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ABSTRACT

We demonstrate broadband supercontinuum generation from 560 nm up to 2350 nm by coupling a simple Q-switched picosec-
ond laser at 1064 nm into a normally dispersive step-index few-mode optical fiber designed to support five modes. It is further
shown that multiple cascaded intermodal four-wave mixing and Raman processes occur in the fiber leading to the generation
of new frequency components with far detuning up to 165 THz. The multimode properties of this fiber yield a number of inter-
modal nonlinear coupling terms, and we compare the generated parametric sideband wavelengths from the experiment with
calculations from phase-matching conditions for intermodal four-wave mixing.

(©) 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5045645

INTRODUCTION

The study of complex spatiotemporal dynamics of non-
linear light propagation in multimode optical fibers (MMFs)
has recently witnessed renewed interest with the experimen-
tal demonstration of high-impact new phenomena in emerg-
ing key areas of laser physics and fiber optics.? Specif-
ically, MMFs have been shown to possess specific modal
properties that mediate a number of spatiotemporal non-
linear effects that are fundamentally different from those
seen in standard single-mode fibers. These include the obser-
vation of multimode solitons,®> cascaded intermodal four-
wave mixing (FWM) and modulation instability,*® geometric
parametric instabilities,” spatial beam self-cleaning,® spin-
orbit interaction,” multimode fiber lasers,'®!" and super-
continuum (SC) generation.'>'¢ The use of silica-based
MMFs is advantageous to generate white-light multi-octave
spanning SC spectra with large throughput in terms of
power.'?2

To date, most recent observations have been performed
using graded-index MMFs featuring weak intermodal dis-
persion although intermodal nonlinear mixing has also been

APL Photon. 4, 022905 (2019); doi: 10.1063/1.5045645
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reported in step-index fibers with Bessel beams.'” In this
work, we extend the study of novel nonlinear intermodal
effects to step-index few-mode fibers (FMFs) to show that
they can be conveniently applied to far-detuned cascaded
intermodal FWM and SC generation. The main novelty of our
system is to show that step-index FMFs can be combined
with a simple Q-switched picosecond laser to give a multi-
octave spanning supercontinuum output, as in graded-index
fibers. More specifically, we experimentally demonstrate SC
generation spanning from 560 to 2350 nm by coupling a pas-
sively Q-switched microchip laser at 1064 nm into a 50-m
long and 15 um-core step-index germanium-doped silica fiber.
Further experimental investigations in a shorter fiber seg-
ment show that cascaded stimulated Raman scattering and
intermodal FWM effects with large frequency detuning are
involved to generate the infrared and visible parts of this
supercontinuum, respectively. The many FWM sidebands gen-
erated in the visible are carefully analyzed and compared
with theoretical phase-matching predictions from numeri-
cal simulations of the propagation constants of each spa-
tial mode. The results demonstrated in this work may
add a convenient and novel approach enabling efficient

4, 0229051
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SC generation and far-detuned parametric conversion in
few-mode step-index fibers pumped far from the zero-
dispersion wavelength.

THEORY

We first briefly review the theory of intermodal FWM and
the main phase-matching equations relevant to this study.
We consider degenerate four-wave mixing with two pump
photons generating symmetrically detuned signal and idler
photons.'8-20 Energy conservation yields

2 1 1

- = 4

p A5 A
with Ap, As, and A being the pump, signal, and idler wave-
lengths, respectively. wp, ws, and w; are their corresponding
angular frequencies, and Q = ws—wp = wp—wy is the frequency
detuning between the pump and signal (idler) waves. For mul-
timode fibers, there are two main phase-matching conditions
depending on the intermodal coupling. The first involves two
pump photons in two distinct linearly polarized (LP) modes, k
and j.7 This yields

2wp = ws + wi, (1)

i ke . k
AB :ﬁg)() +ﬁ0() _ﬁé(?) _B()(p) — OY (2)

where, for instance, ,82)(’” is the propagation constant of the
pump wave in the j mode. The second case involves two
pump photons in the same LP mode with the simpler phase-
matching condition,

r ks l
AB =By + By — 288" = 0. 3)

Phase-matching in multimode fibers is achieved when the
linear phase mismatch due to intermodal dispersion is com-
pensated for by the group-velocity dispersion (GVD) and the

3 (a)

nonlinear phase shift. The latter is generally weak compared to
the two other terms, and it will be neglected thereafter in the
phase-matching calculations. The signal and idler wavelengths
are then derived by solving the phase-matching Egs. (2) and
(3). As we are dealing with a step-index few mode fiber, there
is no direct and accurate analytical approximation of the effec-
tive indices of the LP modes, unlike for graded-index fibers.2°
The propagation constants, effective indices, and GVD coeffi-
cients are obtained with finite element method (FEM)-based
numerical calculations (using COMSOL software). The fiber
under test was specially designed and fabricated in the Fib-
erTech Lille platform as a bimodal fiber at 1550 nm for space-
division multiplexing applications.?’?? Specifically, it has a
core diameter D = 15.5 ym and a core-cladding index differ-
ence An = 0.007. Figure 1(a) shows both the measured index
profile (solid black line) of the fiber and the step-index model
(green dashed line) used in the modal calculations. Although
different, the theoretical index profile in Fig. 1(a) was set
to get the exact measured values of GVD coefficients B, at
1550 nm for both the LPy and LP;; modes. The simulation
results for this step-index profile are plotted in Figs. 1(b)-1(d)
that, respectively, show the effective indices of five spatial LP
modes (b), their propagation constant g (c), as well as their
GVD coefficient g5 (d).

The electric field amplitude profiles of the fundamental
and higher-order LP modes are plotted in false color in the
inset of I'ig. 1(b). At the pump wavelength of 1064 nm, the fiber
supports five modes, as shown in Fig. 1(b), and is character-
ized by a normal chromatic dispersion regime of propagation
[Fig. 1(d)]. Note that the curves in Figs. 1(b)-1(d) are limited by
the cut-off wavelengths of higher-order modes LPy, LPy,, and
LP3, respectively. In the next section, we use these results
to determine the different phase-matching conditions and
compare with the experiment.
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EXPERIMENT

Figure 2 shows the experimental setup used to investigate
SC generation and intermodal FWM. As a pump source, we
used a passively Q-switched Nd:YAG microchip laser (Teem-
photonics Powerchip™ series) at 1064 nm and with a repetition
rate of 1kHz and a pulse duration of 600 ps (FWHM). The max-
imum pulse peak and average power is 80 kW and 50 mW,
respectively. The laser beam was injected into the fiber using a
focusing lens (x10) with a 10.6 mm working distance controlled
by using a 3-axis translation stage. The input pump power was
controlled by using a variable attenuator. The output light was
recorded using several optical spectral analyzers (OSAs), and
the modal intensity distribution of all the FWM sidebands was
imaged using a CCD camera and a diffraction grating (600
lines/mm). Three different OSAs were used to cover all the
wavelength range from the visible to the mid-infrared: a Yoko-
gawa AQ6373 with a wavelength range from 350 to 1200 nm, an
Agilent 86142B with a range from 600 to 1700 nm, and finally an
Ocean Optics NIRQUEST (NQ512-2-5) with a range from 900
up to 2500 nm. This technique also makes it possible to avoid
spurious 2nd order diffraction from OSAs.

Figure 3 shows the output supercontinuum spectrum
generated at a maximum coupling efficiency (26%, Pout
= 13 mW) when pumping into both single and first higher-
order mode of the fiber. The inset shows the far-field opti-
cal mode in the visible region. Note that for this fiber, the
zero-dispersion wavelength is around 1300 nm [Fig. 1(d)], and

CCD

Camera

Ja—N

FIG. 2. Experimental setup for supercontinuum generation

Diffraction and intermodal FWM in a few-mode step-index fiber.

Grating

Beam
splitter

so the pump wavelength is in the normal dispersion regime
of the fiber. SC generation in this case arises from cas-
caded stimulated Raman scattering (SRS) for the broadening
in the infrared and far-detuned intermodal FWM for extension
toward the visible. The Raman cascade is spreading rapidly and
greatly toward a broad continuum when passing through the
zero-dispersion wavelength of the fiber [around 1300 nm, see
Fig. 1(d)]. The SC light spans from 560 nm up to 2350 nm and
features several peaks in the visible, which will be discussed
later. The SC spectrum and output power are relatively stable;
however, they are extremely sensitive to the spatial injection
conditions due to the multimode nature of the fiber.

To obtain further insight into the underlying physical
mechanisms, additional experiments were performed with a
shorter fiber section of 5 m. For this first case, Fig. 4(a) shows
the measured output spectra over the range 560-1200 nm
as a function of pump power with the corresponding out-
put far-field images of the generated parametric sidebands.
As well as the pump at 1064 nm and a residue from the inter-
nal microchip CW pump at 800 nm, we see the generation
of a first-order Raman Stokes line at 1110 nm (-13 THz fre-
quency shift from the pump) and two narrow parametric side-
bands at 968 nm and 1174 nm, respectively. Those sidebands
are generated in the LPy and LP;; modes by intermodal FWM
involving two pump photons at 1064 nm in a mixed LPy /LPy
mode (see the image in the inset). Interestingly, those two
parametric sidebands are strongly enhanced by the cascaded
Raman gain as they exactly match with both the second-order

Pump at
1064 nm

Raman Cascade: Raman continuum
i

Output beam

T, - R ——

1 Zero-Dispersion

cascaded FWM |
1 Wavelength

Power Spectrum ( 20 dB./div)

FIG. 3. Supercontinuum light spectrum
experimentally generated out of 50-m
long few-mode step-index fiber with a
pump at 1064 nm. The average out-
put power is 13 mW. The whole spec-
frum was measured by means of 3
complementary optical spectrometers to
cover the whole wavelength range (the
dashed lines indicate the 3 measurement
ranges). The inset shows the fiber output
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FIG. 4. Experimental output spectra for different output pump power of (from bot-
tom to top) 0.85 mW, 1.6 mW, 2.6 mW, 3.5 mW, and 8.1 mW at a fiber length
of 5 m and (b) fiber output spectrum for the maximum mean power on which the
FWM-wavelength and their associated LP modes are imaged with a CCD camera
after passing through a diffraction grating.

Stokes and anti-Stokes Raman frequency shifts (26 THz). The
parametric narrow band at 968 nm is particularly strong as it
falls far from the anti-Stokes Raman absorption band. Clearly,
this is the signature of a second-order Raman-assisted FWM
process.?> At higher power, both the Raman and parametric
bands significantly broaden and new FWM sidebands appear in
the optical spectrum. Intermodal FWM involving the pump at
1064 nm generates a new signal at 948 nm in the LP;; mode
and an idler at 1210 nm (not visible in Fig. 4 because of the OSA
upper limit). Together with the signal at 948 nm also appear
two other far-detuned parametric sidebands at 779 nm (LPg;)
and at 667 nm (LPy;) by cascaded intermodal FWM. This cor-
responds to a frequency detuning of more than 165 THz from
the initial pump frequency, almost as much as observed in
graded-index multimode fibers.*

We have also changed the injection conditions to prefer-
entially excite the fundamental mode only at 1064 nm. This was
achieved by replacing the microscope objective by a lens with
a 25.4 mm focal length to get a beam waist of about 15 um as

large as the fiber core diameter. In such injection conditions,
we recorded several output spectra from 450 nm to 1700 nm
as a function of the mean pump power from 0.75 mW up to
8.4 mW. Figure 5 shows the output spectra. We still see the
generation of the first-order Raman Stokes line at 1110 nm as
well as the parametric sidebands at 968 nm and 1174 nm. Fur-
thermore, two new parametric sidebands localized at 1038 nm
and 1090.8 nm that were absent in Fig. 4 can now be clearly
observed near the pump wavelength. As we will see thereafter,
they originate from an intermodal FWM involving the LPy
and LPyp,; modes. The parametric signal at 968 nm is strongly
enhanced by Raman-assisted FWM as seen previously for the
first pumping condition. However, non-parametric sideband
at 948 nm is generated in these injection conditions. Increas-
ing further the pump power up to 4.7 mW gives rise to two
narrow parametric sidebands in the visible at 629.1 nm and
641 nm, respectively. They are in fact generated by an inter-
modal FWM involving the 968 nm sideband as a secondary
pump wave. At higher power, Fig. 5 shows that those para-
metric sidebands at 629.1 nm and 641 nm are strong enough to
generate a Raman cascade beyond 700 nm. Note that due to
the strong spectral broadening in the visible region, the output
mode images were not taken.

To confirm these experimental data, we have computed
the phase-matching conditions using Egs. (2) and (3) from
the effective indices and the propagation constants shown in
Fig. 1. This allowed us to clearly identify the main intermodal
FWM processes occurring during the propagation in the opti-
cal fiber. The results are shown in Fig. 6 for three cases: (a)
a pump wave at 1064 nm in a mixed mode configuration, a
secondary pump at 948 nm in the LP; mode, and (c) a sec-
ondary pump at 968 nm in the LPy; mode. All phase-matching
curves in Fig. 6 correspond to different intermodal couplings
listed in the right captions. In addition, the resulting predic-
tions of phase-matched signal wavelength are indicated with
black dashes, while the experimental data are reported in red
for the sake of comparison. Note that some of the phase-
matching curves are also limited due to the cutoff of higher-
order modes. As can be seen in Fig. 6(a), for the main pump
at 1064 nm, there is a pretty good agreement between the
experiment data and the theory in black for the three main
parametric sidebands at 948 nm in the LP; mode, 968 nm in
the LPy; mode, and 1038.5 nm in the LPy; mode. The small
discrepancies could be attributed to the errors in modeling
the exact step-index profile of the fiber and, in particular, the

629.1nm 641nm  968nm  1038nm 1064nm 1091nm

YA

Mﬁh-u

s G
bt 1
M"'W "

Power spectrum (20dB/div.)

FIG. 5. Experimental spectra recorded at the output of a 5-m
long segment of a few-mode fiber as a function of increas-
ing pump power (from bottom to top) 0.75 mW, 2.3 mW,
4.7 mW, 5.1 mW, 6.1 mW, and 8.4 mW. The coupling con-
ditions correspond to the fundamental mode for which the
signal at 948 nm wavelength is absent.
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higher-order dispersion terms that play a significant role in
the phase-matching conditions for large frequency detuning,
as recently shown in Ref. 5. In Fig. 6(b), we have displayed the
phase-matching curves for a secondary pump at 948 nm in
the LP;; mode, which appears only in the first experimental
spectra shown in Fig. 4.

Once again there

is a good match between the experi-

ment in red and theory in black as the parametric sidebands

APL Photon. 4, 022905 (2019); doi: 10.1063/1.5045645

© Author(s) 2018

FIG. 6. Calculated intermodal phase-matching conditions
as a function of signal wavelength for three different pump
wavelengths and modal interactions shown in right insets.
(@) Main pump at 1064 nm, (b) secondary pump at 948 nm,
and (c) secondary pump at 968 nm. Black dashes depict the
calculated signal wavelengths, while red dashes display the
experimental data.

at 725 nm and 779 nm fall rather close to the theoretical
values. If we now have a look at the phase-matching curves
in Fig. 6(c) for a secondary pump at 968 nm in the LPy; mode,
we also found a good agreement for visible FWM sidebands
at 629.1 nm and 641 nm. Since the parametric sideband at
968 nm is generated preferentially in the fundamental LP(y
mode, it becomes strong enough to act as a secondary pump,
giving rise to the visible sidebands at 629.1 nm and 641 nm by

4,022905-5
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TABLE I. Comparison between the theory and experiment of the phase-matched signal and idler wavelengths for three pump
configurations.

Phase-matching

calculations Theory Experiment

Pump configuration Pump wavelength at 1064 nm

Spatial Signal Idler Signal Idler
modes [LPyy] wavelength (nm) wavelength (nm) wavelength (nm) wavelength (nm)
LPg1/LPy 975 1170 968 1174
LPy /LPy 950 1208 948 1210
LPy; /LPg 1038 1091.3 1038.5 1090.8
LPy /LPg2 936.7 1231 928 1246
Pump configurations Pump wavelength at 948 nm in LPy

Lpoz/LPz1 667 1638
LPg;1/LPyy 789 1187 779 1210
LPy;/LPg2 738 1324 725 1369
Pump configuration Pump wavelength at 968 nm in LPg;

LPy; /LPy 641.1 1975.1 641 1976
LPo2/LPy 627.3 2118.7 629.1 2098.4°

2Those idler wavelengths have been calculated from the experimental signal wavelengths.

intermodal FWM.>7 In a similar way, the parametric sideband
pump at 948 nm in the LP;; mode plays the role of a secondary
pump that generates the FWM sideband at 667 nm in the LPg;
mode, as shown experimentally in Fig. 4 and theoretically in
Fig. 6(b). To confirm the role of this secondary pump, we must
take into account the idler wavelength and its modal distri-
bution. In this case, the idler wave for a signal at 667 nm in
LP, is expected at 1638 nm in the LPy; mode. Since the fiber
was designed to be bimodal (LPy and LPy;) at 1550 nm, how-
ever, the LPy mode is not guided at 1658 nm and this idler
sideband cannot be observed experimentally. Table I summa-
rizes the phase-matching calculations and comparison with all
experimental data. As can be seen, the agreement for all FWM
products is satisfactory, confirming the main intermodal FWM
processes that occur in the step-index fiber. The idler wave-
lengths for far detuning beyond 1300 nm have been calculated
from the experimental signal wavelengths. It is important to
stress that they are absent from the experimental SC spectra
of I'igs. 3 and 6 since they are part of the continuum. It follows,
therefore, that the corresponding FWM signals probably arise
from stimulated FWM processes involving the pump and the
infrared continuum.

CONCLUSION

To conclude, we have reported in this work on the exper-
imental generation of supercontinuum spanning two octaves
from 560 to 2350 nm in a step-index few-mode fiber pumped
with a Q-switched microchip laser at 1064 nm. We have clearly
identified the spectral broadening arising from both cascaded
Raman scattering and intermodal nonlinear four-wave mix-
ing processes. These results highlight the fact that wideband
fiber-based SC generation can be achieved in the normal dis-
persion regime without involving solitons and dispersive wave
generation. Moreover, a good agreement has been obtained
between our theoretical predictions based on phase-matching

APL Photon. 4, 022905 (2019); doi: 10.1063/1.5045645
© Author(s) 2018

conditions of intermodal FWM and experimental observations
of generated FWM sidebands. We anticipate that the results
demonstrated in this work may provide a convenient and novel
approach enabling efficient SC generation far from the zero-
dispersion wavelength of optical fibers and may stimulate new
possibilities for technological applications of multimode and
few-mode fibers. A new orientation of this field with different
materials and waveguides such as a silicon nitride (SiN) chip
has received recent attention.?”
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