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Fig. 1 Refractive indices of glass hosts and fiber transmission loss. (a) Refractive indices of fiber core, inner cladding

glass, and outer cladding glass; (b) loss of single-clad and double clad fibers
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Fig. 2 Structure and refractive index profile of double-clad chalcogenide fiber taper. (a) Schematic of double-clad

chalcogenide fiber taper; (b) cross-section and refractive index profile of double-clad chalcogenide fiber
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Fig. 3 Fundamental mode dispersion characteristic curves of

double-clad (solid) and single-clad (dashed) fiber tapers
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with different transition region lengths
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Abstract

Objective

Supercontinuum (SC) sources with spatial coherence, broad bandwidth, and high brightness have

received considerable attention due to their significant potential in various applications, such as sensing, biomedical

science, and spectral tissue imaging. In particular, the mid-infrared (MIR) spectral region is regarded as an

important topic because most molecules exhibit fundamental vibrational absorption bands in this region and leave

distinctive spectral fingerprints. Chalcogenide (ChG) glass has a comparatively wide transparency window (over

20 pm) and high optical nonlinearity (up to a thousand times greater than that of silica glass), making them as

excellent candidates for MIR SC generation. Using fiber tapers with all-normal dispersion (ANDi) is an effective
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method to generate a broadband SC spectrum with high coherence in ChG fibers. However, extremely small
diameters of a few micron of the tapered step-index fiber result in an energy loss in the transition region and a very
low mechanical strength during preparation, optical testing and practical applications. To improve the mechanical
strength and enhance the nonlinearity of the fiber, double-clad fiber tapers can be considered, which can achieve an
ANDI characteristic by adding one clad layer.

Methods The ChG double-clad fiber (DCF) used in this work is made of Ge;As,; Sey, Te,, core glass, Gejs Asy; Seys Te s
inner cladding glass, and Ge;As,; Se;, Tey, outer cladding glass. High-purity materials are purified to remove oxygen,
water, and carbon by dynamical distillation, and three glass rods (core size of 9 mm X 15 mm, inner cladding size of
26 mm X 15 mm, and outer cladding size of 26 mm X 15 mm) are prepared using the melt-quenching method. The
linear refractive indices of the cladding glass and core glasses (Fig. 1(a)) are measured using an IR ellipsometer.
The preform [ (ratio of core diameter to cladding diameter is 1:3) and preform [l (ratio of core glass diameter to
inner and outer cladding diameters is 1:3:9) are obtained by isolated stacked extrusion machine and then drawn into
a step-index fiber (SIF) (cladding diameter of 270 pm, and core diameter of 90 pm) and a DCF (outer cladding
diameter of 270 pm, inner cladding diameter of 90 pm, and outer cladding diameter of 30 pum), respectively. A
polyethersulfone (PES) jacket is used to improve fiber mechanical robustness. Transmission losses of the SIF and
DCF in the 3.5-11 pm range are measured via the cut back method by FTIR (Fig. 1(b)). Next, the SIF and DCF
are both drawn by a homemade tapering platform. The schematic of the tapered DCF (T-DCF) (Fig. 2 (a)) and the
cross-sectional image of the DCF (Fig. 2 (b)) are shown. The fundamental mode dispersion characteristic curves
(Fig. 3) of the tapered double-clad fiber (T-DCF, solid) and the tapered step-index fiber ( T-SIF, dashed) are
calculated with the change of the core diameter. The pump pulse used for SC generation from an optical parametric
amplifier (OPA) system has a pulse duration of ~150 fs and a repetition rate of 1 kHz.

Results and Discussions In order to maximize the spectral bandwidth, different pump wavelengths of 4, 5, 6 yum
in the normal dispersion regime under the maximum average pump powers (25, 22, 20 mW) are used, respectively.
The dependence of the resulting SC spectrum (Fig. 4) of 10 cm long ANDi T-DCF at -30 dB is measured under
different pump wavelengths. During the broadening process, SPM plays an important role in the initial stage, which
results in optical wave breaking due to self-steepening and third-order dispersion, leading to a significant blue- and
red-shift of the spectrum. The widest SC spectrum spanning from 1.5 pm to 14.3 pm is obtained when pumped at
6 pm. For comparison, the SC broadening in an ANDi T-SIF (with 10 pm waist core diameter) with the same length
as T-DCF is also measured under the same pumping conditions. In fact, the double clad leads not only to improve the
mechanical strength but also lower the energy loss in the transition region of the tapered fiber for SC generation,
which leads to wide SC generation. In addition, the dependence of the resulting SC spectra on transition region
length (L,) at the same core diameter of 12 pm is also measured (Fig. 5). When the value of L, is increased from
6.5 mm to 9.8 mm, the measured spectral bandwidth of SC shows a tendency to increase both in blue side and red
side. Because a large L, makes the diameter of the transition region change slowly, it is always accompanied by a low
number of high-order modes and low power consumption, leading to a wider SC spectrum in T-DCF. The maximum
broadening of SC generation in a T-DCF and the corresponding spectral coherence property are calculated (Fig. 6),
confirming that the SC spectrum shows a highly coherent property.

Conclusions In summary, an ultrabroadband SC spanning from 1.5 pm to 14.3 pm with a high coherent property is
obtained in a 10 ¢cm long ANDi T-DCF pumped at 6 pm. For comparison, the SC broadening in an ANDi T-SIF under
the same pumping conditions is also measured. Our results show that double clad leads not only to improve the
mechanical strength but also lower the energy loss in the transition region of the fiber taper for ultra-broadband SC
generation, which has a considerable practical potential in various applications.
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