to the standard ISO11146,
and plotted as dashed curves with same colors. Beam waist and radius provide similar curves,
being almost identical in correspondence of the beam condensation regime (e.g., around 3 nJ of
input energy for GIF, and 16 nJ for SIF with non-axial excitation). In order to perform a direct
comparison of the condensed beam with the Gaussian beam theory, we will use the measured
waist in the following discussion. Figure 4 shows that, for a SIF with non-axial input beams (not
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shown, axial input), and for all input pulse energies, the waist of the residual pump wave remains
close to 23 um, which is similar to the fiber core radius. Whereas the waist of the Raman soliton
beam (i.e., for 1>1500 nm) in the non-axial input coupling case is equal to 18.0 um when the
soliton is initially formed, and it reduces down to 16.4 um at 16 nJ of input pulse energy. For
larger input energies, the Raman soliton beam waist grows monotonically up to 20.0 um. Whereas
in the case of axial beam coupling, the initial soliton waist equals 18.9 um at 25 nJ, and it reduces
to 18.1 um at 35 nJ of input pulse energy. The measurement error from the InGaAs camera was
0.25 um/pixel; hence, the waist oscillations observed in the Raman beam curves for different
input energies are not ascribed to measurement errors, but they arise from small deformations of
the output beam. Note that the beam waist of the fundamental mode in the SIF is given by the
Marcuse equation for the mode field diameter [13] MFD/2 = a(0.65 + 1.619/V!> +2.879/V9),
where a is the fiber core radius, and V = kgaNA is the normalized frequency. The fundamental
mode waist at 1500 nm is 16.6 um, which is close to the measured waist minimum of the Raman
soliton beams. Overlap integrals were calculated with comparison to a Gaussian beam with 16.6
pm waist; we obtained an overlap fraction of 97% and 84% for the non-axial and axial cases at
21 nJ and 51 nJ input energy, respectively. Gaussian fits were also performed for the horizontal
and vertical beam profiles, providing fit R-squared factors of 0.995 and 0.988 in the two cases.
These results indicate that with both axial or non-axial input coupling, a Raman soliton carried
by the fundamental mode of the SIF is observed. Furthermore, the Raman soliton reaches the
narrowest beam waist values as soon as it is generated above 1500 nm: after the short-pass filter,
no beam reduction is observed.
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Fig. 4. Output beam waist vs. input energy, for the three cases of Fig. 1, measured after a
1500 nm short-pass or long-pass filter, respectively. Dashed lines provide the beam radius
from second-moment equations.

On the other hand, Fig. 4 shows that, when a GIF is used, a nonlinear beam waist reduction
is also observed around the pump wavelength (i.e., when measuring the beam from a 1500 nm
short-pass filter). Specifically, when the input pulse energy is increased from 1.1 nJ to 2.2 nJ,
the output beam waist decreases from 12.2 um down to 10.6 um. The beam width is further
reduced for the Raman soliton (as it is measured from 1500 nm long-pass filter): a minimum
beam waist of 8.0 um is obtained when the soliton is formed at 2.8 nJ of input pulse energy.
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This is consistent with the generation of a spatiotemporal Raman soliton, including HOMs,
originating from the fission of the input pump pulse; the soliton is initially formed at the pump
wavelength, and subsequently it experiences SSFS [9]. The waist of the fundamental mode in a
GIF can be obtained from the beam self-imaging theory, which describes the periodic replication
of the field during the propagation. One of the parameters associated with the dynamics of beam
propagation in a GIF is the so-called beam oscillation parameter C, which is related to the beam
oscillation amplitude [14,15]. Specifically, when C takes the extreme value C = 1, the beam
amplitude remains constant, thus indicating that only the fundamental mode is excited. Starting
from this consideration, one easily obtains for the beam waist w, = (da/ V2Annes)03, where
A is the relative index difference and n.¢ the modal index. At the Raman soliton wavelength
of 1520 nm, one obtains a fundamental mode waist of 7.6 um, which is close to the measured
minimum value at 2.8 nJ. The overlap integral between the beam at 2.8 nJ input energy, and a
Gaussian beam with 7.6 um waist equals 85%; Gaussian fits for the horizontal and vertical beam
profiles provided a R-squared value of 0.999. As a matter of fact, in GIFs we always observed
that the output Raman solitons are carried by the fundamental mode, as confirmed by numerical
simulations.

The solitonic nature of the observed Stokes pulses corresponding to the cases in Fig. 1(a)-1(c)
is confirmed by measuring their output pulsewidth after the 1500 nm long-pass filter (see Fig. 5).
In the case of a SIF with non-axial input coupling one obtains a minimum pulse duration of
103 fs at 21 nJ of input pulse energy. In SIF with axial coupling the output pulses exhibit a
monotonic decrease of temporal duration when the input energy grows larger, down to 125 fs for
50 nJ input pulses. On the other hand, Fig. 5 shows that in GIFs the output pulse duration sharply
decreases from 260 fs down to 90 fs at 2.8 nJ input energy, which is precisely the energy value
leading to minimum beam waist. As recently discussed [10], in GIFs this behavior corresponds
to the generation of walk-off solitons. In the concluding section it will be shown that the walk-off
soliton condition also applies to SIFs.
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In a GIF, the theoretical value for a fundamental mode soliton energy is [16] E; =
(/llﬁglwg) /naTy, where 35 is the fiber dispersion at the soliton wavelength, Ty = Trwym/1.763,
and ny = 2.7 x 1072° m?/W is the nonlinear index. One calculates a soliton energy of 2.4 nJ,
which is close to the measured value for the Raman soliton, that is generated for 2.8 nJ of input
pulse energy. Indeed, output soliton spectrum measurements provide the experimental soliton
energy of 2.3 nJ; a residual portion of the input pulse energy remains as a dispersive wave at the
initial wavelength.

In the case of a SIF with non-axial input, by using the experimental Raman soliton pulse
duration of 103 fs at the 1620 nm output wavelength, and the 16.6 ym beam waist, one estimates a
theoretical fundamental soliton energy of 22 nJ; the measured input energy for soliton formation
was 21 nJ; according to the calculated modal power fraction, 90% of the input energy (19 nJ) is
carried by the modes LPy;, LP;1,, LP1, which form the multimode soliton: such energy value is
fairly close to the theoretical value. This indicates that a Raman soliton is formed in this case
as well. On the other hand, as shown in Fig. 5, in the case of a SIF with axial input the soliton
generation process is less efficient.

3. Numerical results

Numerical simulations were performed, in order to verify the Raman soliton generation process
in both SIFs and GIFs. The model we used is based on solving coupled-mode equations
[17,18]. The modal distribution of power at the fiber input was calculated by means of field
superposition integrals. The model couples the propagating mode fields through the Kerr
nonlinearity, via four-wave mixing (FWM) terms of the type QpimnAiAnA;, (Where Qppun are
coupling coefficients, proportional to the overlap integrals of transverse modal field distributions),
and via stimulated Raman scattering (SRS) terms with the same coupling coefficients. GIF
dispersion and nonlinearity parameters were 3, = —17.1 ps>/km for mode LGy, at 1450 nm, and
B3 = 0.099 ps3/km. The SIF dispersion was B2, = —-17.6 ps?/km for mode LPy; at 1450 nm,
and B3 = 0.118 ps3/km. The nonlinear index n, was the same for both fibers, and the Raman
response hg(f) had typical time constants of 12.2 and 32 fs [19,20]. Wavelength-dependent linear
losses of silica were included.

In Fig. 6(a) we show the simulated output spectrum after 10 m of SIF, with 24 nJ input pulse
energy distributed as follows: 60% is assigned to mode LPy;, and 6.6% to each of the modes
LP114, LP11p, LP214, LP21p, LP314, LP31p. These coupling conditions provide comparable results
with the non-axial coupling case of Figs. 1(b) and 3(b); considerable power was provided to
HOMs in order to show that, in any case, the spatiotemporal soliton formation is limited to the
first few modes. The generated Raman soliton shifts its wavelength to 1620 nm, and it only
includes the LPy; mode after 10 m distance, since the fundamental mode has captured all of
the energy of modes LP14, LP11p, as it is illustrated in Fig. 6(c). The residual HOMs remain
at the input wavelength of 1450 nm. For a better comparison with experiments, the calculated
output beams after either long-pass or short-pass filters at 1500 nm are provided in the insets: a
good fit with the experimental results of Fig. 3(b) is obtained. The simulated temporal pulse
evolution (not shown), corresponding to the spectra in Fig. 6(a), as well as the modal energy
evolution with distance represented in Fig. 6(c), confirm that the mode LPy; initially couples
with the quasi-degenerate modes LP1,, LP}}, to form a multimode soliton. Upon subsequent
propagation, the fundamental mode collects the energy of these quasi-degenerate modes: no
long-term stable trapping of multiple modes is observed in the SIF.

Figure 6(b) shows, for a comparison, the simulated spectrum from 10 m of GIF with 5 nJ input
pulse energy, for the case of axial coupling, including axial modes LGy, LGz, LGo3, and with
fraction of power 52%, 30%, 18%, respectively. The case corresponds to the experimental data of
Fig. 3(c). In a GIF, a multimode walk-off soliton is initially formed, involving the trapping of the
fundamental mode with axial HOMs. Also in this case, upon propagation the HOMs gradually
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Fig. 6. Simulated output spectra for: a) 10 m of SIF with 24 nJ input pulse energy, including
modes LPy, LP114, LP11p, LP214, LP21p, LP314, LP31; With power fractions: 60% for LPg
and 6.6% for other modes. b): 10 m of GIF with 5 nJ input pulse energy, including axial
modes LGy, LGga, LGg3, with power fraction of 52%, 30%, and 18%, respectively. Insets
show output beams for the soliton and the residual pump wave, respectively. c): simulated
modal energy evolution vs. distance, for the case of Fig. 6(a).

transfer their energy into the fundamental mode [9]. The short-pass filtered beam, which is
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shown in the inset of Fig. 6(b), is indeed composed by all input three axial modes. Whereas the
long-pass filtered beam is mostly composed by the LG fundamental mode.

4. Discussion and conclusions

Similarly to the case of GIFs, the multimode soliton generation mechanism in SIFs can also be
explained in terms of the walk-off soliton concept [10], whereby nonlinearity compensates for both
intramodal and intermodal dispersion. As suggested by numerical simulations and by experimental
observations, a spatiotemporal soliton in SIFs is initially composed by the LPy;, LP114, LP11p
modes only; according to the theory, a walk-off soliton forms when the chromatic dispersion length
Lp, the nonlinearity length Ly, and the modal walk-off length Ly, averaged among the modes
composing the soliton, are nearly the same; namely, Lp = Ly;, = const - Ly. The pulsewidth of
the soliton immediately after its formation is then given by Trwywm = const- 1.763|82(1)|/AB1(2),
with AB; the mean group velocity difference between the modes forming the soliton. By using
the SIF dispersion parameters and the mean walk-off length for the three modes involved, and
the adjustment constant const = 1.25, one predicts an initial soliton pulsewidth of 50 fs at 1450
nm, and of 103 fs at the fiber output (where the soliton wavelength moves to 1620 nm). These
values agree well with both the pulsewidth obtained from simulations, and with experimental
data, indicating that the theory of the walk-off soliton also applies to SI fibers, although limited
to the first 3 modes. Once formed, walk-off solitons gradually evolve into monomodal solitons,
carried by the fundamental LPy; mode of the SIF. Whereas the residual pump beam, which is
composed by HOMs, has no axial intensity spot.

In conclusion, we have demonstrated the possibility of generating a spatially clean Stokes beam
in the anomalous dispersion regime of SIFs, by combining the processes of soliton formation
and SRS. Spatiotemporal solitons in SIFs involve the first low-order modes only; this is due to
a greater difficulty, with respect to GIFs, in involving HOMs to form a single nonlinear pulse,
before the modal dispersion causes a temporal separation of the HOMs. The residual wave, not
involved by the process of soliton formation, is nearly lacking of the fundamental mode, with
beam patterns typical of the second or third modal groups, depending on coupling conditions.
Our experiments were extended, for comparison, to the case of a GIF, where the formation of
spatiotemporal solitons involving higher-order axial modes is observed. In both SIFs and GIFs,
the spatiotemporal solitons naturally evolve, in the range of tens of meters, into single-mode
solitons.
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