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Numerical and Experimental Demonstration of Intermodal

Dispersive Wave Generation

Niklas M. Liipken,* Maximilian Timmerkamp, Ramona Scheibinger, Kay Schaarschmidt,
Markus A. Schmidt, Klaus-J. Boller, and Carsten Fallnich

Evidence of intermodal dispersive wave generation mediated by intermodal
cross-phase modulation (iXPM) between different transverse modes during
supercontinuum generation in silicon nitride waveguides is presented. The
formation of a higher-order soliton in one strong transverse mode leads to
phase modulation of a second, weak transverse mode by iXPM. The phase
modulation enables not only supercontinuum generation but also dispersive
wave generation within the weak mode, that otherwise has insufficient power
to facilitate dispersive wave formation. The nonlinear frequency conversion
scheme presented here suggests phase-matching conditions beyond what is
currently known, which can be exploited for extending the spectral bandwidth

within supercontinuum generation.

1. Introduction

By providing light with an ultra-broad bandwidth at a high de-
gree of coherence, supercontinua are of high interest for many
applications, such as optical coherence tomography,!! frequency
comb generation,!?) frequency metrology,®) or coherent Raman
spectroscopy.[*l Supercontinuum generation (SCG) has been in-
vestigated numerically as well as experimentally in, for exam-
ple, optical fibers,!>®] photonic crystal fibers,[*3] multi-material
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fibers,!'* liquid-core fibers,['>?] and var-

ious integrated waveguides with differ-
ent core materials.'’2*l One strategy
for ultra-broad supercontinua involves
higher-order soliton (HOS) fission in the
anomalous dispersion regime associated
with dispersive wave (DW) generation,
phase-matched in the normal dispersion
regime.[] As of now, all schemes for
DW generation are restricted to the case
that all involved optical fields propagate
in the same, single fundamental trans-
verse mode.

In multi-mode nonlinear waveguides,
also higher-order transverse modes can
nonlinearly interact with each other, for
instance via intermodal cross-phase modulation (iXPM) and in-
termodal four-wave mixing (iFWM).[26] While iXPM is solely a
phase modulation between transverse modes, iFWM includes
amplitude modulations, transferring energy between transverse
modes. Many multi-mode interactions were already investi-
gated numerically as well as experimentally, such as multi-mode
SCG,!%!% higher-order mode SCG,[**! multi-mode solitons,!
iFWM,[?7] all-optical switching,[?®] intermodal third-harmonic
generation,?*] geometric parametric instability,??! soliton self-
mode conversion,*% and beam self-cleaning.’!! With the in-
creased number of transverse modes in multi-mode waveg-
uides, the complexity of the nonlinear dynamics increases
but enables new phase-matching opportunities for frequency
generation. Hence, multi-mode integrated waveguides have
gained an increasing attention in the recent years, for exam-
ple, for second-harmonic generation,323 frequency comb gen-
eration in the visible,[?*** quantum optics,*! or all-optical
switching.[?8]

In this work, we present numerical as well as experimental evi-
dence of a new mechanism for DW generation between different
transverse modes, namely intermodal DW generation (iDWG).
This process is mediated by iXPM, where HOS formation in one
mode induces a DW in a different mode. In contrast to previous
generation of DWs in a different transverse mode via iFWM,[13:3¢]
the effect of iDWG is solely due to phase modulation and no
energy is transferred between transverse modes. Earlier simu-
lations of SCG in liquid-core fibers('®) may have contained traces
of the new generation dynamics, however, this was neither in-
vestigated theoretically nor reported experimentally. Here, we re-
port on experiments with accompanying numerical simulations
proving the existence of iDWG and unraveling the underlying
mechanism. We conclude that the iDWG has the potential to
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specifically increase the bandwidth during SCG or to generate
radiation in hard-to-access frequency domains and modes.

As a model system for the verification of the existence of
iDWG and its characterization, we used rectangular silicon ni-
tride waveguides, featuring reliable and efficient SCG due to the
high nonlinear refractive index coefficient and the tight modal
confinement.[220212337-39] Dye to waveguide birefringence, as
also exploited for SCG in silicon,*”] the waveguides feature two
fundamental transverse modes that are distinguishable by polar-
ization (TE,, and TM,; mode), that is, they can be separated by
means of a polarizer and variably excited by adjusting the input
polarization. This waveguide system allows for single-mode mea-
surements in direct comparison to straightforward multi-mode
measurements by launching only one or both fundamental trans-
verse modes, respectively.

2. Theoretical Investigation of Intermodal
Dispersive Wave Generation

In order to analyze the effect of iDWG on the basis of a clear
experiment, we consider two different transverse modes excited
together, of which only one mode (the strong mode, here TE,)
has sufficient energy to form a HOS, and therewith is able to
generate DWs during fission. The other mode (the weak mode,
here TM,,) has insufficient energy to generate a DW. Under these
circumstances one would intuitively expect that the strong mode
induces some general spectral broadening of the weak mode, but
no DW formation. Instead, we observe in simulations as well as
in experiments that the weak mode generates its own DWs in
spite of insufficient pulse energy for even forming a soliton.

In order to investigate the underlying mechanism of iDWG,
we performed nonlinear pulse propagation simulations for a
1 pm wide and 0.9 pm high waveguide based on the nonlinear
Schrodinger equation (for details see Supporting Information).
The dispersion parameters of both modes are plotted as a func-
tion of the wavelength in Figure S1a,d, Supporting Information.
First, only the TE,, mode was excited as the strong mode with a
high input energy of 170 pJ, sufficient to generate a HOS and one
DW in the infrared spectral domain. The corresponding spec-
tral evolution as a function of the propagation distance is shown
color-coded in Figure 1c. After spectral broadening due to self-
phase modulation (SPM) a HOS formed, which generated a DW
at approximately 2.2 pm wavelength after soliton fission due to
the spectral overlap with the DW. The white dashed line high-
lights the DW wavelength calculated from the phase mismatch
(plotted in Figure 1a, see Equation (S2), Supporting Informa-
tion), showing a good agreement with the simulation. Second,
the TM,; mode was excited as the weak mode in the absence of
the strong mode with a much lower input energy of about 20 pJ.
The launched pulse energy was insufficient to enable the forma-
tion of a soliton and, therefore, no spectral broadening and no
DW formation appeared (see spectral evolution in Figure 1d).

To reveal the existence and novel nature of iDWG, both modes
were excited simultaneously with energies of 170 and 20 p]J for
the TE,; mode and the TM,, mode, respectively. In this case,
the strong TE,; mode, shown in Figure le, generated a super-
continuum and a DW, resembling the single-mode case, because
iXPM induced by the weak TM,; mode was negligible. The im-
portant difference with single-mode excitation is found in the
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weak mode (see Figure 1f): the strong mode induces noticeable
spectral broadening of the weak mode by iXPM, comparable in
width to the strong mode. Thereby, the spectrum of the weak
mode becomes sufficiently broad to spectrally overlap with the
phase-matched wavelength of a DW, causing the formation of a
DW, while the weak mode with a soliton number of 0.97 is not
able to generate a DW on its own in absence of the strong mode
(compare with Figure 1d). Note that the pulse energy in the weak
mode remains the same at any propagation distance, that is, a
part of the energy is only shifted from the center frequency of
the weak mode into a corresponding DW, without an exchange
of energy between both modes. For improved visualization of
the iDWG process an animated video including the temporal and
spectral amplitudes can be found in the Supporting Information.

In order to numerically validate the mechanism of iDWG,
the impact of different nonlinear effects within iDWG was in-
vestigated by performing numerical simulations where individ-
ual nonlinear contributions and effects were selectively disabled.
First, the effect of iXPM was disabled by setting the nonlinear
coupling coefficients Q,,,; = Q,;,; = 0, while leaving the cou-
pling coefficients for iFWM and SPM unchanged (see Equa-
tion (S1), Supporting Information). The corresponding spec-
tral evolution of the strong mode (shown in Figure 1g) showed
no significant changes compared to the case of enabled iXPM.
The spectral evolution of the weak mode (Figure 1h), however,
showed no DW formation due to the negligible SPM-induced
spectral broadening. Second, we performed simulations in which
iFWM was disabled (i.e., Q;5, = Q5111 = 0), nevertheless show-
ing generation of a DW in the weak mode if iXPM was enabled.
This proves that iDWG does not rely on energy exchange be-
tween the modes but solely on phase modulation. Lastly, numer-
ical simulations, in which SPM of the strong mode was disabled
(O1111 = 0) preventing HOS formation in the strong mode, did
not show spectral broadening or the generation of a DW in the
weak mode, hence, the formation of a HOS in the strong mode
is necessary in order to achieve a sufficiently short and intense
pulse, that is, a high peak power, for a highly effective cross-phase
modulation. Therefore, we conclude that the iXPM-mediated in-
teraction between the strong TE; and the weak TM,, mode is the
central mechanism that generates intermodal DWs.

In order to derive a phase-matching condition for iDWG based
on the above described nonlinear dynamics, the phase of both
the dispersive wave (at angular frequency w,) and the pulse (at
angular frequency o,) in the weak mode have to be evaluated
in the reference frame of the soliton (at angular frequency w,)
propagating in the strong mode. These conditions imply that the
propagation constants of the weak mode f"*™N (w) as well as of
the strong mode "8 (w) have to be considered for the phase-
matching condition

k t k t
BB wg) = B (@ ) = BN (@,) = B (@)@, + 1on Py

1)

where ﬁf w,) is the inverse group velocity of the soliton in
the strong mode, yyp the nonlinear coefficient of iXPM, and P,
the peak power of the soliton in the strong mode.

In general, w, and w; can differ, but in our case, as the pulses
in the weak and strong mode have the same center frequency, the
angular frequency of the weak mode coincides with the angular

strong) (
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Figure 1. Comparison of single-mode and multi-mode simulations demonstrating the effect of intermodal dispersive wave generation. Phase mismatch
(PM) as a function of the wavelength for a) the single-mode case and b) the multi-mode case. Single-mode simulations of the normalized spectral
evolution of c) a strong TEy; mode and d) a weak TMy; mode. Spectral evolution of e) the strong TE;; mode and f) the weak TMy; mode in a simulation
with both modes excited simultaneously. g,h) Same simulations as in e) and f) but with disabled iXPM. The launched energy of the TE; and TMy; modes
correspond to 170 and 20 pJ in all simulations, respectively. The white dashed lines correspond to the phase-matched wavelengths. To demonstrate the
effect in more detail, an animated video including the temporal and spectral amplitudes can be found in the Supporting Information.

frequency of the soliton w, = ;. Then, expanding the propaga-
tion constants in a Taylor series leads to the multi-mode phase
mismatch

o ,(weak)

(@s) m
Akyy = Z % (@g — @)™ = APy - (04 — @) = ¥xpu P
m=2 :
(2)
where " is the m-th dispersion coefficient of the weak mode

and Af; = " (@) — B (w,) the group velocity mismatch

between the pulse in the weak mode and the soliton in the strong
mode. The phase-matched wavelength for an intermodal DW in
the weak mode (Aky = 0), calculated from the phase mismatch
plotted in Figure 1b, matches the wavelength of the simulated
intermodal DW (see dashed white line in Figure 1f). In contrast
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to the single-mode phase-matching condition (see Equation (S2),
Supporting Information), the multi-mode phase-matching con-
dition additionally includes the group velocity mismatch of the
participating modes. By artificially changing the relative group
velocities in additional numerical simulations and comparing the
according wavelengths of the iDWs with the calculated phase-
matched wavelengths, we verified the impact of the group veloc-
ity mismatch on the phase-matched wavelength and validated the
derived phase-matching condition for iDWG. However, a detailed
investigation of the impact of the relative group velocities is out
of the scope of this work and will be the target of future investiga-
tions. Nevertheless, the good agreement between the wavelength
of the iDW and the phase-matching calculations (see Figure 1f)
validates that iXPM between the soliton in the strong mode and
the pulse in the weak mode, as described above, is the central
mechanism for iDWG.
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Figure 2. a) Schematic of the experimental setup. HWP:, half-wave plate; PBS, polarizing beam splitter; L, aspherical lens; WGs, silicon nitride waveg-
uides; POL, polarizer; OSA, optical spectrum analyzer. See text for details. b) SEM image of a 0.9 pm high and 1.2 pm wide silicon nitride (SizN,)
waveguide embedded in silica (SiO,, without top cladding). Calculated mode profiles of ¢) TEy;, and d) TMy; modes. The arrows in the bottom left
corner depict the polarization axis. €) Schematic of the modal power control by adjusting the direction of the input polarization via the second HWP.

3. Experimental Section

In order to experimentally verify the existence of iDWG, we real-
ized a setup enabling the full control over the amplitudes of both
orthogonal modes and their relative delay. We used two waveg-
uides with widths of 1.0 and 1.2 pm for DW generation in the
infrared and visible spectral domains, respectively. The 1.0 pm
wide waveguide was selected because it would allow to generate
a DW in the weak mode without using a relative delay due to a
sufficiently low modal walk-off (70 fs at the end of the waveguide,
smaller than the pulse duration), enabling a simplified experi-
mental setup without a delay line. However, this waveguide ex-
hibited multiple spectral features at visible wavelengths (see Fig-
ure S2, Supporting Information), for example, due to intermodal
third-harmonic generation (iTHG), which inhibited the clear ob-
servation of the weak DW. The other 1.2 pm wide waveguide was
used due to the absence of such ambiguous spectral features, al-
though compensation of modal walk-off (250 fs at the end of the
waveguide, equal to 2.8 times the pulse duration) with a delay
stage was required. With this waveguide, iDWG was clearly ob-
servable in the visible due to the absence of other spectral contri-
butions.

3.1. Setup

The experimental setup allows control over the power in each
mode and the temporal delay between both modes. A schematic
of the experimental setup is shown in Figure 2a: Pulses from an
ultra-fast fiber laser centered at 1560 nm wavelength with a pulse
duration of 88 fs at a repetition rate of 80 MHz were used. The
optical power, coupled into the silicon nitride waveguide with an
aspherical lens, was controlled with a combination of a half-wave
plate (HWP) and a polarizing beam splitter (PBS). The available
silicon nitride waveguides were 7 mm long, 0.9 pm high, and
their widths ranged from 0.8 to 1.3 pm. An exemplary SEM im-
age of a 1.2 pm wide waveguide is shown in Figure 2b, whose
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rounded bottom edges were taken into account when the mode
profiles of the TE; mode and TM,,; mode (Figure 2c,d) were cal-
culated with a mode solver (finite differences mode solver from
Photon Design). Note that the SEM image was acquired before
the silica top-cladding was added to the used waveguides. The
input power P, was divided between both modes by adjusting
the angle ¢ of the input polarization (compare Figure 2e) via a
second half-wave plate, such that the powers of the excited TE,
and TM,,; modes correspond to Py = P #rg cos?(p) and Py =
Pyt sin (@), respectively, with the mode-specific coupling ef-
ficiencies #. Theoretically, the coupling efficiencies should dif-
fer slightly due to the different mode profiles; however, within
the uncertainty margin of the experiments, a coupling efficiency
of #ry = 1y = 35 % was estimated from transmission measure-
ments. In the following, the denoted powers and pulse energies
refer to the waveguide-internal values. A following unbalanced
Mach-Zehnder interferometer allowed control on the modal de-
lay. To concentrate on the principal functionality of the setup
some components of the interferometer are not shown in Fig-
ure 2a: a telescope was placed into the longer interferometer arm
to compensate the beam divergence, and additional polarizers
were placed into each arm in front of the combining PBS to im-
prove the limited extinction ratio of the available polarizing op-
tics. The waveguide output was collimated with a second lens and
the mode of interest was selected with a polarizer (up to 34 dB po-
larization contrast) such that the output of each mode could be
individually measured with an optical spectrum analyzer (Ando
AQ-1425, 400-1600 nm, or Yokogawa AQ6376, 1500—-3400 nm).

3.2. Generation of Intermodal Dispersive Waves in the Infrared
Spectral Domain
In order to measure iDWG in the infrared spectral domain with

the 1.0 pm wide waveguide, the strong TE; mode and the weak
TM,; mode were simultaneously excited with pulse energies of

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. a) Output power spectral density (PSD) when only the TEy; mode (blue), only the TMy; mode (gray), and both modes detecting the TM-
polarization (orange) are excited in the 1.0 um wide silicon nitride waveguide. b) Corresponding simulated output spectra of the TEy; mode (blue) and
the TMy; mode (orange) when both modes were excited simultaneously. The dashed lines mark the phase-matched wavelengths of the DW and the iDW.
c) Power of the TM-polarized intermodal DW (iDW) as a function of the power fraction coupled into the TMy; mode for measurement (blue crosses)

and simulation (red line). For details see text.

about 200 and 50 pJ, respectively. At these input energies, the
strong mode generated a single DW in the infrared spectral do-
main and the weak mode generated no DW on its own, which
was verified by measuring the output spectrum of the weak
mode if it was solely excited in the waveguide (gray curve in
Figure 3a). When both modes were excited simultaneously and
solely the TM-polarization was detected (orange curve in Fig-
ure 3a), spectral broadening of the strong mode was observable
and two peaks became visible at 2.2 and 2.35 pm wavelength.
The measurement of the spectrum of the strong TE; mode (blue
curve in Figure 3a), reduced by the polarization contrast of up
to 34 dB to exclude cross-talk due to the limited contrast of the
polarizer for modal analysis, revealed that the signals at 1.8 and
2.2 pm originated from spectral broadening and DW generation
in the strong mode, respectively. However, the signal at 2.35 pm
(orange-shaded area) clearly showed an iDW, generated by iXPM-
mediated interaction between both modes, because it was not ob-
served for the strong TE; mode, thus confirming the observation
of iDWG. While a record bandwidth of 537 THz was measured
in the single-mode case (see Supporting Information), the iDW
extended the spectral bandwidth by about 150 nm.

In addition to the experiment, numerical simulations verified
the iDWG (see Figure 3b) and showed good agreement with the
experimental data. The strong TE), mode generated a DW at
2.2 pm wavelength while an iDW was generated in the weak TM,
mode at 2.15 pm wavelength. These wavelengths coincide with
the phase-matched wavelengths plotted as dashed lines, which
were predicted by the phase mismatch (see Equation (2) and
Equation (S2), Supporting Information). When no power was
launched into the strong mode, no DW was generated by the
weak mode. The modulation of the DW around 2.2 pm wave-
length in the weak mode originated from spectral interference of
two DWs (see Supporting Information) in the weak mode. The
wavelength of the iDW in the simulation differed from the wave-
length measured in the experiments, which will be discussed in
Section 3.4.

Laser Photonics Rev. 2021, 15, 2100125 2100125 (5 of 8)

In order to investigate the dependence of iDWG on the power
fraction of the TM, mode, measurements with increasing power
launched into the TM; mode were performed, while the pulse
energy of the excited TE;, mode was fixed at 200 p]J for all mea-
surements with the appropriate control of both half-wave plates
(see Figure 2a). With increasing input power in the weak mode
the generated iDW power (blue crosses in Figure 3c) increased,
matching well with the simulated iDW power (red line in Fig-
ure 3c). Note that the weak mode reached a soliton order of 1.6 at
a power fraction of 0.2, however, corresponding to a fission length
of 12 mm, that is, 5 mm longer than the waveguide length.

3.3. Generation of Intermodal Dispersive Waves in The Visible
Spectral Domain

For iDWG in the visible spectral domain, a 1.2 pm wide waveg-
uide was used as it exhibited no iTHG signals that spectrally over-
lapped with the DW (compare Supporting Information). How-
ever, due to a larger modal walk-off the delay stage had to be used
to improve the temporal overlap of the strong and weak modes
during fission. Figure 4a shows the experimental spectra mea-
sured when the strong TE; mode and the weak TM,); mode were
excited with pulse energies of 350 and 40 pJ, respectively, and
delayed with respect to each other, such that the DW power of
the weak mode was maximized. The higher input power in the
strong mode was required to generate a DW in the visible spec-
tral domain (compare Figure S1, Supporting Information). The
spectrum of the strong mode was corrected by subtracting the po-
larization contrast (up to 25 dB) to exclude TE-polarized signals
in the TM-polarized spectrum, occurring due to the limited polar-
ization contrast of the modal analysis. When the weak mode was
solely excited with a pulse energy of 40 pJ, the output spectrum
showed no DW (see gray curve in Figure 4a), because the weak
mode had a soliton order of unity with a corresponding fission
length of 12 mm, significantly exceeding the waveguide length.
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Figure 4. a) Output spectra when only the TEy; mode (blue), only the TMy; mode (gray), and both modes (detecting only the TM-polarization, orange
curve) were excited in the silicon nitride waveguide (1.2 pm width), where iTHG and iDW denote third-harmonic signals and DWs generated by iDWG,
respectively. b) Corresponding simulated output spectra of the TEy; mode (blue) and the TMy; mode (orange), when both modes were excited. The
dashed lines mark the phase-matched wavelengths of the DW and the iDW. c¢) Measured (blue crosses) and simulated (red line) power of the iDW in
the weak mode as a function of the TMy; mode’s input power fraction. d) Measured (blue crosses) and simulated (red line) normalized iDW power as a
function of the relative delay between the pulses in each mode. The black vertical dashed line indicates the accumulated temporal walk-off at the fission
point. e) Temporal pulse shape of the input pulses retrieved from FROG measurements.

When both modes were excited simultaneously, different spec-
tral features appeared in the visible wavelength domain of the
TM,, mode spectrum (orange curve in Figure 4a): the narrow-
band signals around 500 nm corresponded to iTHG signals gen-
erated from the TE,, mode in higher-order transverse modes
(see Figure S2, Supporting Information), as these hybrid modes
have contributions in both orthogonal polarization directions.
The iTHG signals were identified by measuring the mode pro-
files, showing higher-order modes, and examining the phase-
matching condition. Due to contributions in both polarizations,
these signals were even visible when no power was launched into
the weak mode. As cross-talk of the TE,, mode only occurred
at wavelengths below 530 nm (see blue curve in Figure 4a), the
broad peak around 600 nm (orange shaded area) corresponded
unambiguously to a DW in the TM; mode generated by iDWG.

Corresponding numerical simulations with the experimen-
tal pulse and waveguide parameters verified the appearance of
iDWG (see Figure 4b): When the power of the strong mode was
set to zero in the simulations, no DW was generated in the weak
mode. When both modes were excited simultaneously, the strong

Laser Photonics Rev. 2021, 15, 2100125 2100125 (6 of 8)

mode generated a DW at 510 nm wavelength while an iDW was
generated in the weak mode at 550 nm wavelength, which co-
incide with the phase-matched wavelengths (see dashed lines in
Figure 4b) predicted by the phase mismatch (see Equation (2) and
Equation (S2), Supporting Information). The modulations on the
long-wavelength side of the weak and strong modes’ DW spectra
originated from spectral interference of two DWs (see Support-
ing Information).

The power dependence of the iDW on the power fraction of the
weak TM,; mode (blue crosses) is shown in Figure 4c, when the
strong TE; mode was excited with a fixed pulse energy of 350 pJ.
With increasing pulse energy in the weak mode the power of the
generated iDW increased, in accordance with the simulated iDW
power (red line in Figure 4c). However, for power fractions larger
than 0.14, the measured iDW power deviated from the simulated
values, which will be discussed in Section 3.4.

In order to investigate in detail the mechanism of iDWG and
how temporal walk-off between the involved transverse modes
reduces the efficiency of the iDWG, output spectra with differ-
ent relative delays between the pulses of the excited transverse

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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modes were acquired. The normalized power of the generated
iDW in the weak TM,, mode is depicted in Figure 4d as a func-
tion of the relative delay between the TE,; and TM; mode for the
experiment (blue crosses) and the simulation (red line). The delay
axis was adjusted to match its zero with the maximal DW power
in the simulations as no temporal reference was available in the
experiments. The simulated data matched the experimental data,
however, the signal-to-noise ratio was lower in the experiments,
leading to a background signal of approximately 0.18. The peak
at —25 fs in the simulations originated from a preceding satellite
pulse visible in the temporal pulse shape (compare Figure 4e) re-
trieved from FROG measurements. Furthermore, the maximum
DW power was reached for a delay of 116 fs, which agreed well
with the accumulated modal walk-off (36 fs mm™!) to the fission
point at 3.1 mm propagation length (marked as a dashed line in
Figure 4d). Note that the obtained DW power curve corresponds
to a cross-correlation of the input pulse in the weak mode and
the HOS at the fission point. Within the measurement uncer-
tainties, the temporal width of 94 fs matched the full width at
half maximum of a calculated cross-correlation (91 fs) between
the input pulse (88 fs) and the HOS (14 fs). The correspondence
between the maximum of the iDW power with the expected tem-
poral walk-off in conjunction with the fitting cross-correlation un-
derlines that the origin of the iDW is related to iXPM between the
weak mode and the HOS formed in the strong mode.

3.4. Discussion

The experimental and numerical data unambiguously prove the
generation of iDWs and that the iXPM-mediated interaction of
the HOS in the strong mode with the weak mode is the ori-
gin of this effect. Other spectral features such as iTHG signals
and ordinary DWs could be excluded by the comparison with the
single-mode case, and the delay-dependent generation of iDWs
clearly confirmed that the interaction with the HOS is necessary
for iDWG.

The comparison of the simulated and measured iDWG signals
in the infrared and visible spectral domain revealed deviations in
the wavelength and the measured power of the iDWs in the visi-
ble. As expected from the phase mismatch (see Equation (2)), dif-
ferences of the relative group velocities of the participating modes
had an influence on the wavelength and output power of the gen-
erated iDW in the two-mode case, which was verified by varying
the group velocity 1/, of the weak mode in additional numeri-
cal simulations.

The influence of the relative group velocities makes the center
wavelength and output power of the generated iDW more sen-
sitive to changes of the dispersion profile. Therefore, the differ-
ences in wavelength of the iDWs between experiment and sim-
ulation can be explained by small deviations from the nominal
waveguide height and width as well as uncertainties in the refrac-
tive index model. Especially the measured higher output powers
of the iDW in the visible spectral domain (see Figure 4c) resulted
from an additional energy contribution of ordinary DW forma-
tion, as the weak mode had sufficient energy to form a funda-
mental soliton (soliton order N > 1.4) within the weak mode for
a power fraction above 0.12. This soliton within the weak mode
radiated an additional DW, whose wavelength coincided with that
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of the iDW, while in simulations the iDW was radiated at a dif-
ferent wavelength on account of different group velocities. Never-
theless, good agreement between simulation and experiment of
the power fraction scans (Figures 3c and 4c) and the delay scan
(Figure 4d) was achieved, clearly proving the existence and im-
pact of iDWG.

The increased sensitivity of the iDW wavelength location to
the dispersion profile can be exploited to tune the output wave-
length. First numerical simulations showed that changing the
center wavelengths of the involved modes or altering the waveg-
uide dispersion via engineering of the waveguide cross-section,
changes the wavelength of the iDW on account of the different
relative group velocities. Correspondingly, the dispersion could
be engineered to increase the extended bandwidth into the in-
frared (see Figure 3a) or the visible spectral domain. Further-
more, the same holds when using different transverse modes,
for example, higher-order transverse modes, due to the different
dispersion profiles of the higher-order modes. Moreover, the dis-
persive waves could be tailored to enable self-referencing!*’! or to
access hard-to-reach spectral domains.

4, Conclusion

We discovered and investigated the mechanism of intermodal
dispersive wave generation between a strong and a weak trans-
verse mode in waveguides. The underlying physics was studied
within simulations by switching various nonlinear effects on and
off, revealing that intermodal cross-phase modulation was unam-
biguously responsible for the generation of the dispersive wave
in the weak transverse mode, which in absence of the strong
mode would not be able to generate a dispersive wave. Accord-
ing to the agreement between the numerical and experimental
data with the derived phase-matching condition intermodal dis-
persive wave generation was verified as the mechanism for the
origin of the observed dispersive waves.

The process of intermodal dispersive wave generation was ex-
perimentally demonstrated within supercontinuum generation
in high-confinement silicon nitride waveguides, in conjunction
with numerical modeling on the basis of the generalized non-
linear Schrodinger equation, matching the experimental obser-
vations. While a record bandwidth of 537 THz was measured in
the single-mode case, in the two-mode case intermodal dispersive
wave generation, reaching 600 nm and 2.35 pm wavelength, was
found to extend the spectral coverage of supercontinuum gener-
ation by 150 nm into the infrared spectral domain.

First numerical simulations showed that using different cen-
ter wavelengths or different (i.e., higher-order) transverse modes
could drastically change the wavelengths of the intermodal dis-
persive waves in future experiments, suggesting a novel pathway
for tailoring nonlinear frequency conversion. Therewith, it can be
expected that intermodal dispersive wave generation can be ex-
ploited to increase the bandwidth of supercontinua, for example,
for mid-infrared spectroscopy,!“!! to enable self-referencing,!*"! or
to access spectral domains that are otherwise hard to reach.
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