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Abstract: Applications such as bio-imaging and mid-IR sensing demand tailored sources often using different fibers as their basis. A review of source development work using silica and non-silica fibers will be presented with relevant underpinning concepts.
OCIS codes: Fiber optics and optical communications: 060.2310 Fiber optics, Fiber optics and optical communications: 060.4370 Nonlinear optics, fibers, Fiber optics and optical communications: 060.5295 Photonic crystal fibers
1. Introduction
Broad-bandwidth and high-brightness supercontinuum (SC) sources in the near and mid-infrared region are suitable for applications in medicine, molecular fingerprinting, and infrared countermeasures [1]. To achieve widespread use, the SC should exhibit suitable spectral power density and coherence characteristics, and incorporate robust and practical short pulse pump laser sources. The choice of fiber is then vital to ensure the SC has the desired output coherence and power. In this contribution we show practical sources created for our bio-imaging work based on a high coherence SC from Ti:Sapphire laser pumped all-normal dispersion (ANDi) silica fiber and our laser development work on ps Tm fiber sources for mid-IR SC (750 nm to 5 μm) using a fluoroindate fiber and having power of 1.76 W.
2. Experimental bio-imaging results

High coherence SC has been used for two- and three- photon microscopy, that inherently provides depth localization. Typically, fibers with normal dispersion or two-closely-spaced zero-dispersions are used. Sources for Coherent Anti-Stokes Raman Scattering (CARS) microscopy are an ongoing research topic to make bio-imaging in a label-free way more accessible [2]. CARS is a third order process, in which two fields of different frequencies drive the molecular vibrations. Here, we have tailored the bandwidth and obtained a largely linear chirp from the SC using a normal dispersion fiber from NKT (NEG-1) of the appropriate length for our Ti:Sapphire seed so the output is capable of multimodal imaging. Raman imaging was done with the spectral-focusing technique [3] and SHG gave structure-specific data.  
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Fig. 1. Left: Schematic of the experimental setup. Inset: Emission spectrum divided into pump and Stokes. Right: combined image of two modalities- CARS (green) and SFG (red)
  Figure 1. shows the experimental setup and results. A 90 mm length of fiber generated the continuum shown inset. This was divided into short wavelength ‘pump’ and long-wavelength ‘Stokes’ branches before temporally overlapping them with the delay required for SF CARS with ~1610 cm-1 offset. The chirp was balanced using 77 mm of BK7. The images of mouse muscle are shown using both CARS, which has high contrast for the myosin fiber, and sum-frequency modality, which has high contrast for the striated collagen tissue, thus demonstrating the successful multimodal capabilities of our SC. Optimization of the imaging work is ongoing

3. Mid-IR generation in an Indium-Fluoride fiber pumped by a highly practical 20ps Tm MOPA 

SC in fluoride fibers has largely focused on fluorozirconate (ZBLAN) fibers. Fluoroindate fibers have much lower propagation loss in the 4–5.5 μm waveband that overlaps with the absorption bands of carbon oxides. Gauthier et al. reported mid infrared SC generation from 2.4 μm to 5.4 μm in a low-loss fluoroindate fiber pumped by an erbium fiber source and Michalska demonstrated a ps OPG-pumped SC from a small-core indium fluoride fiber covering 2‑5 μm [4]. However, the average powers were tens of mW, which is lower than achieved with ZBLAN. We recently developed a source based on an in-house picosecond thulium-doped-fiber-laser-pumped fluoroindate fiber as shown in Fig. 2. The source produced a 2.7-octave bandwidth spanning from 750 nm to 5 μm, with a 3-dB-bandwidth extending from 2500 nm to 4370 nm and a total output power of 1.76 W. To the best of our knowledge, this is the highest output power ever reported from a fluoroindate fiber.

The fluoroindate fiber from Thorlabs has a core/cladding diameter of 9/125 μm, NA of 0.26 and a single-mode cutoff wavelength of 3.2 μm. The pump is in the anomalous dispersion region with D ≈ 5 ps/(nm*km). The results in Fig. 1 compare the SC from a 4.5 m and 10 m fiber to show the SC evolution. Spectra exhibit the typical characteristics of low coherence SC via ps pumping e.g. havng a residual pump peak. Further broadening into the mid-IR was restricuted by the attenuation beyond 5 μm and the maximum damage-free launched pump power (6 W). 
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Fig. 2. (a) Schematic of the MOPA system from [5].  and (b) Mid-IR SC demonstrated in a 4.5m and 10m length of fiber when pumped at the maximum output power.
4. Summary and conclusion
We review our recent supercontinuum research including in particular the development of practical sources based on either in-place Ti:Sapphire lasers widely used for multiphoton fluorescence bio-imaging and then mid-IR continuum generation at high-power using a small-core indium fluoride fiber pumped by high-peak-power picosecond pulses from a thulium-doped-fiber MOPA system. The details of both the source and the evolution of the continuum will be shown. 
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