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Femtosecond (fs) laser micromachining is a versatile materials processing technology suitable for fabricating a wide range of structures in transparent media. It holds particular promise for microfluidics applications where high quality sub-10 μm channels are essential structures in the development of system-scale lab-on-chip and DNA analysis. Femtosecond microchannel machining in various glasses has been the subject of many previous studies and, whilst debris redeposition and tapering effects precludes high aspect ratio microchannel fabrication using simple frontsurface illumination in air, several more sophisticated approaches have been developed. These include micromachining in vacuum, micromachining with filamentary propagation, micromachining combined with selective etching, and micromachining the reverse side of the sample using water immersion for debris removal [START_REF] Li | Three-dimensional hole drilling of silica glass from the rear surface with femtosecond laser pulses[END_REF].

These previous studies, however, have all used femtosecond lasers with transverse Gaussian beam intensity profiles. In this paper, we describe an alternative and original approach using high-aspect ratio Bessel beams to overcome many of the difficulties associated with femtosecond micromachining with Gaussian beams. Although fs Bessel beam machining has been investigated for laser processing in metals, laser surface nanoprocessing [START_REF] Courvoisier | Surface nanoprocessing with nondiffracting femtosecond Bessel beams[END_REF] and index modification in glass [START_REF] Amako | Microstructuring transparent materials by use of nondiffracting ultrashort pulse beams generated by diffractive optics[END_REF], to our knowledge, the results here are the first to describe its application to the fabrication of glass microchannels and high aspect ratio micromachining. Our results show that Bessel beams can be used to generate taper-free channels of around ~2 µm diameter and ~80 µm length in glass in a straightforward setup without the need for any sample translation. We interpret these results in terms of a specific regime of stable filament formation [START_REF] Polesana | Filamentation in Kerr media from pulsed Bessel beams[END_REF], and identify a working window for the practical use of Bessel beams for glass micromachining. Our experimental setup is shown in Fig. 1. We generate a Bessel beam using a spatial light modulator (SLM) to imprint the spatial phase of an axicon onto the beam of an amplified 100 fs Ti:Sapphire laser operating at 800 nm. The Bessel beam is focused in a Corning 0211 glass sample that rear side is in contact with distilled water. Fig. 2 presents a series of results showing how the characteristics of microchannels machined using Bessel beams vary with input pulse parameters. Fig 2(a) shows measured DIC (Differential Interference Contrast) images of machined channel structures for incident pulse energies of 7 μJ at a repetition rate of 100 Hz. We can clearly identify regions of drilled channels (black regions) as well as refractive-index modification (light regions). In contrast to comparable studies carried out using Gaussian beams the channels and structures in Fig. 2(a) are free of visible tapering over their length, and we stress again that these results are obtained without any sample translation. In the regime where machining is carried out with less that 500 shots, the formation of channels appears stochastic from run-to-run.

Nonetheless, for more than 500 shots, the channel properties (length and diameter) stabilize significantly which is consistent with an incubation process.

The results of our detailed study of channel morphology as a function of incident pulse energy are shown in Fig. 2(b). In these experiments, we observed a clear threshold effect such that channel structures were only observed for energies greater than 6.2 μJ. Below this energy we observed refractive index modifications. Close to threshold ("onset" regime), the individual channels within the series of 10 machined at each pulse energy displayed large variation in length and diameter. However we observed a clear increase in channel length and a similar increase in channel diameter with energy and, significantly, greatly improved stability within the energy range 6.8 -8 μJ. Above 8 μJ, a significant qualitative change is observed. Specifically, the individual channels within the series of 10 that were machined at each pulse energy displayed large variation in their length and diameter. We also see from the DIC images that the machined structure exhibits significant longitudinal variability with both drilled channel (dark) and index-modified tracks (light) clearly apparent. Moreover, within the drilled channels, there is significant transverse variation. As indicated in the figure, this defines a boundary between "stable" and "unstable" channel formation. In the stable regime, channel termination corresponds to a decrease of the intensity at the extremity of the Bessel beam below a minimum threshold for efficient ablation.

Recent studies of fs Bessel beam propagation in Kerr media allow us to suggest a scenario for channel formation in terms of filamentation. Specifically, our results are consistent with the fact that Bessel beam filamentation establishes a single and continuous plasma channel of constant density whose diameter is determined only by the central lobe [START_REF] Polesana | Filamentation in Kerr media from pulsed Bessel beams[END_REF], as it is the case in our experiment. A filamentation mechanism is also consistent with a fluence threshold marking a transition between stable and unstable plasma channel formation, as noted in [START_REF] Polesana | Filamentation in Kerr media from pulsed Bessel beams[END_REF]. This transition arises because the formation and propagation of stable Bessel filaments requires that the intensity at the front surface is sufficiently low to avoid the immediate triggering of nonlinear effects when the beam enters the sample. As a conclusion, our results clearly show the potential of femtosecond Bessel beams for high aspect ratio microchannel machining in glass without sample translation. Our studies have determined a practical working window where amplified fs lasers can be used to generate taper-free channels of 2 µm diameter and with aspect ratios up to 40 [START_REF] Bhuyan | High aspect ratio taper-free microchannel fabrication using femtosecond Bessel beams[END_REF]. A novel interpretation of our results in terms of a nonlinear filamentation mechanism has been proposed. The variations of the properties of the machined channels with beam parameters and consequences for high aspect ratio micromachining will be discussed. We anticipate that these results will motivate further studies of the practical application of Bessel beams in materials processing and fundamental studies of the Bessel beam lightmatter interaction.
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 1 Fig. 1 : Setup (left) and focusing geometry (middle) of the Bessel beam at the sample exit side. The central core is 1.5 µm FWHM. (Right) example of taper-free microchannel drilled in glass without translation (1000 laser shots, 50 Hz , 7.6 µJ/pulse)
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 2 Fig. 2 (a) Evolution of channel length (top) and morphology (bottom) with number of laser shots at 7µJ/pulse, 100Hz. (b) Evolution of channel length (top) and morphology (bottom) with energy per pulse (100Hz, 1000 shots)