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Abstract: ~ We report the first demonstration of mid-infrared supercon-
tinuum generation in As,Se; chalcogenide microwires with the added
advantage of using low energy pulses. The generated SC covers two octaves
of bandwidth from 1.1 um to 4.4 um at -30 dB. This exceeds the broadest
reported SC bandwidth in As,Ses microwires by a factor of 3.5. The
microwire geometry and pumping conditions are the key parameters in
generating the 3.3 pm bandwidth while using a low pump pulse energy of
500 pJ.
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1. Introduction

Supercontinuum (SC) generation in the 2-5 pm wavelength range of the mid-infrared (IR) at-
tracts alot of attention for applications in diverse fields including optical coherence tomogra-
phy [1], biomedical technologies [2], and molecular spectroscopy [3]. The wavelength region
between 2 um and 5 pm, known as the molecular fingerprint region, is particularly important
since alarge number of molecules undergo strong vibrational transitions leaving unique absorp-
tion signatures. Demonstrations of mid-IR SC have been reported using fibers with different
host materials such as chalcogenide (ChG) [4-8], bismuth [9, 10], fluoride [11, 12], and tellu-
rite [13, 14]. However, there is a continued effort from researchers to devel op all-fiber compact
photonic devices that lower the power requirements for broadband mid-IR SC generation.

Mid-IR SC generation in ChG fibers such as As,Ses and As,Sg is of a specia interest due
to their wide transparency window [15] and their high nonlinear refractive index (ny) that isup
to ~930 times that of silica[16]. A broadband SC in ChG fibers can be generated by shifting
the zero-dispersion wavelength (ZDW) close to the central wavelength of the pump source. As
aresult, severa structures of ChG fibers have been designed including microwires (also called
nanowires) [17], microstructured [ 18] and tapered microstructured [19] fibers. Such fiber struc-
tures control the waveguide dispersion and increase modal confinement and nonlinearity [20].

In recent years, several experimental and theoretical investigations on mid-IR SC genera-
tion were reported in ChG microstructured fibers [5, 6, 14, 21-24] and microwires [25, 26].
For example, Mouawad et a. [24] reported SC generation from 0.6 um to 4.1 um in As$;S3
microstructured fibers from 200 fs pulses at awavelength of 2.5 um. Marandi et al. [25] experi-
mentally demonstrated SC from 2.2 pm to 5.0 pmin an As, Sz microwire pumped by sub-100 fs
pulses at a wavelength of 3.1 pm. Shabahang et al. [27] obtained SC from 0.85 pm to 2.35 pm
in composite ChG microwiresusing 1 ps pulses at awavelength of 1.55 um. For fibers based on
As;Se; (~4x ny of AspS3 fiber [28]), SC from 2.1 um to 3.2 um was experimentally demon-
strated using microstructured fibers [5] pumped with 100 fs pulses at a wavelength of 2.5 um.
Using such fiber structures of As;Ses, theoretical investigations have shown the possibility of
extending the SC up to awavelength of 12 um under long pump wavel ength condition [29, 30].

In As;Sez microwires, a SC from 1.15 pum to 1.70 um was first demonstrated by Yeom et
al. [17] using 250 fs pulses with an energy of 2.2 pJ and awavelength of 1.55 um. Recently, we
have shown that the extent of SC spectral broadening is limited by two-photon absorption at
this pump wavelength [31]. We experimentaly demonstrated a SC that spans from 1.26 pm to
2.20 um by using a 90 fs Raman soliton with an energy of 14 pJ and a wavelength of 1.77 pm.
However, a SC in the 2-5 pm wavelength range has yet to be demonstrated using As,Ses mi-
crowires. To generate a SC covering most of the 2-5 pm spectral band, the challenge remains
to design amicrowire with the proper dispersion profile and selecting the appropriate pumping
conditions.

In this paper, we demonstrate the first use of As,Ses microwires to generate a SC in the
mid-IR. To achieve a SC in this spectrum range, we use pump pulses of 800 fs duration at a
wavelength of 1.94 ym. The SC covers a bandwidth of two octaves from 1.1 um to 4.4 pm,
and this exceeds the broadest reported SC spectrum in As,Ses microwires by a factor of 3.5.
The combination of the microwire geometry and the highly nonlinear As;Ses glass resultsin
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the redlization of mid-IR SC at low pump power levels. The use of relatively long pulses of
800 fs prevents significant changes of their temporal and spectral profile while propagating in
the untapered and transition regions of a tapered fiber (see e.g. [32]).

2. Experimental setup

Figure 1 shows a schematic of the SC source. The pump laser isa Tm-doped mode-locked fiber
laser emitting pulses centered at a wavelength A = 1.94 um with a FWHM duration of 800 fs,
an energy up to 180 pJ, at arepetition rate of 30 MHz, and an average power of 5.4 mW. A Tm-
doped amplifier is used to elevate the source pulse energy up to 2.6 nJ. Along the Tm-doped
amplifier, the pulse experiences anomalous dispersion and temporally broadens to a FWHM
duration of 3.0 ps. A variable optical attenuator isinserted to control the pulse energy delivered
to the input of the microwire. A Fourier Transform Infrared Spectrometer (FT-IR) is used to
measure the generated SC spectra from the As,Sesz microwire. The detection range of the FT-
IR is bounded by the spectral range from 1to 5 um.

As,Se,
SMF VOA microwire
Pump ] 'Q o e W] FT-IR
laser J FwHM FWHM jniioered  Untapered \_SRectrometer

800fs 3ps

Fig. 1. Experimental setup for SC generation. SMF: single-mode fiber. VOA: Variable op-
tical attenuator. Amp: Tm-doped amplifier.

3. AsSes microwire design

The As;Ses microwire is prepared from an As,Se; fiber that has a core/cladding diameter of
6/170 pm and a numerical aperture of 0.2. The fiber is first pre-tapered to a core diameter of
5.2 ym to match the mode-field distribution in a silica SMF. One of the end-face is polished
and butt-coupled to a standard silica SMF. The Fresnel reflection, mode-mismatching, and the
degree of alignment at the SMF-As,Se;s interface induce a measured coupling loss of ~1.6 dB.
Using the tapering process described in [33], a1 cm long section in the central part of the fiber
is heated and stretched into a 10 cm long microwire, resulting in a tapering loss of 2 dB. This
is because of the surface scattering loss in the micrwoire region [34]. The fabricated tapered
fiber thus consists of an untapered input section, a transition region, a microwire section, a
transition region, and an untapered output section. The output end of the fiber is polished and
left unconnected. The light emerging from the tapered fiber output travels through an open-air
path before reaching the FT-IR.

2000 160 1.22
-t -

0 1 oA 20 k118
= 120 1 _- _
< -2000 - = ’/z L 114 £
S < 80 - =2
£ 4000 \ | s - = . S R

~ .
\ --d=0.6um "~ — 'ump wavelengtl
= 6000 | \ |/ --d=i2um w090 .- =isd0nm 06
NV -.d=1.6um P '
a —d=20 b
8000 L3 ‘ ‘ ‘ L 0 o) — 1.02
1000 1300 1600 1900 2200 2500 2800 1000 1300 1600 1900 2200 2500 2800
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Fig. 2. @) Dispersion profiles of As,Sez microwire with diameters varying between 0.6 um
and 2.0 um. b) Waveguide nonlinearity and effective mode area of AsySez microwire with
adiameter of 1.6 um.
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Efficient SC generation in the microwire requires precise control of the group velocity dis-
persion (GVD) profile. Figure 2(a) shows the calculated GVD versus wavelength for several
As,Ses microwire diameters, while Fig. 2(b) depicts the waveguide nonlinearity (y) and effec-
tive mode area (Ag) of As,Ses microwire with a diameter of 1.6 um. For the microwire with
a diameter of 1.6 um, the pump pulse lies close to the ZDW (~1.85 pm) in the anomalous
dispersion regime with B, = -130 ps?/km, Ags = 1.13 pm? and y = 32.2 W—1m~1. This pump
condition isideal to achieve maximum spectral broadening [35].

4, Resultsand discussion

4.1. Mid-IR SC using pump laser without amplification

To obtain the optimal microwire diameter for maximum spectral broadening, the SC is meas-
ured experimentally using microwires of various diameters. For these measurements, the SC
spectraare generated using the 800 fs pump laser at maximum output average power, and with-
out the Tm fiber amplifier. Figure 3(a) shows the resulting spectra as a function of microwire
diameters. The maximum spectral broadening is obtained from the microwire with a diameter
of 1.6 pm.

Next, the optimal microwire diameter for SC generation with adiameter of 1.6 umispumped
at various power levels. Figure 3(b) depicts the experimentally generated (solid-lines) SC spec-
tra from the 1.6 pm microwire diameter as a function of the pump pulse energy. The pulse
energy values presented in the figure take into consideration the coupling loss to the tapered
fiber and corresponds to a soliton number that increases from ~35 to 87. At the pulse energy
Ep = 124 pJ, the spectrum covers a spectral bandwidth from 1.43 um to 2.65 pm at 20 dB below
the peak value.

To confirm the experimental results, numerical simulations of SC generation are aso per-
formed by solving the generalized nonlinear Schrodinger equation, using the Runge-Kutta in-
teraction picture method. Due to shot-to-shot fluctuations in the input spectra, an ensemble of
20 simulations are carried with different initial random noise seeds for each input pulse. The
mean spectrum of this ensemble is aso averaged using a bandwidth resolution which is com-
parable to laboratory measurements to mimic the finite spectrometer spectral resolution.

Figure 3(b) shows also the numerically calculated SC spectrain dashed-lines as afunction of

Ep=124pJ /\\J\ — d=0.6um
Il
mm

d=1.6um
- - Simulation
— Experiment ,

AasanAerN oal

Power spectral density (10dB/div)
ower spectral density (10dB/div)

— d=1.6 um|
(a)mdzzwm e, TN
,I‘ i \\\
A = . h POV aAVA a . . - N
1200 1600 2000 2400 2800 1200 1600 2000 2400 2800
Wavelength (nm) Wavelength (nm)

Fig. 3. @ Experimentally generated SC spectra from As,Ses microwires with diameters
varying between 0.6 pm and 2.0 ym. The input pulse energy to the microwires is 124 pJ.
b) Experimentally generated (solid-line) and calculated (dashed-line) SC spectra from a
microwire with a diameter of 1.6 um using various pump power levels.
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the pump pulse energy. The numerical simulations and the experimentally measured SC spectra
agree reasonably well. In the numerical simulation, an 800 fs sech pulse profile is assumed to
propagate a path of 370 cm along a SMF, through a3 cm untapered input section length, 4.4 cm
transition regions (both sides of the microwire), a 10 cm microwire, and a 1 cm untapered
output section. The pulse is discretized into 24 samples with a temporal window width of
64 ps. The higher-order dispersion terms are included up to 9th order. The contribution of self
steepening and the delayed Raman response are included with fgr =0.1, 7,=23 fsand 7,=195 fs
are chosen to best fit with the experimental measurements [6] of the Raman gain spectrum
in As;Ses. Two-photon absorption TPA(A) [31], a:(4) (i.e. intrinsic, coupling, and fabrication
losses), Kerr nonlinearity index nz(4), and effective mode area Ag(A) curves are also used for
the simulation.

4.2.  Mid-IR SC using amplified pump laser

To extend the SC broadening further to the mid-IR, the pump laser is amplified using the Tm
fiber amplifier. The bottom plot in Fig. 4 depicts the pump pul se spectrum before and after am-
plification together with the measured autocorrelation trace of the amplified pulse. Observation
of the superimposed spectra reveal s that the amplifier has no influence on the increase in pump
pulse spectral width. However, the measured autocorrelation trace indicates that the amplifier
contributes to temporal-profile broadening from chromatic dispersion, bringing the amplified
pulsewidth to a duration of 3.0 ps. This pulsewidth value corresponds to autocorrelation dura-
tion of 4.2 ps. After amplification, the pulse energy reaches 2.5 nJ. The pulseis then sent to an
attenuator to control itsenergy at the entrance of the tapered fiber. In the untapered input section
and transition region of the tapered fiber, the amplified pul se experiences normal dispersion and
compensates most of its temporal broadening without undergoing significant spectral broaden-
ing. SC generation occurs in the microwire section of the tapered fiber. Figure 4 aso depicts

d=16pm Ep = 500p)

H,0, OH Ep =240p)

Autocorrelation trace

Power spectral density (10dB/div)

Absorbance

1000 1500 2000 2500 3000 3500 4000 4500
Wavelength (nm)

Fig. 4. Experimentally generated SC spectrafrom amplified pump pulses using amicrowire
with a diameter of 1.6 um and for various amplified pump power levels. The inset in the
bottom plot shows the autocorrelation trace of the amplified pump pulse.
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the experimentally generated SC spectra from amplified pulses of E, = 240 pJ and E, = 500 pJ
using a1.6 um microwire diameter of 10 cm long. The broadest spectrum extends from 1.10 pm
to 4.40 um at -30 dB and from 1.46 um to 3.70 um at -20 dB relative to the peak value. The
dip in the spectrabeyond 2.50 um is attributed to the water vapor absorption in the surrounding
air [36] while traversing the 1.25 m path length inside the FT-IR and between the fiber and
the FT-IR. The dip is a'so linked to the OH impurity band in As,Ses which is centered around
a wavelength of 2.90 um [37]. This leads to a reduction in the energy carried at wavelengths
beyond the OH impurity absorption band. The ratio of energy transfer to the mid-IR regime can
be enhanced by using pump sources of higher pulse energy [29], sources operating at longer
wavelengths [30, 38,39], or by purifying the As;Ses glass from impurities [37].

5. Conclusion

In conclusion, we have demonstrated SC generation in the mid-IR regime using an As;Ses
microwire of 10 cm long and a diameter of 1.6 um. The SC is generated by pumping with low
energy pulses of only 500 pJ at a wavelength of 1.94 um. The generated spectrum covers a
broad spectral bandwidth region spanning from 1.1 pum to 4.4 ym. The realization of the 3.3 pm
bandwidth using low energy pulsesis achieved by optimizing the microwire diameter and using
the highy nonlinear As,Ses glass.
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