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Mid-infrared generation beyond 3.5 um in a graded-index silica fiber
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Abstract. We present theoretical as well as experimental evidence of far-detuned nonlinear wavelength con-
version towards the mid-infrared, namely beyond 3.5 um, in a few-mode graded-index silica fiber pumped at
1.064 um. We take into account the full frequency-dependence of the propagation constants, which allows us
to obtain excellent agreement of theoretical predictions with experimental observations and provides new and
accurate interpretation of intramodal and intermodal four-wave mixing processes in few-mode fibers.

1 Introduction

Multimode optical fibers (MMFs) have been used as a ver-
satile and efficient platform to investigate rich and com-
plex spatiotemporal dynamics, such as geometric para-
metric instability, beam self-cleaning, and multimode soli-
tons [1, 2]. Most of the above phenomena are strongly
dependent on the refractive index profiles of MMFs.
Graded-index (GRIN) fibers exhibit a remarkable feature
of nearly equally-spaced effective refractive indices of
guided modes, thus providing favored conditions for the
emergence of new phase-matched processes. Such a guid-
ing property results in the beating of the propagating mul-
timode beam, i.e., the self-imaging effect and periodic
modulation of light intensity along the fiber length, thus
giving rise to the geometric parametric instability (GPI),
in which collective far-detuned spectral sidebands (linked
to numerous intermodal four-wave mixing combinations)
emerge on both sides of the pump [1]. When considering
a few-mode fiber, the number of intermodal couplings is
strongly reduced and easier to identify. Therefore, the gen-
erated frequencies can be investigated through the phase-
matching conditions of each four-wave mixing (FWM)
process possibly involved [3].

To date, research on intermodal FWM and GPI in
MMFs has mostly focused on studying the bands emerg-
ing on the short-wavelength side of the pump laser (i.e.,
in the visible or near-infrared region) in fibers with rel-
atively large core diameter (50-100 um) [1, 4-6]. This
is mainly due to the limited transparency window of sil-
ica fibers (0.4 — 2.4 um) commonly accepted. To the best
of our knowledge, the possibility of generating sidebands
far from the pump wavelength, in the mid-IR region, has
not been investigated so far. However, it is worth men-
tioning that supercontinuum generation has already been
demonstrated up to 3 pm in short segments of single-mode
germanium-doped silica fibers [7].
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2 Theoretical predictions

Based on the analysis given in Ref. [3], any degenerate-
pump-frequency (intra- or intermodal) FWM in a GRIN
fiber can be described by the following phase-matching
condition (in the near-linear regime): AB = S8, +ﬁf7 -pb -
BY = 0, where 87 is the propagation constant of the spa-
tial mode « at the pump frequency w,. Superscripts s, i
represent the signal, and idler frequencies, respectively.
Note that here we restrict our analysis to scalar LPg,,
modes. The above phase-matching condition can be an-
alyzed as a function of the mode number m. In practice,
the propagation constant of mode LPy, in a GRIN fiber
can be well approximated by the summation of the ma-
terial dispersion and the waveguide contribution, as fol-
lows: B, = 2mng/A — 2m — 1) V2A/R, where A is the
core/clad relative index difference for a parabolic index
profile, ny the maximum refractive index of the core, and
R the core radius. In our study, we used a commercially-
available few-mode GRIN fiber with the following param-
eters: R =11 um and A = 0.0089 [4].

From this general phase-matching expression, one can
derive the GPI relation when highly multimode excitation
is considered at the pump frequency: Boom(2) = h V2A/R,
where i = 1,2... denotes sideband number, and S¢°%(Q) =

core

en

pansion of material dispersion. Taking into account the
dispersive terms up to the second or fourth order only,
one can retrieve the simplified GPI relations reported in
Refs. [1, 6], which can also be applied for degenerate-
pump-frequency intermodal FWM [3, 4]. However, it
is worth to mention that the useful collective approach
of the GPI picture commonly based on the equidistant
distribution of propagation constants does not allow to
fully capture the fine spatial and spectral structure of GPI
peaks, as recently observed in Ref. [8]. Besides, we have
checked that using only a finite-order Taylor-series expan-
sion of propagation constants when analyzing such broad-
band frequency conversions may induce some misinterpre-
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tation of mode combinations involved in intermodal FWM
processes. Consequently, the phase-matching curves pre-
sented below were obtained by taking into account the full
frequency dependence of the propagation constants.

3 Experimental results and discussion

To investigate intramodal and intermodal FWM processes
in our GRIN fiber, we used a high-power laser which de-
livers 400 ps pulses at 1064 nm with a repetition rate of
1kHz. Pump power and polarization were controlled by
means of a polarizer combined with a half-wave plate, and
next coupled into the fiber with a 10X microscope objec-
tive. In the following, we only report some of our measure-
ments obtained with a fiber length of 70 cm optimized for
maximum conversion into the mid-IR range. We used two
optical spectrum analyzers to record the fiber broadband
output spectrum extending from the visible to the mid-IR.
To capture near-field images of the fiber output, we used
two cameras and a set of spectral filters.

We analyze two typical output spectra that can be ob-
served for a constant pump power coupled into the fiber
(average power of 30mW) but slightly different spatial
light couplings. As a first example, when maximizing
coupling into the fundamental mode, the spectrum col-
lected at the fiber output is shown in Fig. 1b. The pump
is spectrally broadened by intermodal modulation insta-
bility due to mode couplings [9], but worth noting is the
emergence of two far-detuned peaks located at 625 nm
and 3575 nm, corresponding to a symmetric detuning of
about 200 THz. Such spectral positions correspond to
wavelengths of idler and signal of FWM process involving
combination of guided LPy; (Fig. 1a). A near-field spa-
tial characterization of filtered spectral peaks (see insets in
Fig. 1b) confirms the intramodal nature of the FWM pro-
cess involved in Fig. 1b. The spatial intensity patterns are
all assigned to the fundamental mode LPy;, whose full-
width at half-maximum significantly broadens over the
fiber core with wavelength. To the best of our knowledge,
this observation is the most far-detuned frequency conver-
sion into the mid-IR range performed with a silica fiber.
The phase-matching condition is here fully driven by the
higher-order dispersion of solely the fundamental mode of
the GRIN fiber.

As another example, when slightly changing the posi-
tion of the fiber around the input focal plane (with same
coupled power), we collected the output spectrum shown
in Fig. 1d. We obtained a similar spectrum with broadened
pump and two far-detuned peaks at +200 THz, but a new
set of frequency peaks have emerged in the visible region,
as reported in Ref. [4]. In this configuration, we simul-
taneously excite LPy; and LPy, at pump frequency, thus
enabling the superposition of both intra- and intermodal
FWM processes, with very similar phase-matched fre-
quencies (see black curve in Fig. 1c for FWM process in-
volving combination of 4 = v = LPy | and n = k = LPy).
As a consequence, the idler band around 625 nm (+200
THz) is composed of LPj; (generated with intramodal
FWM) and LPy, (generated with intermodal FWM). This
nonlinear dynamics enables several mode combinations

and phase-matched interactions, through which multiple
sidebands are generated in the visible and near-IR regions.
The positions of experimentally observed bands are in ex-
cellent agreement with our theoretical predictions (blue
curves in Fig. 1c). Details will be discussed during the
meeting.
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Figure 1. (a) Calculated FWM phase-matching AS for LPy
only. (b) Experimental spectrum measured at the fiber output for
optimizing conversion efficiency into the mid-IR (i.e., maximiz-
ing coupling into the fundamental mode). Insets show near-field
spatial intensity profiles captured at the fiber output. (c) Cal-
culated FWM phase-matching for several intermodal FWM pro-
cesses. (d) Experimental spectrum measured at the fiber output
when exciting in input both LPy; and LPy, at pump frequency.

4 Conclusion

In conclusion, we reported a far-detuned wavelength con-
version process in a few-mode GRIN fiber that extends
into the mid-infrared well-beyond the common trans-
parency window of silica. We show that broadband wave-
length conversion in MMFs still deserves further studies,
in particular when looking at the fine spatial-spectral struc-
ture. We will provide a deeper quantitative analysis by
means of accurate numerical simulations based on the uni-
directional pulse propagation equation [10], especially in-
cluding measurements of fiber losses up to 4 um, as well
as the measured refractive index profile.
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