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An important challenge in infrared imaging today consists in addressing the SWaP problem (Size, Weight and Power), for example by simplifying as much as possible the optical system before the sensor. The work presented in this paper takes advantage of recent techniques in femtosecond laser direct writing to imprint optical systems. We want to simplify an infrared multispectral imaging system, which combines a lens array and a filter array.

This work aims at merging a lens array with a filter array by writing gradient index lenses with a femtosecond laser inside a dedicated glass substrate. A classical gradient index requires a huge refractive index variation, which cannot be reached today with femtosecond laser processing (Δ𝑛 𝑚𝑎𝑥 ~ 0.05). So, we decided to turn towards writing a gradient index Fresnel lens. A first-order Fresnel lens was designed with a Δ𝑛 𝑚𝑎𝑥 < 0.05 discretized into 8 index levels to guarantee a diffraction efficiency of 85% on the overall spectral bandwidth of the filters. The multispectral design is made of an array of 2x2 Fresnel lenses in a landscape lens configuration. For a horizontal field of view of 40°, each GRIN Fresnel lens has 82 rings inside a total diameter of 3.8 mm.

After characterizing the photosensitive response of the material to fs-laser writing, we started writing the first prototypes of graded index Fresnel lenses. For a first approach, a discretization on 4 index levels was chosen. A focal length measurement has been performed in order to compare it with our model.

INTRODUCTION

The SWaP problem (Size, Weight and Power) is an important challenge today in infrared imaging applications. In embedded optics, reducing the size, mass and power of systems while maintaining their quality is essential in order to integrate them into ever-smaller carriers (optronic gimbals, micro-drones, etc.). In order to simplify the optical system before the sensor and to keep high image quality, optical designers have to find new degrees of freedom in their designs. Several ways are thus explored like freeform optics [START_REF] Rolland | Freeform Optics for Imaging[END_REF], GRIN (gradient index) optics [START_REF] Lippman | Freeform Gradient-Index Media: A New Frontier in Freeform Optics[END_REF] and metasurfaces [START_REF] Hu | A Review on Metasurface: From Principle to Smart Metadevices[END_REF]. GRIN optics involve creating a spatial variation of the refractive index in the material. In its primary use, this index variation can correct some optical aberrations such as spherical aberration [START_REF] Manhart | Fundamentals of Macro Axial Gradient Index Optical Design and Engineering[END_REF] or chromatic aberrations [START_REF] Gibson | Multispectral IR Optics and GRIN[END_REF][START_REF] Gibson | Diffusion-Based Gradient Index Optics for Infrared Imaging[END_REF][START_REF] Corsetti | Color Correction in the Infrared Using Gradient-Index Materials[END_REF] or encodes the optical power inside the lens (not simply at surfaces) [START_REF] Bowen | Radial Gradient-Index Eyepiece Design[END_REF][START_REF] Boyd | Optical Design of Athermal, Multispectral, Radial Gradient-Index Lenses[END_REF].

One of the main limitations of GRIN optics is their manufacturing [START_REF] Richardson | Advances in Infrared Gradient Refractive Index (GRIN) Materials: A Review[END_REF]. Most of the fabrication techniques can create typical index profiles such as axial or radial [START_REF] Lavanant | Radial Gradient Refractive Index (GRIN) Infrared Lens Based on Spatially Resolved Crystallization of Chalcogenide Glass[END_REF]. However, freeform or even aspheric index profiles are much more challenging to implement [START_REF] Richardson | Advances in Infrared Gradient Refractive Index (GRIN) Materials: A Review[END_REF]. Alternative solutions exist, for instance using materials transparent in the visible range and arranged in thin film layers [START_REF] Ji | Polymeric Nanolayered Gradient Refractive Index Lenses: Technology Review and Introduction of Spherical Gradient Refractive Index Ball Lenses[END_REF][START_REF] Flynn | Achromatic GRIN singlet lens design[END_REF][START_REF] Visconti | Design and fabrication of a polymer gradient-index optical element for a high-performance eyepiece[END_REF]. However, this method is restricted in terms of materials choice [START_REF] Richardson | Advances in Infrared Gradient Refractive Index (GRIN) Materials: A Review[END_REF]. In this work, we focus on femtosecond laser direct writing (FLDW), which is, to date, the most flexible technique with respect to both inscribed shape and refractive index modulation amplitudes and profiles.

More specifically, FLDW is a technique for locally modifying the physico-chemical properties of amorphous and crystalline transparent materials. It consists in focusing a femtosecond laser beam at, or under, the surface of a material and typically from a few µm up to a few cm [START_REF] Arriola | Mid-Infrared Astrophotonics: Study of Ultrafast Laser Induced Index Change in Compatible Materials[END_REF]. The focused laser light can thus reach intensities higher than tens of TW/cm² inside the material. At these intensities, non-linear light absorption phenomena become preponderant, including multiphoton photoionization and tunneling effects. This ultimately yields to local and permanent modifications of the glass, strongly confined in the focal volume on a few µm 3 around the laser focal point. Because of its flexibility both in terms of accessible materials and writing possibilities [START_REF] Musgraves | Laser-Induced Structural Modification, Its Mechanisms, and Applications in Glassy Optical Materials[END_REF], it is a very attractive technique for the fabrication of complex 3D photonic components in a single step. It is particularly studied for imprinting gratings and optical waveguides [START_REF] Davis | Writing Waveguides in Glass with a Femtosecond Laser[END_REF]. However, FLDW also has attracted attention of researchers in other photonics applications such as diffractive [START_REF] Yamada | Multilevel Phase-Type Diffractive Lenses in Silica Glass Induced by Filamentation of Femtosecond Laser Pulses[END_REF] and polarization [START_REF] Drevinskas | Giant Birefringence and Dichroism Induced by Ultrafast Laser Pulses in Hydrogenated Amorphous Silicon[END_REF] optics, gradient index optics [START_REF] Gandara-Montano | Femtosecond Laser Writing of Freeform Gradient Index Microlenses in Hydrogel-Based Contact Lenses[END_REF] and 3D geometric phase optics [START_REF] Roux | Geometric Phase Lens[END_REF].

FLDW has been extensively studied during the last two decades in silica glass [START_REF] Eaton | High Refractive Index Contrast in Fused Silica Waveguides by Tightly Focused, High-Repetition Rate Femtosecond Laser[END_REF], which offers excellent optical properties in the visible and near-infrared range, or more recently in silicon [START_REF] Drevinskas | Giant Birefringence and Dichroism Induced by Ultrafast Laser Pulses in Hydrogenated Amorphous Silicon[END_REF]. However, investigations in other materials remain quite limited, especially for those to be used in the Mid Wavelength InfraRed (MWIR 3-5 µm) range or in the Long Wavelength InfraRed (LWIR 8-14µm). It would be of practical importance for applications including, but not limited to, home automation, smartphones or even automotive applications. The few studies in infrared glasses mainly deal with the fabrication of waveguides [START_REF] Arriola | Mid-Infrared Astrophotonics: Study of Ultrafast Laser Induced Index Change in Compatible Materials[END_REF][START_REF] Khalid | Femtosecond Laser Induced Low Propagation Loss Waveguides in a Lead-Germanate Glass for Efficient Lasing in near to Mid-IR[END_REF][START_REF] Morris | 3D Optical Waveguides in Ge22As20Se58 Glass -a Highly Nonlinear Material for the Mid-IR[END_REF] and do not address the fabrication of free space optics or micro-optics [START_REF] Lepicard | Long-lived monolithic micro-optics for multispectral GRIN applications[END_REF] for imaging applications. In order to reach these longer wavelengths in the IR range, non-silicate glasses, such as chalcogenides [START_REF] Bérubé | Tailoring the Refractive Index of Ge-S Based Glass for 3D Embedded Waveguides Operating in the Mid-IR Region[END_REF], fluorides [START_REF] Gross | Low Loss Mid-Infrared ZBLAN Waveguides for Future Astronomical Applications[END_REF] or heavy oxides [START_REF] Yao | Photosensitivity of Barium Germano-Gallate Glasses under Femtosecond Laser Direct Writing for Mid-IR Applications[END_REF] must be used. All these glass families own a wider transmission than the ubiquitous silicate glasses up to the IR range.

First, we present the design of the gradient index Fresnel lens used to simplify a multispectral camera. Then we study the photosensitivity to IR fs-laser irradiation of the Corning 9754 glass that is suitable for targeted applications. Finally, we fabricate and characterize a first gradient index Fresnel lens prototype.

A GRADIENT INDEX PLATE IN A MULTISPECTRAL CAMERA

Multispectral camera

ONERA has been developing over the past years ultra-compact and very high performance infrared cameras. To provide a very low noise temperature difference (so called NETD) of the whole camera including the IR detector and the optics, we have worked on cryogenic multichannel cameras [START_REF] Druart | Towards Infrared DDCA with an Imaging Function[END_REF][START_REF] Druart | Test of SIMAGAZ: A LWIR Cryogenic Multispectral Infrared Camera for Methane Gas Leak Detection and Quantification[END_REF][START_REF] De La Barrière | Compact Multichannel Infrared Camera Integrated in an Operational Detector Dewar Cooler Assembly[END_REF][START_REF] Druart | Demonstration of an Infrared Microcamera Inspired by Xenos Peckii Vision[END_REF]. The latest example is a multispectral camera whose concept is illustrated in Figure 1. It consists of an array of 2×2 lenses with a focal length of 7 𝑚𝑚 and a F-number of 4. Each channel has a field of view of 40°×30° and forms a 320×256 pixels image on each quarter of the detector. An array of 2×2 filters is placed after the lens array, so that each optical channel corresponds to a different spectral band with a width of about 200 𝑛𝑚. Cooling the lens array and the filters allows obtaining a very low instrumental flux. This multi-spectral camera has a NETD close to the one of the IR detector itself to ensure high performance levels. This kind of camera can be used for example in the field of gas leaks detection and quantification on industrial installations [START_REF] Druart | Test of SIMAGAZ: a LWIR cryogenic multispectral infrared camera for methane gas leak detection and quantification[END_REF].

Figure 1. Cross-section of the ONERA multispectral camera. From top to bottom are shown the diaphragm, the lens array, the filter array and the sensor.

The optical system is thus composed of only two optical components, a lens array for imaging and a filter array to select a specific spectral band for each channel. These components are integrated in a cold shield of a Detector Dewar Cooler Assembly (DDCA) and are cooled at cryogenic temperature. The drawback of adding optical components inside the DDCA is that it increases the thermal mass of the cold shield and this tends to increase the cool-down time of the DDCA. In order to limit the additional mass to be cooled, we want to remove one of the components. The filter array is made of interference filters composed by multiple thin layers deposited on a substrate. It is challenging to deposit these films on a non-planar surface such as the lens array. Consequently, a viable solution would be to use a GRIN optic for integrating both focusing and filtering functions in the same flat and thin glass plate, achieving the expected mass reduction. In this paper, we will study only one channel of this multi-channel camera.

A GRIN focusing plate needs a radial index variation to create an optical power instead of the spherical surfaces. A classical index profile used in this case is described in Eq. 1:

𝑛(𝑟) = 𝑛 0 + 𝑛 2 𝑟 2 (1) 
With 𝑛 0 being the refractive index on the optical axis, 𝑟 the radial position and 𝑛 2 the coefficient of index variation. This refractive index distribution gives to the optical plate an optical power 𝑉 [START_REF] Marchand | Gradient Index Optics[END_REF]:

𝑉 = 1 𝑓 = -2𝑛 2 𝑡 = - Δ𝑛 𝑅 2 𝑡 (2) 
With 𝑓 being the focal length, 𝑡 the thickness of the plate, 𝛥𝑛 the refractive index variation and 𝑅 the half-diameter of the lens. The issue with such refractive index profile is to have a short focal length (i.e., a huge 𝑉 value). Since 𝑉 is proportional to the index variation (Eq. 2), a short focal length as the focal length of the studied camera requires a large 𝛥𝑛 value. For a 7 𝑚𝑚 focal length like in our situation, this type of design needs a gradient index with a maximum variation of 𝛥𝑛 = 0.11 for a thickness of 1 𝑚𝑚. This is higher than what has been achieved so far with a femtosecond laser [START_REF] Davis | Writing Waveguides in Glass with a Femtosecond Laser[END_REF]. One of the maximum index variation reached to date in mid-IR glasses and with FLDW is about 0.05 in As2S3 (a chalcogenide glass) [START_REF] Zoubir | Direct Femtosecond Laser Writing of Waveguides in As2S3 Thin Films[END_REF].

GRIN Fresnel lenses

In order to reduce the index variation and preserve the small thickness of this component, the classical GRIN lens can be substituted with a Fresnel GRIN lens. In its classical Fresnel version, the continuous surface of the lens is cut into a series of discontinuous rings [START_REF] Grulois | Extra-Thin Infrared Camera for Low-Cost Surveillance Applications[END_REF][START_REF] Grulois | Reduction of Material Mass of Optical Component in Cryogenic Camera by Using High-Order Fresnel Lens on a Thin Germanium Substrate[END_REF]. Much alike aforementioned, a GRIN Fresnel lens works on the same principle as its classical version: the continuous radial variation of the refractive index is cut into a series of discontinuous rings. The Fresnel versions of a spherical lens and GRIN lens are shown in Figure 2. A GRIN lens works similarly to a conventional lens, and the radial index variation corresponds to the radial variation of the sag surface for a conventional lens. A surface sag (𝑧 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 ) of a lens is defined by its curvature, its conicity and its aspherical coefficients. A first order Fresnel lens surface sag is described in Eq. 3 [START_REF] Grulois | Etude de l'apport des lentilles de Fresnel pour la vision[END_REF], and it corresponds to the sag surface of a conventional lens that is divided into a series of rings.

{ 𝑧 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 (𝑟) = 𝑐𝑟 2 1+√1-(1+𝑘)𝑐 2 𝑟 2 + ∑ 𝛼 𝑖 𝑟 𝑖 𝑖 𝑚𝑜𝑑 𝐻 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 𝐻 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 = 𝜆 0 𝑛 0 -1 (3) 
𝑐 is the curvature, 𝑘 the conic constant, 𝛼 𝑖 are the aspherical coefficients, mod is the modulo operation, 𝜆 0 is the central wavelength and 𝐻 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 is the etching depth of a first order Fresnel lens. In the case of a first order GRIN Fresnel lens, the surface sag is replaced by an index profile distribution (𝑛 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 ) and so 𝐻 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 corresponds to the total index variation Δ𝑛 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 :

{ 𝑛 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 (𝑟) = 𝑛 2 𝑟 2 + ∑ 𝑛 𝑖 𝑟 𝑖 𝑖>2 𝑚𝑜𝑑 𝛥𝑛 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 𝛥𝑛 𝐹𝑟𝑒𝑠𝑛𝑒𝑙 = 𝜆 0 𝑡 (4) 
With 𝑡 the thickness of the GRIN plate and 𝑛 𝑖 the polynomial coefficients of index variation (as in Eq. 1). We implement this Fresnel index variation in the Zemax software, with the base index of the Corning 9754 material defined at 𝑛 = 1.62.

The GRIN Fresnel lens is then optimized to meet the specifications of the camera with a spectral bandwidth of [3.2 ; 3.4] µ𝑚.

We obtain a GRIN Fresnel lens of thickness 150 µ𝑚 with a diameter of 3.3 𝑚𝑚 that is composed of 65 rings with the outer ring having a width of approximately 12.8 µ𝑚.

Only one channel is modeled and represented in Figure 3 because each channel is the same with a small adaptation of the total index variation as a function of the central wavelength of the filter. Figure 3 shows a good conservation of the modulation transfer function (MTF) over the whole field indicating a good contrast restitution. Although the contrasts of the monochromatic MTF (𝜆 = 3.3 µ𝑚) are lower than the diffraction limit, the monochromatic MTF shows a good conservation of the contrasts up to Nyquist frequency (greater than 0.3). The image quality of the optical channel is thus considered to be good. However, the polychromatic MTF (𝜆 ∈ [3.2 ; 3.4] µ𝑚) drops the contrasts at the Nyquist frequency below 0.1 due to a huge chromaticity of a first order Fresnel lens. We note a drop in the MTF at low frequencies due to the different defocused diffraction orders that create a parasitic background lowering the quality of the contrast. To significantly improve the polychromatic MTF, the solution could be to design a high-order Fresnel lens [START_REF] Grulois | Etude de l'apport des lentilles de Fresnel pour la vision[END_REF]. However, manufacturing such a high order Fresnel lens is more challenging since the phase variations are more important, so as a first step, we decided to work on manufacturing a first-order Fresnel lens and to test it under monochromatic illumination.

The fs-laser direct writing technique will discretize the profile into several index levels so we need to determine a compromise between the imaging quality of the Fresnel plate and the spatial resolution of the writing technique that discretizes the variation of the index of refraction. For a first order Fresnel lens as studied herein, we can define the diffraction efficiency as a function of the index versus wavelength variation (Eq. 5) [START_REF] Druart | Optiques binaires et application à l'imagerie -Optiques focalisantes[END_REF].

{ 𝜂 𝑚,𝜆 𝑁 = 𝑠𝑖𝑛𝑐 2 [𝛼(𝜆) -𝑚]𝑠𝑖𝑛𝑐 2 [ 𝜆 0 𝜆𝑁 ] 𝛼(𝜆) = 𝑝 𝜆 0 𝜆 𝑛(𝑟,𝜆) 𝑛(𝑟,𝜆 0 ) (5) 
𝑝 is the Fresnel order, 𝑚 is the considered diffraction order, 𝜆 0 is the reference wavelength, 𝑁 is the number of discretization levels, 𝑛(𝑟, 𝜆) is the refractive index at the radial position 𝑟 and the wavelength 𝜆.

Figure 4 shows graphic representation of the diffraction efficiency for different discretization levels as a function of the wavelength for a first order Fresnel lens designed at wavelength 3.3 µ𝑚. It shows a good diffraction efficiency (up to 90% for the [3.2 ; 3.4] µ𝑚 spectral bandwidth) for a first order Fresnel lens discretized in 8 index levels. 16 levels of discretization could be better, but we would have rings thinner than 1 µ𝑚, which cannot be reached with our laser direct writing technique. Indeed, with our setup, the laser waist (i.e. the writing spatial resolution) in 9754 material is about 1.2 µ𝑚. We modeled a GRIN Fresnel lens in our germanate material, which is presented in Figure 5. For a 150 µ𝑚 thick laser writing, the total gradient index should be about 2 × 10 -2 , which is reachable with our laser writing technique. With the numerical aperture specification of the imaging system, the last ring needed is about 12.8 µ𝑚 thick and so we need a lateral spatial resolution of about 1.6 µ𝑚 to be able to write this last ring in such a way we can discretize it into 8 levels. Indeed, at this step we need to discretize this phase profile because our fs-laser direct writing software can only work at constant power whereas ideally one would like to have it continuously variable along the trajectory. 

FEMTOSECOND LASER DIRECT WRITING OF GRADIENT INDEX FLAT LENS

Experimental details

Glass: In this work, we choose to use the Corning 9754 glass: 20(GeO2) -4(BaO) -16(CaO) -59(Al2O3) -1(ZnO). At first, we note that this glass has a very high glass transition temperature: 𝑇 𝑔 ~ 735°𝐶. So we expect a quite long lifetime at room temperature for the photo-induced index changes [START_REF] Wang | Lifetime Prediction of Nanogratings Inscribed by a Femtosecond Laser in Silica Glass[END_REF]. Moreover, this glass presents an interesting transmission band which can span over UV and MWIR windows. Indeed, this material has a transmission higher than 80% on the spectral band [0.3; 5] µ𝑚 for a 1 𝑚𝑚 thick sample.

Fs-laser Irradiation:

The glass samples are individually double-side polished and placed on a three-axis motorized platform to be irradiated. The laser we use is a commercial Yb-doped fiber amplifier fs-laser (Satsuma, Amplitude Systèmes Ltd. Pessac, France). The key parameters are fixed as follows: a pulse duration of 800 𝑓𝑠, a central wavelength of 1030 𝑛𝑚 and a repetition rate of 100 𝑘𝐻𝑧. The laser polarization is linear and aligned along x-axis. The laser beam is focused inside the sample at 500 µ𝑚 below its front face using an aspheric lens with a numerical aperture of 0.6 resulting a in spot diameter estimated around 1.2 µ𝑚. The scanning speed of the sample, controlled by a motorized translation stage, and the laser energy, are varied. To write homogeneous disks or rings and to avoid any diffraction effects, the displacement of the sample follows a spiral trajectory with a step of 1 µ𝑚. The writing speed varies from 0.05 𝑚𝑚/𝑠 to 25 𝑚𝑚/𝑠 and the laser energy from 0.01 µ𝐽 to 0.75 µ𝐽.

Following the laser irradiation: Each sample was placed on an Olympus BX51 polarized optical microscope. In addition to a typical optical microscope observation, index changes writing kinetics was investigated using quantitative phase microscopy (QPM, Iatia). This technique measures the phase retardation (𝛥𝜑, in 𝑟𝑎𝑑) caused by the irradiated object with respect to the surrounding pristine glass. From these measurements, the refractive index modifications can be calculated through the following relationship: ∆𝑛 = ∆𝜑𝜆/2𝜋𝑑, where 𝜆 is the wavelength of the illuminating microscope light (550 𝑛𝑚), and 𝑑 is the thickness of the modified region. Additionally, room temperature optical transmission measurements, in the UV-Visible-NIR and the IR ranges, were respectively obtained from Agilent Cary 5000 (𝛥𝜆 ∈ [0.2 ; 3.3] µ𝑚) and Bruker Equinox 55 spectrophotometers (𝛥𝜆 ∈ [2 ; 20] µ𝑚).

Phase variation with laser energy and writing speed

GRIN Fresnel optics are more easily described by their phase variation rather than by their refractive index changes because these Fresnel optics are defined by a phase variation 𝛥𝜑 = 2𝜋 𝑟𝑎𝑑 for a first order Fresnel lens. To write a GRIN Fresnel plate, we needed to know the precise phase variation implemented by the fs-laser as a function of the writing speed and the laser pulse energy. Therefore, several laser-written disks were made at varying energies and speeds. The phase variation of each disk was then measured by Quantitative Phase Microscopy (QPM) [START_REF] Bélanger | Comparative Study of Quantitative Phase Imaging Techniques for Refractometry of Optical Waveguides[END_REF], and the results are reported in Figure 6 as a function of laser pulse energy. This technique consists in using the transport of intensity equation (TIE) which relies on intensity variation and phase variation. Using an optical microscope, a set of images was taken: one in-focus and two very slightly (a few microns) positively/negatively defocused [START_REF] Zuo | Transport of Intensity Equation: A Tutorial[END_REF]. A phase image given by QPM of a laser-written simple disk is shown in Figure 6. We notice that a strong phase variation appears at very low energy in our material, illustrating the technique capability to write a significant phase variation at 1 𝑚𝑚/𝑠 scanning speed. Higher writing speeds were investigated (up to 25 𝑚𝑚/𝑠) with success but a dedicated setup (higher acceleration stages or beam steering mirrors) would be more appropriate for accurately writing such 3D complex shapes at high speed. Therefore, we only use 1 𝑚𝑚/𝑠 writing speed in our investigations. These results presented in Figure 6 confirm a high photosensitivity of germanate glasses to fs-laser writing. Indeed, phase changes up to 12 rad were implemented.

Optical losses pre and post irradiation

Another important feature when developing such a new manufacturing approach is the optical losses induced by the FLDW technique. Consequently, we measured the optical transmission (𝛥𝜆 ∈ [0.2 ; 20] µ𝑚) of our material before and after laser irradiation, using a 1.5 𝑚𝑚 diameter disk as a test sample. Here we chose the laser energy from the results given in Figure 6 to implement a 𝜋 𝑟𝑎𝑑 phase change at 550 𝑛𝑚 for sake of simplicity (𝐸 𝑙𝑎𝑠𝑒𝑟 ~ 0.386 µ𝐽). Indeed, 𝜋 𝑟𝑎𝑑 is a basic phase shift value particularly used in phase mask optics (binary annular phase masks, binary Fresnel lenses, etc...).

Figure 7 represents the spectral transmission of the Corning 9754 material pre and post irradiation. We notice that the difference before and after irradiation is quite negligible (typ. < 1% transmission change). As a result, the writing of a disk that owns a phase shift of 𝜋 𝑟𝑎𝑑 doesn't affect the transmission. The results shown in Figure 7 allow us to consider a good conservation of the optical transmission even after imprinting some significant refractive index changes, even if obviously, a higher phase variation will surely imply a more significant decrease of the optical transmission of the related optical components mostly related to significant light scattering effects. 

FABRICATION AND CHARACTERIZATION OF A FRESNEL GRIN PLATE

In the following, a first prototype of the Fresnel lens presented in Figure 5 is written by femtosecond laser but only with a diameter of 1 𝑚𝑚. We want to verify the ability of the FLDW technique to quickly write Fresnel lenses. The key laser parameters are fixed as follows: a pulse duration of 800 𝑓𝑠, a central wavelength of 1030 𝑛𝑚, a repetition rate of 100 𝑘𝐻𝑧 and a scanning speed of 1 𝑚𝑚/𝑠. The laser beam is focused inside the sample at 500 µ𝑚 below its front face using a microscope objective with a numerical aperture of 0.6. The Fresnel Gradient lens manufactured is illustrated in Figure 8.

To characterize the written Fresnel Gradient lens, we measure the different focal points due to the different diffraction orders of this lens. For a first order Fresnel lens designed at 𝜆 0 = 0.63 µ𝑚 with a gradient index, the focal length 𝑓 𝑚 associated with the diffraction order 𝑚 is [START_REF] Grulois | Reduction of Material Mass of Optical Component in Cryogenic Camera by Using High-Order Fresnel Lens on a Thin Germanium Substrate[END_REF]:

𝑓 𝑚 (𝜆) = 𝜆 0 𝑚𝜆 𝑓 1 (𝜆 0 ) (7) 
With 𝑓 1 the first order focal length of the lens (in our case 7 𝑚𝑚). The measurement of the different focal lengths of the plate is made with a microscope and spectral filter with a spectral band centered on 𝜆 = 0.6 µ𝑚. At this wavelength the focal length of the first order of diffraction is: 𝑓 1 (𝜆) = 7.35 𝑚𝑚. In Figure 8, we can see an image of the field diaphragm of the microscope by the Fresnel lens positioned at about 7.35 𝑚𝑚 from the lens. We want to measure the variation of the focal length 𝑓 as a function of the different orders of diffraction of the laser written lens and also the spectral dependence of the focal shift 𝛥𝑓 ⁄ 𝑓. For these measurements, we use an Olympus BX51 visible microscope to which we add different visible filters with a spectral bandwidth of 10 𝑛𝑚 (Thorlabs FKB-VIS-10). Figure 9 allows us to compare the focal shift against the wavelength. We note that the image focal point is brighter for the first order of diffraction as we have designed our Fresnel lens to order 1 at 𝜆 0 = 0.63 µ𝑚. We measure three successive orders of diffraction having respectively a focal length of: 𝑓, 𝑓/2, and 𝑓/3. Based on Figure 9, the measurements of the defocus as a function of wavelength seem to meet our expectations concerning the first order of diffraction. We see on Figure 9 that the measured points correspond well to the expected variations of the focal length as a function of the wavelength. Orders 2 and 3 are slightly shifted from the expected values but the loss of brightness due to the low diffraction efficiency and the spectral filter make it difficult to measure the position of the image focus accurately.

CONCLUSION

In this work, we have designed and manufactured a gradient index Fresnel lens with fs-laser direct writing and in a germanate glass. We have demonstrated the possibility to efficiently fabricate such GRIN Fresnel lenses with a first working prototype designed and characterized in the visible range. A preliminary study of the variation of the focal length as a function of the wavelength allowed us to observe the expected chromaticity of this first order Fresnel lens.

This work is a first step towards designing and manufacturing Fresnel lens array compatible with the cryogenic multispectral camera, where each channel works in a 200 𝑛𝑚 broadband in the MWIR. We expect this technique to simplify the design of the camera in a SWaP mitigation context. Higher order Fresnel lenses may be needed to reduce the

Figure 2 .

 2 Figure 2. From a classical lens to a Fresnel lens and from a GRIN lens to a GRIN Fresnel lens.

Figure 3 .

 3 Figure 3. (a) Zemax 2D layout of a GRIN Fresnel lens with (from left to right) the pupil, the 9754 sample with a 150 µ𝑚 thick GRIN Fresnel lens in the center of the sample and the image surface. Below, two Modulation Transfer Functions (MTF) given for three different half-field of view (0°, 5° and 10°). (b) The MTF is given for the central wavelength (𝜆 = 3.3 µ𝑚). (c) The MTF is given for three different wavelengths of the spectral bandwidth: 3.2 µ𝑚, 3.3 µ𝑚 and 3.4 µ𝑚.

Figure 4 .

 4 Figure 4. Graphic representation of the diffraction efficiency as a function of the wavelength for a first order Fresnel lens designed at wavelength 3.3 µ𝑚. Only the diffraction efficiency of the first order of diffraction is shown. The different colors represent the different discretization levels. The dashed line represents the central wavelength of this design.

Figure 5 .

 5 Figure 5. Refractive index profile of the GRIN Fresnel lens made in the germanate Corning 9754 glass: blazed on the top and discretized on the bottom.

Figure 6 .

 6 Figure 6. Phase variation implemented by fs-laser direct writing at a writing speed of 1 𝑚𝑚/𝑠. Inset: a quantitative phase map example measured in the 9754 glass using QPM technique. Parameters: 1030 𝑛𝑚, 800 𝑓𝑠, 100 𝑘𝐻𝑧, 0.6 𝑁𝐴, 1 𝑚𝑚/𝑠, linear polarization. QPM wavelength: 550 𝑛𝑚.

Figure 7 .

 7 Figure 7. Spectral transmission in Vis-IR range before and after writing a 1.5 𝑚𝑚 diameter homogenous disk with a fixed phase variation of π rad in the 9754 glass. Parameters: 1030 𝑛𝑚, 800 𝑓𝑠, 100 𝑘𝐻𝑧, 0.6 𝑁𝐴, 1 𝑚𝑚/𝑠, 0.05 µ𝐽.

Figure 8 .

 8 Figure 8. On the left, microscopic photograph of the graded index Fresnel lens written by femtosecond laser direct writing technique (x10 objective). On the right, image of the field diaphragm of the microscope by the Fresnel lens at the first order (x10 objective, 600 𝑛𝑚 filter).

Figure 9 .

 9 Figure 9. Focal length shift 𝛥𝑓 ⁄ 𝑓 as a function of the wavelength for different orders of diffraction (𝑚 = 1, 𝑚 = 2 and 𝑚 = 3). Note that for the orders 2 and 3, the diffraction efficiency is decreasing so it is more complicated to see clearly the focal point.

strong chromaticity. The challenge will then be to find a compromise between the Fresnel lens order, the number of discretization levels in such a way we can increase the diffraction efficiency but keeping a reasonable fabrication time.

This study has also confirmed a high photosensitivity of germanate glasses to fs-laser writing by implementing a phase variation of about 12 𝑟𝑎𝑑. Thus Corning 9754 glass seems very promising for femtosecond laser direct writing of complex optical components such as Fresnel lenses.