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Controlling complex light waves to achieve desired behaviours or character-
istics on demand presents a significant challenge. This task becomes even
more complicated when manipulating speckled light beams, owing to their
inherently fuzzy intensity and phase structures. Here we demonstrate that a
weak speckled second-harmonic signal in a multimode graded-index fibre can
be manipulated via its conservative interaction with a high-power co-propa-
gating fundamental pump wave. Specifically, the spatial quality of the signal
can be either enhanced or degraded by varying the pump’s power or itsmodal
distribution. The underlying physical mechanism is the optically induced
mode conversion that can be controlled by the pump beam shape. This phe-
nomenon enables new possibilities to manipulate complex light in nonlinear
multimode waveguides. A striking example of this novel light-by-light control
is the experimentally observed enhancement or partial suppression of the
visible Raman Stokes cascade regulated by the second harmonic beam, while
modulated by the mode power distribution of the fundamental beam.

The manipulation of light-by-light through cross-phase modulation
(XPM) via the Kerr effect was extensively studied in the 1980s and
1990s1–7. The Kerr-induced cross-action of an intense pump light beam
can alter a weak copropagating probe beam’s temporal, spectral and
spatial profiles. This interaction occurs conservatively without any
power exchange between the pump and the probe. For instance, the
additional phase shift that is induced by the strong wave may enable
phase-matching between a fundamental frequency (FF) beam and its
second harmonic (SH), allowing the control of nonlinear frequency
conversion processes2. A lesser-known method for conservative con-
trol between light beams of different frequencies is the optically
induced mode coupling (OIMC). This parametric interaction permits
frequency translation without exponential gain, thereby avoiding
spontaneous noise emission. As a result, the frequency translation
associated with OIMCpreserves the quantum state of a signal8,9. OIMC
can involve twopumps at differentwavelengths:maximumconversion

efficiency froma signal to an idler is obtained atphasematching, under
various configurations of polarisation states, spatial modes, and
wavelengths for pumps, signals, and idlers10–12.

Nonlinear effects inmultimode optical fibres provide a leap in our
capacity for all-optical light manipulation: recent experiments have
revealed that controlling the input wavefront permits shaping the
spatial, temporal, and spectral properties of highly multimode
beams13,14. In this framework, the effect of Kerr beam self-cleaning
(BSC)15–26, which allows the transformation of a speckle into a quasi-
single-mode beam at the output of a graded-index (GRIN) highly
multimode optical fibre (MMF), is particularly intriguing. BSC was
initially interpreted as a nonlinear interaction between linear beam
self-imaging and Kerr nonlinearity. The resulting nonlinear refractive
index long-period grating15,16 facilitates the phase-matching of fre-
quency degenerate inter-modal four-wave mixing (IM-FWM), thus
enhancing the nonlinear power redistribution16–18. From the
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application point of view, the most important aspect of BSC is the
enhancement of the beam spatial quality, that is, the quenching of the
beam’sM2 factor. Although it is a purely conservative process, BSC has
also been observed in lossy and gain fibres24,25 and in active tapers27,28.
This has opened a new avenue for developing powerful fibre lasers
operating in Q-switched or mode-locked configurations25,26,29–31.
Experiments have shown that BSC maintains the spatial coherence of
the input laser32, which enables new applications, such as imaging
through MMFs33. Nevertheless, explaining the underlying mechanism
for BSC has led to an ongoing controversial debate. Currently, the
most widely accepted theory of BSC is based on thermodynamic
considerations34–36. Within such a theoretical framework, the concept
of BSC has been extended to the nonlinear dynamics of two co-pro-
pagating, orthogonally polarised beams37–40. However, experimental
demonstrations of BSC involving multiple beams have so far been
limited to a single strong carrier wavelength, thus preventing appli-
cations of this effect to polychromatic beams. Our approach opens
newopportunities for supercontinuumgeneration inmultimodefibres
by exploiting the spatial overlap between high- and low-power multi-
colour beams. New perspectives also include the improved spatial
quality control of multimode laser sources and the possibility of
ultrafast routing and switching between different channels in the tel-
ecommunications domain.

In this work, we elevate the field of light manipulation in MMFs to
a new dimension, involving the nonlinear interaction among multiple
laser beams of different carrier wavelengths. We experimentally
demonstrate that the evolution of a weak speckled beam in the visible

range can be controlled using a combination of XPM and non-
degenerate OIMC with an intense pump beam in the near infra-red,
which undergoes its own spatial reshaping through the Kerr BSC
process, but also its own spectral broadening by means of the Raman
scattering process and soliton generation dynamics for very high peak
powers. In our experiment, the FF infra-red beam at 1030nm is pro-
vided by a Yb laser, while the visible beam is obtained via a nonlinear
conversion from FF to SH (515 nm). Both beams are simultaneously
injected into a GRIN MMF. By varying the power and modal distribu-
tion of the FF beam, theM² quality factor of the visible SH beam at the
MMF output can be either decreased (beam cross-cleaning, BXC) or
increased (beam cross-spoiling, BXS). The associated modification of
the mode power distribution of the SH beam results from phase-
matched IM-FWM-induced energy exchanges between its guided
modes, driven by the intense FF beam. This mechanism for controlling
the power exchange between modes can be compared, by analogy, to
an intra-fibre controllable active spatial diffuser, sending energy from
mode to mode on demand. In a first series of experiments using short
laser pulses, the effect is limited by dispersive temporal walk-off. In a
second set of experiments, employing long laser pulses instead, we
show that beam cross-interactions can significantly alter the beam
shape of the Raman cascade of Stokes lines. In this case, our experi-
ments reveal that it is possible to reshape the number and modal
content of the Stokes lines generated by a visible light beam by con-
trolling the spatial profile and power of the near-infra-red beam. We
corroborate our observations through numerical simulations. Addi-
tional elements can be found in the supplementarymaterial. Nonlinear

Fig. 1 | The experimental setup for light-by-light moulding in GRIN MMF and
the experimental observation of beam cross-spoiling (BXS) and beam cross-
cleaning (BXC). a A laser source with tunable pulse duration emits a beam at
1030 nm. This beam is split into two directions, one of which passes through a BBO
crystal with weak conversion to SH. The two beams, referred to as FF and SH, are

then combined and launched along the same GRIN MM. b M² evolution of the SH
beam vs. input infra-red pump power for two different cases leading to either (left
panel) BXS or (right panel) BXC; c, d examples of output near-field for the c BXS or
d BXC process for low and high infra-red pump power, respectively; e energy per
mode group for BXC; f energy per mode group for BXS.
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shaping of the spatial profile of a laser beam using another laser beam
paves theway for applications such as beamswitching ormanipulation
in ultrafast regimes, e.g., for deep biological imaging.

Results
Experimental results
In our experiments (Fig. 1a), a Gaussian beam composed of 100ps
chirped pulses at 1030 nm is first split into its two orthogonal polar-
isation components with adjustable powers (Fig. 1a). The vertical
component of the fundamental frequency (FF) pump beam is con-
verted to its second harmonic (SH) by a type I BBO crystal positioned
for strong phasemismatch conditions; the unconverted portion of the
FF is filtered out. Next, the SH is temporally and spatially super-
imposed with the horizontal component of the FF beam by a beam
splitter and a half-waveplate, before being coupled into the 50/125 µm
GRIN fibre (see Supplementary Section 7). Under these conditions,
both beams retain horizontal linear polarisation, and their coupling
efficiencies into the fibre can be adjusted. The green beam at 515 nm is
weak enough so that its own propagation in the fibre is purely linear.
On the other hand, the pump beammay undergo spatial BSC thanks to
its high peak power (see Supplementary Section 2). As a result, the
transverse intensity profile of the pump beam at the fibre output
evolves into a clean bell shape, which is observable in both near and far
fields. By adjusting the delay line between the visible SH weak beam
and the strong FF pump so that the corresponding pulses no longer
overlap in time, we verified that the weak SH beam remained
unchanged, even in the presence of the FF beam. Conversely, when
pulse synchronisation among FF and SH pulses is well-tuned, we
observed significant changes in the spatial distribution of the SH at
515 nm. These could be controlled by varying the power of the FF
pump beam at 1030nm, or its spatial coupling conditions. To further
investigate this process, we analysed the near (Fig. 1c, d) and far fields
of the weak SH beam and performed numerical processing of both
fields. This allowed the calculation of the beams’ spatial phase andM²
coefficients, helping to identify their modal energy distribution
(Fig. 1b, e, f, respectively).

For the first setting of the input coupling conditions of the FF
beam into the fibre (i.e., straight on axis), we observed that increasing
the FF power led to mode power redistribution for the SH, whereby
lower-order modes (LOMs) of the SH are favoured with respect to
higher-order modes (HOMs). This spatial beam reshaping, or BXC, is

obtained by the OIMC process, which does not lead to energy
exchange between the FF and the SH beams. Our analysis of near and
far-field images at the fibre output confirms the beam cross-shaping.
TheM² coefficient of the SHbeam, calculated by standarddefinitions41,
followed the same trend, decreasing along both the X and Y directions
as the FF power grew larger (Fig. 1b, right). The maximum FF peak
power in our experiment was approximately 40 kW, limited by input
face fibre degradation. This power value remains far below levels
typically associated with self-focusing effects.

We could reverse the beam interaction dynamics by slightly
adjusting the FF beam’s input conditions (i.e., its focus point).
Increasing the FF peak power led to a mode power redistribution for
the SH, favouringHOMs. ThisBXSof the SHbeamwas accompaniedby
a corresponding increase in its M² coefficient (Fig. 1b, left). Near and
far-field analyses confirmed this opposite trend. As we shall see in the
subsequent theory section, the redistribution of energy between LOMs
andHOMs of the SH beam is driven by themode power distribution of
the pump beam. That is, the FF beam modifies via OIMC the mode
content of the weak SH beam. Thismay change the direction of energy
flow among the modes of the SH beam, as testified by the corre-
sponding decrease or increase of its quality factor. The occurrence of
BXC or BXS in the SH beam is governed by nonlinear phase shifts,
which either preserve or break phase-matching in the OIMC process,
respectively.

In a second series of experiments (Fig. 2), we excited additional
modes in the FF to achieve a better spatial overlap with the SH. In this
scenario, BSC efficiency for the FF beam was reduced; a bell-shaped
beam is no longer formed at the fibre output (Fig. 2a). Nevertheless, by
increasing the FF power, we observed a gradual increase in the fun-
damental mode population of the SH beam (see Fig. 2b, c). Maximum
SHBXCwas observed for input FF peak powers close to 23 kW, leading
to a corresponding reduction of the M² coefficient for the SH beam.
However, the process reversed at higher input FF powers (up to
100 kW), even without altering the input coupling conditions. Namely,
the proportion of energy in the fundamental and other LOMsof the SH
beam now decreases as the FF power grows larger (Fig. 2b). In this
regime, HOMs of the SH beam get progressively more populated,
which can be interpreted as BXS, leading to an increased SH beam
divergence at the fibre output. It is important to note that, to increase
the peak power up to 100 kW, it was necessary to reduce the pulse
duration from 100ps down to 10 ps in order to avoid fibre damage.

Fig. 2 | Sample cases of output beam profiles with short laser pulses and cor-
responding modal distributions at different power levels were numerically
estimated from the beam images. a Output near-field transverse intensity profile
of FF pumpand SHbeams;b energy distribution indifferentmodegroupsof the SH
weak beam vs. input peakpower of the infra-red pumpFF, while keeping their input

fibre coupling unchanged; c SH beam mode energy distribution at fibre output,
with either 2.53 kW (orange bars) or 100 kW (blue bars) peak power pulses in FF
beam; inset shows that oddmodegroups remain weakly populated at all FF powers
because of the coupling conditions of the FF beam straight on the fibre axis.
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This was achieved using the same initial 250 fs Fourier transform-
limited pump beam (see Methods) and changing the stretching from
100ps to 10 ps.

As we have seen, the BXC efficiency can be limited either by the
input FF peak power or by the temporal walk-off between FF and SH
pulses. To further investigate the impact of BXC on multimode pro-
pagation, we conducted a third series of experiments where both
individual SH and FF beams propagate in the fully nonlinear regime.
We used a longer GRIN fibre (50m) with a smaller core diameter
(27 µm) (see also Supplementary Section 7); to minimise walk-off
between the FF and the SH, we used another laser source that emits
longer pulses, with a duration of 650 ps. By increasing the power of
both SH and FF beams, while maintaining a peak power imbalance of
12:1 in favour of the infra-red pump, we observed stimulated Raman
scattering (SRS) cascades at both wavelengths, involving the genera-
tion of multiple Stokes lines (see Fig. 3). The FF beam broadened
spectrally beyond 1.3 µm, owing to Raman-shifted temporal soliton
dynamics. On the other hand, SH propagation only produced Raman
Stokes lines because of the normal dispersion regime at the SH.

Furthermore, both beams undergo nonlinear propagation leading to a
spatial self-cleaning process and Raman beam clean-up, as already
reported in the literature17–19. However, in the following paragraph, we
present the impact of the cross-action between the two beams (FF +
SH) on the SHbeam, demonstrating BXC and BXS effects within the SH
Raman cascade.

Nondegenerate OIMC between FF and SH beams established a
direct link between the visible and fundamental Raman cascades. This
interaction allowed the visible Raman cascade to be either enhanced
by the BXC (Fig. 3a, b) or suppressed (Fig. 3c, d) by the BXS effects,
induced by the FF pump beam before its spectral broadening. Mutual
beam interaction dynamics depend on the intensity, polarisation, and
input coupling conditions of the infra-red FF beam. The observed
nonlinear beam dynamics in the presence of the Kerr effect and SRS
resembles the behaviour observed in the pure Kerr case. Now, BXC
redistributes the energy among the transversemodes of the SH beam,
which controls its Raman gain and the associated Stokes cascade. This
allowed us to determine the mode content of the beam by separating
its spectral components by means of a grating, as depicted in Fig. 3e.

Fig. 3 | Experimental results with long laser pulses at 650nmand beampowers
large enough at FF and SH that multiple Raman Stokes sidebands can be
clearly detected. At the SH, Raman Stokes sidebands are discernible at visible
wavelengths. A grating is utilised to angularly separate the spectral components in
the horizontal plane, thereby revealing in part their modal content along the ver-
tical coordinate. The cross-action between the FF and the SH beam is, in this case,
explored in a highly nonlinear regime. The GRIN fibre length is of 50m, core dia-
meter of 27 µm, peak power imbalance between infra-red FF (3 kW) and SH beams

(250W), ratio 12:1. SH Raman cascade without (a) or with (b) FF beam, demon-
strating BXC-assisted enhancement of Stokes wave generation; SH Raman cascade
without (c) or with (d) FF beam, demonstrating BXS-assisted suppression of Stokes
wave generation; e experimental setup used to simultaneously observe the output
beam inwavelength and spatial dimensions. Example ofmodal switching of the SH:
beam profile without andwith FF beam, panels (f) and (g), respectively. Example of
modal switching and BXS of the SH beam without and with the FF beam (h), (i),
respectively.
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Interestingly, we observed that the oscillating transverse mode of the
Raman cascade could change (Fig. 3f, g) and that the number of Stokes
lines could be decreasedwith a change in the transversemode (Fig. 3h,
i). This light-by-light switching was observed across varying numbers
of Stokes lines, demonstrating that spatial reshaping of the SH beam
preceded the generation of its own Stokes lines. We also note that the
modal cascade with the appearance of the LP02-like mode remains
stable over all three Stokes lines, apparently blocking or stabilising the
Ramanbeamclean-up process (Fig. 3f, g).We alsomeasured thatmore
than 80% of the energy contained in the three Stokes Raman lines
oscillating in the fundamental mode is transferred into the LP02-like
mode, clearly illustrating the highly energetic impact that this cross-
process can introduce.

Numerical results
We conducted numerical simulations to analyse the spatial reshaping
of the weak SH beam under BXC or BXS, influenced by the FF beam.
We used two coupled equations, one for the FF and one for the SH
beam, which interact via asymmetric OIMC and XPM, owing to their
different wavelengths, powers, and temporal walk-off between their
pulses (see Methods). We also included the linear random mode

coupling terms. In the linear propagation regime, no evolution of the
beams was observed; all excited modes retain their energy, and the
M² coefficient remains constant for both beams (see Supplementary
Section 3a). Simulations show the presence of a spatial BSC process
(Fig. 4) in the pump beam whenever its power grows above a certain
threshold value. As a result, the weak SH beam undergoes BXC, with
spatial remodelling leading to power transfer into its fundamental
mode at the expense of HOMs (Fig. 4f). This BXC occurs without any
energy exchange between the two beams: no second-order non-
linearity is included in the model. Moreover, when the input peak
power of the FF beam is further increased, we observed that BXC
starts to saturate, until it gradually reverses (Fig. 5). In this regime,
the LOMs of the SH beam are now depleted in favour of its HOMs
(Fig. 5f). This inversion of behaviour occurs without anymodification
of the spatial input coupling conditions of the FF or the SH beams, at
variance with the experimental results that we illustrated in Fig. 2.
Here, the only parameter that varied in our simulations was the FF
input peak power. It is important to note that the brightness
improvement of the FF pump beam associated with BSC remains
limited when compared with the brightness improvement of the
weak SH beam under BXC.

Fig. 4 | Numerically calculated beam propagation for the FF and SH beams for
the case of BXC. The simulation is restricted to a 3-m long GRIN fibre as in
experiments the interaction is limited by the temporal walk-off effect; a, f iso-
intensity surface at the local maximum’s half along the propagation coordinate z
for the FF and SH beam with the calculated M² coefficient; b, d, g, i modal

decomposition at input and output of FF (SH) beams respectively; c, e,h, l detail on
modal decomposition for FF (SH) illustrating the difference in power distribution
between odd- (a) and even- (b) order mode groups at the fibre input and output
respectively (group 1 contains the fundamental mode).
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We considered input Gaussian beams for both the FF and the SH,
centred on the fibre axis in simulations. As a result, only even modes
are excited (Fig. 4c, h and Fig. 5c, h). In the occurrenceof bothBXC and
BXS of the weak SH beam, we observed that oddmodes remain largely
unpopulated; this phenomenon has also been highlighted in the sim-
pler case of BSC, as noted in ref. 42. The authors identified that mode
groups containing radially symmetric modes aremore populated than
odd modes, a natural consequence of injecting a radially symmetric
coherent beam into the MMF. They also noted that nonlinear modal
interactions have varying efficiencies due to the significant differences
in nonlinear overlap coefficients between modes, which significantly
affect the rate of convergence toward a steady-state mode power
distribution.

Temporal walk-off between the weak SH and the infra-red FF
beam plays a significant role in the mechanism of BXC or BXS. To
evaluate this, we ran numerical simulations without temporal walk-off
(see Supplementary Section 3b). The results revealed a significant
increase in modulation from the infra-red to the green beam, along
with a more pronounced change in theM² coefficient. Experimentally,
temporal walk-off can be minimised by using two closely spaced
wavelengths, or a longer pulse relative to the propagation time in the

fibre, as realised in our third experiment in a strong nonlinear propa-
gation regime involving a remodelling of the Raman cascade.

Discussion
In this work, we introduce and experimentally demonstrate the intri-
guing possibility of controlling the brightness of a weak beam via its
interaction with an intense light beam at a different frequency, medi-
ated by OIMC and XPM. This method adds an additional degree of
freedom in the spatial BSC process that has been observed so far in
multimode fibres. The cross-beam interaction can be regarded as an
extension of the BSC mechanism, in which the self-phase modulation
driving the cleaning process is replaced by a nonlinear phase shift (or
cross-phase modulation) induced through interaction with an addi-
tional beam. In otherwords, the longitudinal grating formed in the BSC
regime, arising from the combined action of the Kerr effect and the
self-imaging process in the parabolic fibre, can strongly impact other
beams, whether weak or strong, that propagate simultaneously within
the fibre. This constitutes a new nonlinear propagation regime that is
more versatile and readily controllable.

Cross-beam interaction is a purely conservative process, occur-
ring without mutual amplification or absorption. It significantly

Fig. 5 | Numerically calculated beam propagation for the FF and SH beams for
the case of BXS. The simulation is restricted to a 3-m long GRIN fibre as in
experiments the interaction is limited by the temporal walk-off effect; a, f iso-
intensity surface at the local maximum’s half along the propagation coordinate z
for the FF and SH beam with the calculated M² coefficient; b, d, g, i modal

decomposition at input and output for FF (SH) beams, respectively; c, e, h, l detail
on modal decomposition for FF (SH) illustrating the difference in power distribu-
tion between odd- (a) and even- (b) order mode groups at the fibre input and
output respectively (group 1 contains the fundamental mode).
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expands the domain of application of beamcleaning processed in Kerr
media by enhancing the nonlinear interactions between copropagat-
ing waves. The modal overlap between wavelengths, which depends
on the transverse position in the fibre core (see Fig. 1), enables control
over the modal content of the weak SH beam. This is achieved via the
spatiotemporal distribution of the pump intensity, which induces
XPM-induced phase-matching for the spatial OIMC processes for the
weak SH beam. The influence of XPMwithin a parametric FWM system
is well established, and it was earlier demonstrated in microstructure
fibres43 (see Supplementary Section 1).

Consequently, the power of the FF beam can control the rate and
direction of energy transfer betweenmodes in the weak SH. Under the
combined self-imaging and Kerr effects, beam propagation in a GRIN
optical fibre is longitudinally modulated by a transient index grating,
which facilitates phase-matching of degenerate spatial IM-FWM pro-
cesses, provided the peak power is sufficient. This phase-matching,
induced by longitudinal intensity modulation, can also occur between
waves at different frequencies, leading to geometric parametric
instabilities15, or between spatialmodes, leading to the spatial BSC16. By
coupling a high-power pump beam with a weak signal beam, one may
control the efficiency of nondegenerate OIMC within each beam and
change the direction of the energy flow among its modes, leading to
either improvement or degradation of a laser beam quality. It should
also be emphasised that the FF beam disturbs the SH beam by
increasing or decreasing the energy transfer dynamics between its
modes, similar to the effect of a local diffuser placed within the fibre
core. This spatial energy redistribution in the SH beam can be asso-
ciated with the transient evolution of its out-of-equilibrium entropy as
a function of the FF peak power (see Supplementary Section 4)40.
Numerical simulations show that the higher the slope of the entropy of
the SH, the more effective the energy dispersion on the other trans-
verse modes is, which increases the M² coefficient and decreases the
beam quality. By pushing cross-cleaning to its limit, we numerically
predict a strong transfer (52%) of energy fromaweakspeckle beamtoa
single transverse mode using a high-power FF speckle beam (see
Supplementary Section 5)

As adramaticmanifestationof thepossible consequencesofXPM-
based control of different laser beams in MMFs, we experimentally
demonstrated the ability to enhanceor suppress the Ramancascade of
visible radiation generated by SH of another infrared beam, based on
the mere control of its input coupling condition into the fibre. We
envisage that these findings will have many far-reaching impacts on
applying nonlinear multimode fibres for high-power laser beam
technologies.

Beyond this demonstration of the cross-action between two
beams propagating simultaneously in a multimode fibre, we would
also like to highlight that these multi-wave nonlinear interaction pro-
cesses may find numerous potential applications. Let us mention, for
instance, multiplexed coherent anti-Stokes Raman spectroscopy and
nonlinear fluorescence spectroscopy in multimode fibres, where
multiple wavelengths propagate simultaneously, enabling high-
resolution transverse imaging of biological samples over a wide
spectral range33,44. Another example involves the process of second-
harmonic generation in multimode fibres, which gives rise to single-
mode emission owing to the cross-action between the fundamental
pump and its harmonic45.

Methods
Experiments
The detailed experimental setup is presented in Fig. 1a. It consists of a
femtosecond–picosecond laser source delivering pulses between
250 fs and 100ps (1030nm), and a laser sourcewith apulsedurationof
650 ps. The initial beam is separated into two parts using a polariser
and a half-wave plate. Thefirst beam is converted into a BBOcrystal cut
for SH generation, and the remaining part of the infrared pump is

removed using a BG18 filter. Thus, the SH is not generated inside the
optical fibre, but it is coupled into it after conversion in a BBO crystal.
The second part of the pump beam is attenuated by a passive filter and
resynchronised with the SH of the first beam by means of two delay
lines placed on each arm of the Mach-Zehnder interferometer. The
synchronisation accuracy is estimated to be 0.2 ps based on the opti-
misation of the third harmonic generation correlation between SH and
FF beams. A wideband dichroic plate is used. The two beams are
temporally and spatially superimposed at the fibre input with linear
polarisation states by using a half-wave plate at the FF wavelength
placed before the coupling lens. The fibre excitation process is carried
out using a converging lens with a focal length of 50mm. The output
beams are analysed by two CCD cameras, allowing near- and far-field
recordings for both beams. The first fibre is a 10m long GRIN 50/
125 µmmultimode guide. A second GRIN fibre, 50m long with a 27 µm
core diameter, is instead used for Raman cascade generation. The
images in Fig. 3f–i are obtained by spatio-spectral analysis, using an
optical grating to disperse the light in the horizontal dimension and
reveal the far-field image of the beam in the vertical plane (Fig. 3e). The
results presented in Figs. 2 and 3 are obtained by observing the green
beam in the near-field domain and by readjusting only the coupling of
the FF beam. The far-field associated with the green beam is then
obtained in a second step, when collecting the final results.

Numerical simulations
For the spatial propagation in both the FF beam and SH, we solved the
GNLSE by considering an input Gaussian beamwith a FWHM of 35μm
for both the SH and the FF. These simulations consider diffraction,
material dispersion, waveguide contribution and Kerr effect
(n2 = 2:6× 10�20 m2=W). The scalar propagation for both field is solved
via a split-step algorithm in the domain of spatial frequencieswith a 2D
fast Fourier transform for the diffraction term and in the spatial
domain for the waveguide contribution and Kerr effect. The two
equations are incoherently coupled via the term of cross-phase mod-
ulation as follows:

∂AFF
∂z = i ∇

2
?AFF
2kFF

+ i
k2 x, yð Þ�k2

FF

� �

2kFF
AFF + iγFF AFF

�
�

�
�2 + 2 ASH

�
�

�
�2

� �
AFF ,

∂ASH
∂z = i ∇

2
?ASH
2kSH

+ i
k2 x, yð Þ�k2

SH

� �

2kSH
ASH + iγSH ASH

�� ��2 + 2 AFF

�� ��2
� �

ASH

8
>><

>>:
ð1Þ

In equation 1 ASH andAFF denote the complex field evelopes at SH
and FF respectively and γi =n2ωi=cdenote thenonlinear coefficients
at the two carrierwavelengths. The first term in the right-hand side of
the equation denotes the diffraction of the beam, the second one the
waveguide condition and the third term accounts for the non-linear
effects. Temporal effects are not included (to reduce the computa-
tional effort), and the consequences of the temporal walk-off effect are
implemented by limiting the propagation length where the XPM
interaction is active. In the simulations after 3m the cross terms
between SH and FF were eliminated. It is also worth noting that in the
FF equation, the cross-phase modulation term proportional to ASH

�� ��2,
could be omitted as the IFF ≫ ISH . While the power of the SH was kept
constant at PSH =0:28 kW, and the FF was increased until
PFF =600kW. The waveguide specifications were for a GRIN fibre 50/
125. We assumed core and cladding refractive indices at FF of 1:4653
and 1:45, respectively. At SH, the refractive indices are 1.4765 and
1.4615. The numerical simulation was performed with a longitudinal
step of 2μm, a transverse spatial domain of 90μm×90μm with a
resolution of 0:35μm. The random mode coupling was simulated by
weak random deformations of the refractive index with a coarse step
applied at a random distance of an average length of 5mm.

The modal decomposition performed both in the experimental
and the simulations was done by means of a stochastic parallel gra-
dient descent optimisation algorithm46. The optimisation was
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supervised by epochs of 100 times the number of modes considered,
stopping criteria was either 100 epochs or an increase in the correla-
tion experimental–simulation lower than 10−4. For the mode decom-
position of the simulated data, the far-field requirement was omitted
as the phase of the beam was known.

Data availability
Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the corresponding
author upon request.

Code availability
Codes used in this paper are not publicly available at this time butmay
be obtained from the corresponding author upon request.
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