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We report the first chalcogenide-based optical parametric
oscillator (OPO) relying on pure parametric gain. The
all-fiber OPO operates in the wavelength range of 2 pm
and is tunable over 290 nm from the combined Stokes
and anti-Stokes contributions. The gain medium is a 10 cm
long chalcogenide microwire made from a high modal con-
finement As,Se; core with cyclo olefin polymer cladding,
leading to optimized chromatic dispersion, high nonlinear-
ity, and broadband transparency. With a power threshold
of only a fraction of a milliwatt, this design is promising for
the fabrication of tunable, compact, and low-power con-
sumption mid-infrared sources. © 2016 Optical Society of
America

OCIS codes: (190.4410) Nonlinear optics, parametric processes;
(190.4370) Nonlinear optics, fibers; (190.4970) Parametric oscillators
and amplifiers.
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Optical parametric oscillators are the most efficient and flexible
sources to access broadband or unconventional wavelength
bands [1]. Confined within an optical fiber path, fiber optical
parametric oscillators (FOPOs) provide the additional advan-
tages of compactness, mechanical stability, reliability of opera-
tion, beam quality, and easy integration with fiber systems [2].
A number of FOPO designs have been proposed that, together,
cover the transparency range of silica glass. While wavelengths
at 2 pm and above are important for chemical sensing appli-
cations, FOPOs designed for these wavelengths are limited by
the relatively large attenuation and low nonlinearity of silica. In
2010, Gershikov et /. demonstrated the operation of a FOPO
at a wavelength of 2 pm. The FOPO was enabled by a 200 m
long highly nonlinear silica fiber, leading to propagation losses
of 15 dB and a required 30 W of pump power to reach the
oscillation threshold [3].

As an alternative to silica, chalcogenide glasses (e.g., As,Ses,
As,S3) are intrinsically highly nonlinear and transmit mid-
infrared light at wavelengths up to 12 pm [4]. A most inter-
esting approach is to use microwire geometry, providing the
flexibility of the chromatic dispersion parameters and an
enhancement of the nonlinear effects [5-9]. By an appropriate
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design of the chromatic dispersion properties, chalcogenide
microwires can yield significant parametric gain spanning over
a broad spectral range [10].

Ahmad ez al. reported the first Raman-assisted FOPO based
on chalcogenide glass, using an As,Se; microwire to generate
parametric oscillation at output wavelengths of 1.605 (Stokes)
and 1.502 pm (A-Stokes) [11]. However, wavelength tunability
was limited to the Raman gain bandwidth of only a few
nanometers.

In this Letter, we demonstrate the first chalcogenide-based
FOPO that oscillates from pure parametric gain. The broad
oscillation spectrum of the FOPO is divided into two sections:
a first set of wavelengths for which the gain originates from a
pure parametric process, and a second set of wavelengths for
which the gain is a combination of parametric and Raman proc-
esses. The FOPO is tunable from 1.980 to 2.142 pm (Stokes)
and from 1.770 to 1.898 pm (A-Stokes). The average power
threshold of the FOPO is 487 pW with a slope efficiency
of 2%. This demonstration is an important step toward the
development of compact and tunable, compact and low-power
consumption optical sources for the mid-infrared.

The microwire used in this investigation is fabricated from a
three-layer composite that consists of an inner core of As,Se;, an
intermediate layer of cyclo olefin polymer (COP), and an outer
layer of poly-methyl methacrylate (PMMA) [12]. Figure 1
presents a schematic of the microwire composition and geometry.
The microwire has a uniform diameter profile results from the
careful tapering of a section of hybrid fiber [13]. In this
structure, the large refractive index contrast between As,Se; core
(npse = 2.81) and COP cladding (ncop = 1.48) tightly con-
fines the optical mode in the microwire core and enables chro-
matic dispersion engineering. The COP cladding preserves
transparency in the 2 pm wavelength band and ensures optical
insulation of the evanescent wave from the ambient environment.

COP cladding (gcop=190.2 um)
As;Se3 Core (gs=18.2 um)
PMMA coating (#mms=770.0 um

Microwire Transition Hybrid
section section fiber

Fig. 1. Hybrid microwire composition and geometry (not to scale)
with the reflection optical micrograph of its facet.
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Fig.2. Group velocity dispersion f3, (in ps?/m) for the fundamental
mode of the microwire as a function of the core diameter. The zero

dispersion wavelength with corresponding microwire core diameter is
illustrated by the solid line.

The group velocity dispersion f#, of the fundamental mode
propagating in the microwire can be engineered to zero, nor-
mal, or anomalous, depending on the target application [14].
Figure 2 shows the group velocity dispersion spectrum of the
fundamental mode as a function of the microwire core
diameter.

Parametric gain is present when the pump and signal wave-
lengths satisfy the phase-matching condition of degenerate
four-wave mixing [15]. Figure 3(a) shows second- and
fourth-order dispersion coefficients (f, and f,) of the hybrid
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Fig. 3. Simulations for the hybrid As,;Se;-COP microwire.
(a) Second- and fourth-order dispersion coefficients of the fundamen-
tal mode as a function of the microwire core diameter at a wavelength
of 1.938 pm. (b) Parametric gain spectrum (in dB) of a 10 cm long
microwire as a function of the core diameter. The peak pump power is
2.4 W at a wavelength of 1.938 pm. The dashed lines indicate the
positions of a zero dispersion diameter (ZDD) and maximum
Raman gain wavelength (4z).
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As,Se;-COP microwire as a function of the core diameter at
a wavelength of 1.938 pm. The sixth- and higher-order
dispersion coefficients are neglected, given the relatively small
frequency shift of interest. Figure 3(b) shows the parametric
gain expected in a 10 cm long microwire with a peak pump
power of 2.4 W, using a propagation matrix method [16].
The wavelength at which the Raman gain maximum occurs
(2.025 pm) is indicated by a horizontal dashed line [17]. A
microwire with a core diameter of ~1.55 pm has a Raman gain
maximum that superimposes at the same wavelength as the
parametric gain maximum. A narrow band parametric gain
is achieved at a core diameter in excess of 1.6 pm, where /3,
is positive and f; is negative [18].

The microwire used in this investigation is designed with a
core diameter of 1.47 pm, combined with a high optical con-
finement and a high nonlinear refractive index of As,Se;
(7, =7.6x 10718 m? /W at 1.94 pm [19]), leading to a high
waveguide nonlinearity of y =24 W'm™ and a zero
dispersion wavelength of Azp = 1.875 pm. The lengths of
the microwire and transition sections are 10 and 2 c¢m, respec-
tively. Both ends of the hybrid fiber are polished and butt-
coupled to SMF-28 via UV-cured epoxy and result in a
SMF-to-SMF insertion loss of 8 dB, including a 0.3 dB/cm
of propagation loss at 2 pm in the microwire due to COP ab-
sorption and diameter nonuniformities and 0.5 dB per interface
due to the Fresnel reflection loss at the chalcogenide-silica
interfaces; the rest is attributed to mode-mismatch and
misalignment losses.

Two sets of experiments are described next: the first set of
experiments focuses on the single-pass parametric gain of a hy-
brid As,Se;-COP microwire, whereas the second set of experi-
ments employs this gain medium to make an optical parametric
oscillator. In the first set of experiments, the single-pass para-
metric gain is measured with a pump-probe configuration.
Pump pulses with a full-width at half-maximum (FWHM)
duration of 800 fs are provided by a 30 MHz thulium-doped
mode-locked fiber laser with a central wavelength of 1.938 pm.
The pulses are amplified by a thulium-doped fiber amplifier
and, subsequently, filtered by a 2 nm FWHM tunable bandpass
filter to lengthen the pulse duration to ~3 ps FWHM, as well
as to eliminate the amplified spontaneous emission noise from
the fiber amplifier. A wavelength-tunable thulium fiber laser is
constructed following [20] and serves as a continuous wave
probe signal. The probe signal linewidth is <0.05 nm, limited
by optical spectrum analyzer resolution bandwidth. The pump
and probe are coupled into the microwire via an 80/20
silica fiber coupler. The polarization states of the pump and
probe are co-aligned using polarization controllers. The para-
metric gain of the probe is measured as a function of the probe
wavelength from 1.955 to 2.040 pm. The average pump power
coupled into the microwire is 0.23 mW corresponds to a peak
power of 2.4 W, while the input probe power is kept at
0.025 mW. Figure 4(a) shows the output spectra recorded
on an optical spectrum analyzer with a dynamic range >55 dB,
and a resolution bandwidth set to 1 nm and a sampling interval
set to 0.1 nm. The amplified signals and generated idlers are
pulsed as a consequence of the pulsed pump. Parametric signal
gain and idler conversion gain values for each probe signal
wavelength are extracted by integrating amplified signal side-
bands and idler spectra, and calculating the ratio between
the amplified signal/idler peak power and probe signal average
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the cavity and extract them after one round-trip, a tunable
optical delay line (ODL) to precisely adjust the cavity length
according to the repetition rate of the pump laser, a polarization
controller (PC) to ensure that the oscillating pulses always get
back to their initial polarization state when entering the micro-
wire, and an 80/20 broadband fiber coupler to sample the in-
cavity power. The PC is composed of a 3.4 m long high
numerical aperture and normal dispersion fiber to partially
compensate for the total cavity dispersion. All the components
with the exception of the microwire and the PC are made
with SMF-28 fiber, which has an anomalous dispersion at
2 pm. Total cavity dispersion is slightly anomalous with
~0.09 ps/nm at 2.023 pm. At the output coupler, 80% of
the signal is fed back to the cavity, and 20% serves to monitor
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Fig. 4. (a) Superimposition of single-pass parametric amplification

spectra resulting from several probe wavelengths. (b) On-off paramet-
ric signal gain (blue circles), idler conversion gain (red triangles), and
insertion loss of the pigtailed microwire (black solid line).

power [21]. Figure 4(b) shows the signal and idler gain as a
function of the wavelength. The microwire provides an optical
gain resulting from the superimposition of a broad parametric
gain and Raman gain. A maximum gain of 15.5 dB occurs at a
wavelength of 2.025 pm, corresponding to the Raman fre-
quency shift in As,Se;, that is Af~6.7 THz or Al~
87 nm with respect to the pump wavelength. The measured
parametric gain is lower than the theoretical value by up to
9 dB as a result of random diameter fluctuations and, thus,
longitudinal dispersion fluctuation along the length of the
microwire [22,23].

Figure 5 presents the FOPO as a result of inserting the gain
medium in a resonant cavity. The FOPO is composed of a
wavelength-selective coupler to combine the pump pulses in

TDFA

TBPF  pC

Microwire

Fig. 5. Experimental setup of the FOPO. MLFL, mode-locked fiber
laser; TDFA, thulium-doped fiber amplifier; TBPF, tunable bandpass
filter; WDM, wavelength division multiplexing coupler; PC, polarization
controller; ODL, optical delay line; OSA, optical spectrum analyzer.

the signal.
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Fig. 6. (a) Output signal pulse energy versus the input pump pulse

energy. Inset: output signal spectrum evolution with an increasing in-
put pump pulse energy. (b) Output spectra of the FOPO for various
delay settings. The black curve shows the FOPO round-trip cavity loss.
(c) Output spectra of the FOPO showing first- and second-order para-
metric oscillation. The delay line is adjusted for first-order Stokes set at

2.023 pm (blue) and 1.991 pm (red).
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The FOPO reaches the oscillation threshold when the total
nonlinear gain exceeds the total round-trip loss of 14 dB, and
when the cavity length enables the synchronization of the
pump and oscillating pulses. Figure 6(a) shows the output sig-
nal pulse energy as a function of the input pump pulse energy
for the FOPO output at a wavelength of 2.023 pm. The thresh-
old pump pulse energy is 16.2 pJ, corresponding to 5 W of
peak power, with a slope efficiency of 2%. The inset shows
the evolution of the FOPO output signal optical spectrum
as the input pump pulse energy increases. A slight tendency
for saturation in the output pulse energy is observed due to
pump depletion. At higher pump power levels, undesired non-
linear effects (e.g., self-phase modulation, cross-phase modula-
tion, supercontinuum generation) appear because of high
nonlinearity in the microwire. These undesired nonlinear ef-
fects can be avoided by increasing the pump pulse width or
by shortening the microwire.

The FOPO is wavelength-tuned by adjusting the cavity
length via the optical delay line with a rate of ~10 nm/ps.
Figure 6(b) shows the spectra of the FOPO at several wave-
lengths. On the long wavelength side (Stokes), the FOPO
wavelength is continuously tuned from 1.980 to 2.035 pm,
corresponding to a total tuning range of 55 nm. This wave-
length span exceeds the Raman gain bandwidth and, thus,
the FOPO oscillation is maintained solely by a parametric gain
in the wavelength range of 1.980 to ~2.005 pm. The input
pump pulse energy requires up to 25.5 pJ to access the com-
plete tuning range. On the short wavelength side (A-Stokes),
the FOPO wavelength is continuously tuned from 1.850 to
1.898 pm, corresponding to a total tuning range of 48 nm.
The shortest walk-off length between the pump pulses and
the oscillating signal pulses in the microwire is ~18 cm.
This is almost twice as long as the microwire and, thus,
temporal walk-off is not expected to play an important role
on the performance of the FOPO.

The FOPO also shows evidence of cascaded parametric
oscillation, as noticed from Fig. 6(b). Figure 6(c) shows two
FOPO outputs for two positions of the optical delay line.
The first orders of the FOPO can be tuned from 1.980 to
2.035 pm (Stokes) and 1.850 to 1.898 pm (A-Stokes), whereas
the second orders can be tuned from 2.024 to 2.142 pm
(Stokes) and 1.770 to 1.859 pm (A-Stokes). Thus, in total,
the FOPO is tunable over a spectral range of 290 nm.

In conclusion, we have demonstrated the first 2 pm band
FOPO using a highly nonlinear chalcogenide microwire.
The parametric gain of the FOPO is sufficiently strong to
support oscillation without the support of Raman gain. The
FOPO has a low peak pump power threshold of 5 W and a
slope efficiency of 2%. The first-order oscillating signal can
be tuned from 1.980 to 2.035 pm on the Stokes side and from
1.850 to 1.898 pm on the A-Stokes side. With the help of
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cascaded four-wave mixing, the FOPO can cover a total tunable
wavelength range of 290 nm. The FOPO has a lower threshold
and a higher slope efficiency, compared to previously reported

FOPOs in the same wavelength band [3,24].
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