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Single-pulse femtosecond laser fabrication of concave microlens-and micromirror arrays in chalcohalide glass
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The diffraction-limited plano-concave microlens-and micromirror arrays were produced in chalcohalide glass of 65GeS 2 -25Ga 2 S 3 -10CsCl composition transparent from 0.5 to 11 µm. Only a single 200 fs laser pulse with 800 nm central wavelength is required to form microlens, which after metal coating becomes a concave micromirror. This process can serve as a basis for flexible technology to fabricate regular microlens and micromirror arrays for optotelecom applications, its performance being limited only by repetition rate of the laser pulses (typically 1000 microlenses per second).

Introduction

The need of telecommunications and microelectronics in integration and miniaturization of functional elements has led to emergence of micro-optics, i.e. small optical elements by the control of light pulses, in particular, gratings, polarizers, mirrors and microlenses, that can be used for radiation coupling and out-coupling into-and from waveguides, micro-resonators, twodimensional microlens arrays for light detector matrices, etc. [START_REF] Sinzinger | Microoptics[END_REF][START_REF] Ruffieux | Two step process for the fabrication of diffraction limited concave microlens arrays[END_REF]. In many special applications, the glassy-like functional media have a lot of advantages among other alternative candidates in view of their high efficiency, rich diversity of different light-induced modification phenomena suitable for device production, and unprecedented exploitation reliability [START_REF] Brinkman | Glass modification techniques for photonic devices[END_REF][START_REF] Krol | Femtosecond laser modification of glass[END_REF].

Chalcogenide compounds are known to compose an important materials platform for promising micro-optics exploring wide spectral range from visible to mid-IR and far-IR covering both commercially important atmospheric telecommunication windows at 3-5 and 8-12 m [START_REF] Adam | Chalcogenide glasses: Preparation, properties and applications[END_REF].

In structurally-disordered state, these compounds are typically presented by chalcogenide glasses (ChG), e.g. vitreous alloys of chemical elements from IV-V-th groups of the Periodic table (such as As, Ge, Sb, Bi, etc.) with chalcogens (S, Se, Te) prepared by melt-quenching, which can be recognized as one of most technologically promising media for numerous applications in civil areas, including fiber IR sources, laser technique with power delivery systems, optical amplifiers, switches, scanning near field microscopy, chemical sensing, imaging, measurements, control, etc. [START_REF] Adam | Chalcogenide glasses: Preparation, properties and applications[END_REF][START_REF] Zhang | Glasses for seeing beyond visible[END_REF][START_REF] Adam | Chalcogenide glasses for infrared photonics[END_REF]. In some active photonics using, the ChG are often modified with Ga additions (preferentially in the form of sulfides such as Ga 2 S 3 ) allowing their further doping with rareearth elements to ensure for example second harmonic generation in mid-IR [START_REF] Calvez | Similar behaviors of sulfide and selenide-based chalcogenide glasses to form glass-ceramics[END_REF]. Optical transmittance in visible range of these glasses can be partly controlled due to metal halides (such as CsCl, KBr, CsI, etc.), thus forming a large family of perspective optoelectronics media termed as chalcogenide-halide (chalcohalide) glasses (ChHG) [START_REF] Calvez | Similar behaviors of sulfide and selenide-based chalcogenide glasses to form glass-ceramics[END_REF][START_REF] Masselin | CsCl effect on the optical properties of the 80GeS 2 -20Ga 2 S 3 base glass[END_REF][START_REF] Ledemi | Totally visible transparent chloro-sulphide glasses based on Ga 2 S 3 -GeS2-CsCh[END_REF].

As to micro-optics modification technologies, the recent progress has been achieved mainly in application to spatially-homogeneous glassy-like chalcogenides (the undoped ChG). Thus, the fabrication technology of micro-optical elements using ChG photoresist was developed in [START_REF] Manevich | Gap microlithography for chalcogenide micro-lens array fabrication[END_REF][START_REF] Kumaresan | Large Area IR Microlens Arrays of Chalcogenide Glass Photoresists by Grayscale Maskless Lithography[END_REF][START_REF] Eisenberg | Fabrication and testing of microlens arrays for the IR based on chalcogenide glassy resists[END_REF][START_REF] Kovalskiy | Chalcogenide glass e-beam and photoresists for ultrathin grayscale patterning[END_REF]. Particularly in [START_REF] Kovalskiy | Chalcogenide glass e-beam and photoresists for ultrathin grayscale patterning[END_REF], inexpensive and reliable fabrication of ultrathin Fresnel lenses using ChG photoresists was demonstrated. The photoinduced modifications of structure and refractive index of ChG occurring during fs laser irradiation and their applications for writing waveguiding structures have been reviewed in [START_REF] Petit | Progress on photoresponse of chalcogenide glasses and films to near-infrared femtosecond laser irradiation: a review[END_REF], while in [START_REF] Tao | Ultrafast nonresonant third-order optical non-linearity of the 0.64GeS2-0.16Ga2S3-0.2CsCl chalcohalide glass[END_REF], the main attention was paid to reversible nonlinear changes of refractive index under the fs laser irradiation.

Convex microlenses were produced from ChG using printing method [START_REF] Sanchez | Chalcogenide glass microlenses by inkjet printing[END_REF] and photoexpansion phenomenon [START_REF] Velea | Femtosecond laser processing of chalcogenide glasses[END_REF][START_REF] Hisakuni | Optical fabrication of microlenses in chalcogenide glasses[END_REF][START_REF] Ramachandran | Micro-optical lenslets by photoexpansion in chalcogenide glasses[END_REF][START_REF] Saitoh | Self-developing aspherical chalcogenide-glass microlenses for semiconductor lasers[END_REF]. Concave microlenses were fabricated exploring the phenomenon of gigantic photocontraction [START_REF] Calvez | Reversible giant photocontraction in chalcogenide glass[END_REF]. In [START_REF] Chen | Maskless fabrication of concave microlens arrays on silica glasses by a femtosecond-laser-enhanced local wet etching method[END_REF][START_REF] Pan | Fabrication of concave spherical microlenses on silicon by femtosecond laser irradiation and mixed acid etching[END_REF], the concave microlens arrays were produced in ChG combining fs laser irradiation followed by acid etching. Microlens arrays were fabricated by modifying microstructure of lithium aluminosilicate Foturan glass using fs laser direct writing followed by thermal treatment, wet etching, and annealing [START_REF] Lin | Fabrication of microlens arrays in photosensitive glass by femtosecond laser direct writing[END_REF].

Unfortunately, both photoexpansion and photocontraction in ChG are subject to longterm relaxation, thus deteriorating temporal stability of the obtained microoptical elements.

Moreover, production of a single lens takes a comparatively long time in above processes. Both productivity and long-term stability can be improved using fs lasers, which have significant advantages over traditional laser sources. In fact, combination of high light field intensity and ultrashort pulse duration provides fast and deterministic deposition of the pulse energy into transparent material. As a result, the material removal occurs before the heat damage, thus enabling high-quality micromachining with nanometric resolution (see, e.g. [START_REF] Perry | Ultrashort-pulse laser machining of dielectric materials[END_REF][START_REF] Sugioka | Femtosecond laser three-dimensional micro-and nanofabrication[END_REF]).

Nonetheless, the ablated surfaces of high optical quality are difficult to produce even with fs laser pulses because of ripple formation [28,[START_REF] Harzic | Formation mechanism of femtosecond laserinduced high spatial frequency ripples on semiconductors at low fluence and high repetition rate[END_REF]. It was shown that despite conventional wisdom on non-thermal nature of ablation with fs laser pulses, thin residual melted layer remains below the ablated region in borosilicate glass [START_REF] Ben-Yakar | Femtosecond laser ablation properties of borosilicate glass[END_REF][START_REF] Ben-Yakar | Morphology of femtosecond-laser-ablated borosilicate glass surfaces[END_REF][START_REF] Ben-Yakar | Thermal and fluid processes of a thin melt zone during femtosecond laser ablation of glass: the formation of rims by single laser pulses[END_REF], and silicon [START_REF] Borowiec | Transmission and scanning electron microscopy studies of single femtosecond-laser-pulse ablation of silicon[END_REF]. The force of surface tension flattens the liquid layer, making the surface of ablation craters comparatively smooth after solidification. Thus, fabrication of microlens with a single pulse of fs laser looks attractive from a productivity standpoint, under the condition that a satisfactory surface quality is provided.

To the best of our knowledge, only one group reported direct fabrication of microlens arrays in organic compounds using single-pulse fs laser radiation for each lens, these being concave arrays in polydimethylsiloxane (PDMS) [START_REF] Yong | Rapid Fabrication of Large-Area Concave Microlens Arrays on PDMS by a Femtosecond Laser[END_REF] and convex lens arrays in polymethylmethacrylate (PMMA) [START_REF] Ou | Direct Fabrication of microlens arrays on PMMA with laser-induced structural modification[END_REF]. Since PDMS and PMMA are IR-opaque, a highly productive single-step technology of microlens fabrication in IR-transparent materials is still required.

In this paper, we describe a rapid process of direct single-pulse fabrication of microlenses developed for ChHG. Since various fabrication techniques of embedded waveguides in ChG media have previously been developed [START_REF] Blonskyi | Filament-induced self-written waveguides in glassy As 4 Ge 30 S 66[END_REF][START_REF] Masselin | Laser filamentation in chalcogenide glass[END_REF], this process opens the way to fabricate complex integrated 3D micro-optics.

Experimental results and discussion

The specimens of ChHG composed of 65% GeS 2 , 25% Ga 2 S 3 , and 10% CsCl have been obtained from high purity raw materials (Ge, Ga, S and CsCl of 5N purity) using conventional melt-quenching route as was described in details elsewhere [START_REF] Masselin | CsCl effect on the optical properties of the 80GeS 2 -20Ga 2 S 3 base glass[END_REF][START_REF] Ledemi | Totally visible transparent chloro-sulphide glasses based on Ga 2 S 3 -GeS2-CsCh[END_REF][START_REF] Bréhault | Moldable multispectral glasses in GeS2-Ga2S3-CsCl system transparent from the visible up to the thermal infrared regions[END_REF]. The purified ingredients weighed in stoichiometric proportions were inserted in a silica ampoule under vacuum (10 -4 Pa).

The sealed ampoule was placed in a rocking furnace during several hours at 850°C and quenched in water at room temperature. The polished (λ/4) cubic sample (5×5×5 mm) was cut from the resulting material, this sample being finally annealed 10°C below the glass transition temperature (Tg of 405°C) for 4 h to reduce residual mechanical stress induced during the quench. This glass composition presents a large window of transparency ranging from 0.5 µm to 11µm [START_REF] Ledemi | Totally visible transparent chloro-sulphide glasses based on Ga 2 S 3 -GeS2-CsCh[END_REF].

Single-pulse ablation experiments were performed using the setup shown in Fig. 1. The regenerative amplifier RA (Legend F-1K-HE) produces a train of horizontally polarized laser pulses (2.5 mJ maximum pulse energy, 200 fs pulse width, 800 nm central wavelength). The polarization plane can be rotated with a half-wave plate λ/2, thus varying the energy of the pulse which passes a vertically arranged Glan polarizer GP. Having passed the aperture A with the diameter varying from 1 to 3 mm and reflected from the dichroic mirror DM, the beam enters the microscope objective lens L1 (3.7×, 0.11 NA). A centrally peaked Airy intensity pattern is formed in the focal plane of L1 lens close to the entrance surface of the sample S as a result of diffraction on the aperture A [START_REF] Born | Principles of optics[END_REF]. Typical intensity distribution of laser pulse, recorded in the focal plane of L1 lens at 2 mm diameter of aperture A, is shown in Fig. 2a.

Laser ablation was carried out with single laser pulses of different energy varying from 5 to 25 J at different positions  (±400 m) of the focal plane of the lens L1 relative to the surface of the sample S. The processing area is imaged on the CCD matrix with lenses L1 and L3 in transmitted light of the incandescent lamp source LS, which is collimated with the lens L2. Glass color filter F cuts off the back-reflected laser light at 800 nm.

Optical and SEM microscopic study of the sample after single-shot laser exposure show ablation craters with predominantly smooth surface (Fig. 2b,c,d). In view of very small linear absorption in GeS 2 -Ga 2 S 3 -CsCl ChHG at 800 nm [START_REF] Lin | Controllability study of crystallization on whole visible-transparent chalcogenide glasses of GeS 2 -Ga 2 S 3 -CsCl system[END_REF], only nonlinear absorption provides the surface energy deposition from laser pulse needed for ablation. Apart from the surface ablation, the question of the laser-induced alterations of the bulk material, which could deteriorate optical performance of the formed microelements, is also important. We carefully examined the material of the ChHG sample beneath the surface of the ablated area for the presence of damage traces or modification of refractive index, but no inhomogeneities have been revealed under the microscopic inspection through the polished lateral face of the sample. However, as will be shown below, the energy of the laser pulse, remaining after the surface absorption, is sufficient to produce fs filaments, which concentrate high energy density in its core. Presumably, they can cause the material modification or/and damage. It is this approach we used earlier to write filament-induced waveguides in glassy As 4 Ge 30 S 66 [START_REF] Blonskyi | Filament-induced self-written waveguides in glassy As 4 Ge 30 S 66[END_REF]. However, the writing process in [START_REF] Blonskyi | Filament-induced self-written waveguides in glassy As 4 Ge 30 S 66[END_REF] was cumulative, taking more than 20 s exposure time at 1 kHz pulse repetition rate to produce appreciable change of refractive index, while a single laser pulse caused no modification of the material. Thus, we conclude that only surface ablation modifies the sample in the present singlepulse process, while possible filamentation leaves in the sample no bulk damage, which could deteriorate the optical performance of the resulting microoptical elements in transmission mode. This conclusion, as shown below, is confirmed by the ability of the produced microlenses to form focal spots and images of sufficient quality.

It is known, that in transparent dielectrics the surface laser breakdown threshold for nanosecond laser pulses is much lower than the bulk one, due to the influence of surface defects or surface-assisted air breakdown [START_REF] Bloembergen | A brief history of light breakdown[END_REF], but for fs laser pulses the question is more complicated [START_REF] Schaffer | Laser-induced breakdown and damage in bulk transparent materials induced by tightly focused femtosecond laser pulses[END_REF]. D. Von der Linde et al. [START_REF] Der Linde | Breakdown threshold and plasma formation in femtosecond laser-solid interaction[END_REF] explain the observed decrease of thresholds of fs breakdown on the surface by effect of contamination or surface imperfections. In our case, occurrence of the surface breakdown is most likely due to strong two-photon absorption (TPA). Indeed, the band gap of the studied ChHG (E g ~3 eV) roughly equals to twice laser photon energy hν= 1.55 eV, thus causing strong TPA and two-step absorption by laser-induced plasma, which attenuate the pulse in the surface layer. Assuming Airy pattern as the intensity distribution of the laser beam focused on the sample surface [START_REF] Airy | On the diffraction of an object-glass with circular aperture[END_REF], we obtain that for a typical pulse energy of E p = 12 J and duration of  p =200 fs, the peak power density in the center of the laser spot of 32.4 m diameter (Fig. 2a) I 0 =2.7•10 13 W/cm 2 . Using the TPA coefficient for As 4 Ge 30 S 66 β = 8 × 10 -10 cm/W [START_REF] Blonskyi | Femtosecond filamentation in chalcogenide glasses limited by two-photon absorption[END_REF] as an estimate, and assuming the TPA law as
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where x is the length of beam path inside the material, we find that the initial intensity is halved on the depth of 0.5 m due to TPA. This explains the surface character of the ablation even without taking into account plasma absorption.

The ablation craters have different diameters, depending on the pulse energy and the distance  of the focal plane of the lens L1 from the surface of the sample. The optimal pulse energy E p (5-15 J) and δ (±100 m) ranges have been found, which resulted in the ablation zone without considerable deterioration of the surface quality and with sharp boundaries, which indicate presence of the ablation threshold. Considering the radial intensity distribution in the Airy disc, which is described by the square of the Bessel function of the first kind J 1 [START_REF] Born | Principles of optics[END_REF]:
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where I 0 is the maximum intensity in center of the Airy disc; a is the aperture radius, k=2/ is the wavenumber and  is the observation angle, we have estimated the single-pulse ablation intensity threshold from the crater size at E p ranging from 5 to 25 J as 2.5±0.5 •10 12 W/cm 2 .

The area modified with single laser pulse (12 J energy) at =0 is shown on Fig. 2b,c,d. change of the surface reflectivity is observed after the ablation (Fig. 2c). Average gray level integrated over the ablated area in Fig. 2b,c is the same, as in its nearest surroundings, indicating that light scattering by the ablated surface is not increased after the single-pulse exposure.

However, already the second laser pulse deteriorates the previously single-pulse-exposed surface. The smooth surfaces of the craters produced by fs laser have been observed earlier in borosilicate glass [START_REF] Ben-Yakar | Femtosecond laser ablation properties of borosilicate glass[END_REF][START_REF] Ben-Yakar | Morphology of femtosecond-laser-ablated borosilicate glass surfaces[END_REF][START_REF] Ben-Yakar | Thermal and fluid processes of a thin melt zone during femtosecond laser ablation of glass: the formation of rims by single laser pulses[END_REF] and in PDMS [START_REF] Yong | Rapid Fabrication of Large-Area Concave Microlens Arrays on PDMS by a Femtosecond Laser[END_REF]. It was found, that, despite the conventional wisdom that fs laser pulses cause direct ablation skipping the liquid phase, residual melted layer remains after the ejection of major amount of material, which is smoothed by the high-pressure blast wave and the forces of surface tension before solidification. In order to find out whether the same physical mechanism underlies the formation of the smooth surface, we investigate the stages of the laser-ChHG interaction with time-resolved microscopy (Fig. 3a). The excitation is carried out normally to the sample S surface in the same way, as in the setup, shown in Fig. 1, but the excitation spot and the surrounding area is probed with the frequency-doubled laser pulse, which is temporally delayed up to 8 ns with respect to the pump pulse with the delay line DL. The DL provides variable temporal delays up to 1.8 ns. To obtain longer delays, we fixed additional mirrors in the probe optical path. The probe beam is directed at an angle 13º to the sample surface and reflected into the long-working-distance objective L2 (16×, 0.2 NA). Note that unlike previous studies of fs laser ablation dynamics [START_REF] Sokolowski-Tinten | Transient states of matter during short pulse laser ablation[END_REF][START_REF] Puerto | Dynamics of plasma formation, relaxation, and topography modification induced by femtosecond laser pulses in crystalline and amorphous dielectrics[END_REF][START_REF] Liu | Shadowgraph investigation of plasma shock wave evolution from Al target under 355-nm laser ablation[END_REF][START_REF] Miloshevsky | Dynamics of plasma expansion and shockwave formation in femtosecond laser-ablated aluminum plumes in argon gas at atmospheric pressures[END_REF], such pump-probe geometry allows observing simultaneously both reflection from the sample surface and transmission above the excitation spot. The objective L2 forms the image on the CCD matrix. Cut-off glass filter F protects the matrix from the fundamental wavelength component of the probe and the scattered pump laser light. After every laser shot the sample is shifted to newly expose an undamaged area. To improve the picture quality, the reference snapshot of the undamaged surface, taken before ablation, was subtracted from ablation snapshot, adding then the average gray level.

The upper fragment in Fig. 4 shows the time-integrated picture of the glowing jet of ablation plasma at E p =15 J. In addition to the proper plasma jet, its reflection from the sample surface can be seen on right from the ablation spot. The pictures below show several transient stages of the ablation at different time delays τ d indicated in their upper left side. Note, that τ d is a relative value, because the exact time difference between arrival of the pump and probe pulses cannot be determined. We designated as 0 the delay corresponding to the first detectable darkening of the excited spot, which is probably caused by optical properties of superheated melted material [START_REF] Miloshevsky | Dynamics of plasma expansion and shockwave formation in femtosecond laser-ablated aluminum plumes in argon gas at atmospheric pressures[END_REF] and scattering of the probe light at the early stages of ablation process.

Apart from the increasing darkening at 0<τ d <27 ps, noticeable transversal expansion of the ablation spot starts with delay of 127 ps, indicating the onset of material ejection from the excited area. In addition to the material ejection, we observe formation of the blast wave of expanding plasma detaching from the ablation spot, which contributes to the surface smoothening. The first signs of the blast wave formation appear starting from τ d =1.7 ns. The blast wave front becomes visible due to the abrupt change in the refraction index at the plasma/air interface. The front has an aspherical shape, which indicates anisotropic expansion of the ablation species, its maximum velocity, as calculated from the last two pictures at 4.3 and 7.6 ns delay, is 9.7 km/s, i.e. much higher than the sound velocity in the air. The presence of the toroidal formation seen on the crater edges at 1.7 -7.6 ns delays may be indicative of transversal expulsion of the molten layer driven by blast wave pressure. Note that no marked rim remains at the crater edge after solidification (Fig. 2d). So, the results of the present experiment confirm the appearance of the blast wave in the process of single-shot ablation of ChHG of 65GeS 2 -25Ga 2 S 3 -10CsCl composition, which contributes to the smoothening of the crater surface, as proposed in [START_REF] Ben-Yakar | Femtosecond laser ablation properties of borosilicate glass[END_REF][START_REF] Ben-Yakar | Morphology of femtosecond-laser-ablated borosilicate glass surfaces[END_REF][START_REF] Ben-Yakar | Thermal and fluid processes of a thin melt zone during femtosecond laser ablation of glass: the formation of rims by single laser pulses[END_REF].

However, a considerable part of the pulse, which remains after the surface absorption, propagates inside the material, being subjected to self-focusing and filamentation. Considering the importance of these effects in fs machining of functional glassy media [START_REF] Blonskyi | Filament-induced self-written waveguides in glassy As 4 Ge 30 S 66[END_REF][START_REF] Blonskyi | Femtosecond filamentation in chalcogenide glasses limited by two-photon absorption[END_REF], we studied fs pulse propagation inside the ChHG with time-resolved polarization microscopy setup [51,52 51-53]. Fig. 3b shows only a part of the whole setup, which differs from that, shown in Fig. 3a.

Vertically polarized laser pulse of much lower energy E p = 100 nJ is focused on the sample surface. No observable surface damage occurs at this energy. Temporally delayed pulse of the same wavelength, polarized at 45º with GP2 Glan prism probes the excitation pulse path inside the sample. If the axis of the polarizer P is set perpendicular to that of GP2, no light normally reaches the CCD matrix. The excitation pulse induces local anisotropic change of the original refractive index in the sample owing to electronic Kerr effect. The induced anisotropy zone, which displays the spatial intensity distribution of the pulse, moves together with the pulse due to the small response time (about 1 fs) of electronic Kerr effect -the dominant mechanism of the nonlinear index change [START_REF] Kumagai | Observation of the complex propagation of a femtosecond laser pulse in a dispersive transparent bulk material[END_REF][START_REF] Takeda | Time-resolved luminescence spectroscopy by the optical Kerr-gate method applicable to ultrafast relaxation processes[END_REF][START_REF] Blonskyi | Spatiotemporal dynamics of femtosecond filament induced plasma channel in fused silica[END_REF]. As a result, it induces a small ellipticity in the originally planepolarized probe pulse. The orthogonal component of the polarization survives the polarizer P, thus forming an instant image (or polarogram) of the moving pulse, which represents the intensity distribution in the pulse at the moment of arrival of the probe pulse. The virtual image of letters IP (Fig. 6c) formed by microlens characterizes its quality. The letters have been printed on the paper and illuminated with white light as shown in Fig. 6d.

Varying the pulse energy and focusing conditions, we produced the microlenses of 15 to Scanning the sample surface with focused laser beam in pulse repetition mode opens the way to rapid and flexible technology of fabrication of microlens arrays. We covered the 1×1 mm surface plot of the ChHG sample by concave microlenses, each of them produced by a single laser pulse at 100 Hz repetition rate. Fig. 7 shows the array of microlenses of 17 m diameter and 100 m focal distance each, which forms the arrays of virtual foci and virtual images of the letters "IP". Synchronization of the laser pulses with the stage movement is still needed to achieve a regular pattern of the array. Fig. 7. Array of microlenses, virtual focal spots and virtual images of the letters "IP".

While preparing the microlens array for SEM microscopy we had coated the sample surface with a 20 nm-thick gold layer, thus creating concave spherical micromirrors with focal distance twice as short as that of microlenses. Such micromirrors and their arrays, which in distinct from microlenses, form real focal spots and images, can find possible applications in photonics as microcavities or light concentrators for detector arrays.

Conclusions

In 

Fig. 1 .

 1 Fig. 1. Schematic view of the experimental set-up for single-pulse ablation.

Fig. 2 .

 2 Fig. 2. Airy pattern of 32.4 m diameter formed in the focal plane of 3.7× lens at 2 mm diameter of the aperture A1 (a). The ablated area, after the exposure to a single laser pulse of 12 J energy at δ = 0 in lateral light (b), in back-reflection (c); taken on SEM (d)

Fig. 3 .

 3 Fig. 3. Time-resolved microscopy setups: the combined transient transmission/reflection microscopy (a); the transient polarization microscopy (b).

Fig. 4 .

 4 Fig. 4. Time-integrated picture of the glowing ablated plasma at E p =15 J (uppermost) and snapshots of the ablation process at different time delays. The scale is the same for each picture.

Fig. 5 Fig. 5 .

 55 Fig.5shows the shape evolution of the femtosecond laser pulse travelling inside the 65GeS 2 -25Ga 2 S 3 -10CsCl glass at different probe delays. It is seen, that the pulse self-contracts transversally to the diameter of ~7 m in the 2.0 ps -4.67 ps delay range. This value is much smaller than the diameter of the diffraction-limited focal spot of 32.4 m in the linear propagation mode, thus indicating self-focusing and filamentation process in the ChHG. Note, that E p = 100 nJ slightly exceeds the threshold energy of filamentation, which we estimated as ~70 nJ in this material. In addition, the snapshots in Fig.5make it possible to find the pulse propagation velocity, and eventually, the refractive index of the material (n = 2,16), in close agreement with n=2.12 at 633 nm[START_REF] Ledemi | Totally visible transparent chloro-sulphide glasses based on Ga 2 S 3 -GeS2-CsCh[END_REF].Summarizing, the femtosecond laser pulse supplies the energy needed for surface ablation due to TPA. Material ejection from the crater, apart from evaporation, is also provided by high-pressure supersonic blast wave. The residual thin layer of liquid, solidifying, acquires optically smooth surface under the action of forces of surface tension. The remaining part of the initial pulse most likely propagates in filamented or multifilamented mode inside the sample, causing, however, no further material alteration or damage in the single-pulse regime.
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  μm diameter and 50 to 200 m focal distance.

Fig. 6 .

 6 Fig. 6. Microinterferogram of the microlens formed on the surface of the sample S after the single-pulse exposure (E p =12 J, δ = 0) (a). The virtual focal spot of the microlens at the depth of 140 m beneath the surface of the sample under the LED illumination at λ=0.63 m (b). The virtual image of the letters "IP" formed by the microlens (c). The measurement geometry (d).

  conclusion, we demonstrate a rapid and flexible process of production of ChHG-based diffraction-limited microlenses and micromirrors. Each lens is produced by a single fs laser pulse, which is absorbed in the surface layer due to TPA. Apart from superheating, high-pressure blast wave assists the material ejection from the ablation crater. The residual thin layer of liquid, solidifying, acquires optically smooth surface under the action of forces of surface tension. The part of the initial pulse which remains after TPA, most likely propagates in filamented or multifilamented mode inside the sample, causing, however, no further material alteration or damage in the single-pulse regime. Array of microlenses was produced by scanning the sample surface with focused laser beam in pulse repetition mode. Metal coating transforms the microlens array into an array of micromirrors. Arbitrarily complex array geometry can easily be achieved just by programming the scanning sequence. Rapid production technology of microlens-and micromirror arrays can be developed on the basis of this method, its productivity being limited by the pulse repetition rate of femtosecond laser (typically 1000 Hz). The ChHGbased arrays of concave microlenses can be used as molds for replication of polymer-based convex microlens arrays.
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