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ONERA is the reference lab for DGA in environment modelling. To fulfil this mission, ONERA must be able to probe the spectral content of the scene or objects of interest. For that, innovative concepts of optical instruments are imagined and designed because the commercialized instruments do not systematically meet our needs. These custom systems are more specifically working in the infrared domain. In this presentation, we will review recent developments at ONERA of multispectral cameras that produce multiple images of the scene seen in different spectral bands on the same sensor and panchromatic lenses allowing the use of different types of sensors sensitive in different atmospheric transmission bands.

INTRODUCTION

To fulfil its mission of reference lab for DGA in environment modelling, ONERA is developing custom optical instruments. In this paper, we will review recent developments of multispectral cameras and panchromatic systems. In the case of multispectral cameras, the key technologies use cryogenic arrays of optical elements (array of lenses, prims and filters). These technologies make the cameras compact, sensitive and snapshot. In the case of panchromatic lenses, the key technologies are freeform surfaces. Freeform surfaces are non-rotationally symmetric surfaces, which cannot be described as an off-axis part of a conicoid. Freeform surfaces allow an increase in performance such as on the field of view, the F number, and the suppression of obscuration on all reflective systems. Reflective designs have the advantage of being light, achromatic, and potentially low-cost due to cheaper materials involved. Moreover, by adding a dichroic filter, reflective systems can produce images in different atmospheric transmission bands without paraxial issue.

1 Technology Readiness Level (TRL)

Multispectral cameras

Cryogenic multispectral cameras based on an array of lenses

The first multispectral camera we made is a cryogenic infrared camera with an array of lenses and an array of filters directly integrated inside the cold shield of a Detector Dewar Cooler Assembly (DDCA). This camera was designed for the detection and quantification of methane gas leak and is called SIMAGAZ [START_REF] Druart | Test of a LWIR cryogenic multispectral infrared camera for methane gas leak detection and quantification in TADI platform and Ersperce site[END_REF][START_REF] Druart | Test of SIMAGAZ: a LWIR cryogenic multispectral infrared camera for methane gas leak detection and quantification[END_REF]. Pre-industrial versions (TRL The first results of SIMAGAZ were produced on the TADI (TOTAL Anomaly Detection Initiatives) platform. Then it has been tested on industrial sites (GRT gas, SUEZ) and even in natural sites. Several modes of imagery have been tested: monitoring mode, handheld mode and UAV mode. Figure 2 illustrates some results of methane leak detection and quantification obtained with SIMAGAZ. The concentration level is represented by a rainbow colorbar, the highest concentrations are in red.

The field of application of SIMAGAZ has been extended to other types of gases. Indeed, once an absorption band of a gas belongs to one of the four spectral bandwidths, the gas can be detected by the camera. For instance, we applied SIMAGAZ for the detection of maritime pollution (heptane, butyl acetate, acetone, sulphur dioxide…).

The four-in-one camera is now used by our teams for the study of infrared signatures. With calibration in climatic housing, the camera produces shutterless images of high radiometric quality. This camera is a fixed focal lens camera. To adapt its field of view, an afocal system can be added outside the DDCA. 

Plenoptic multispectral cameras based on an array of equivalent prisms

Whether we want a camera with a longer focal length or a more generic multispectral DDCA, the solution with an array of lenses may not be the best one. So we explored a plenoptic configuration with an array of equivalent prisms and an array of filters integrated inside the cold shield of the DDCA This plenoptic camera uses the LYNRED's state of the art architecture based on his cooled MW VGA format with a pixel pitch of 15µm and a RM3 cooler. Four spectral bands are selected between 2µm to 5µm. One channel is dedicated to the SWIR. Having a SWIR channel after 2µm is not common since the spectral bandwidth of LYNRED's MW VGA usually starts at 3.7µm and it is a benefit of this multispectral camera. Then we have a spectral channel around the wavelength of 3.2µm. It is an interesting waveband since many gases have an absorption peak around 3.2µm. Finally, we have two wavebands called MWIR blue and MWIR red, which are on both sides of the CO2 absorption band.

The specifications of the plenoptic multispectral camera are summarized in Table 2. A picture of the camera is given in Figure 3. This camera is currently used by our teams for the study of infrared signatures. Multispectral pictures taken from the camera are illustrated in Figure 4. 

Panchromatic lenses with freeform mirrors

Freeform Three Mirror Anastigmat

One way to limit the number of optical paths in an optronic system is to think about a common panchromatic lens. Catoptric systems are the easiest way to obtain a panchromatic lens compatible for a large bandwidth (for instance from visible to LWIR). However, classical on-axis designs of catoptric systems lead to an obscuration ratio that scales with the FOV and image numerical aperture and tends to limit the transmitted flux and drive the pupil shape further and further from a disk, reducing signal to noise ratio and optical quality. To cope with this issue, unobscured off-axis systems have been designed but their FOV is still limited since decentering surfaces add some new kind of geometrical aberrations [START_REF] Thompson | Description of the third-order optical aberrations of near-circular pupil optical systems without symmetry[END_REF]. These asymmetric aberrations increase with the mirrors tilts and decenters, which are linked to aperture and FOV, therefore being harder to compensate while keeping rotationally symmetric surfaces as we increase these parameters. The use of freeform surfaces allows for a better compensation of those nodal aberrations and enables large FOV designs.

Freeform surfaces are mostly defined as a standard conic surface with a 2D polynomial correction, mostly over polar coordinates, but many other definitions exist, as Splines, Nurbs or radial basis functions. Freeform surfaces allow compact and well-corrected off-axis reflective designs.

A classical arrangement of off-axis mirrors is called Three Mirror Anastigmat (TMA). We studied a positive negative positive reflective imager with a long focal length. Its important aperture makes this design compatible with uncooled infrared detectors like microbolometers [START_REF] Duveau | Design strategies of three mirror design with freeform surfaces[END_REF][START_REF] Duveau | Design strategies of an unobscured three mirror telescope with freeform surfaces for infrared nanosatellite imagery[END_REF]. The length between the last mirror and the detector has been kept long enough to ensure that a dichroic filter can be placed to allow the use of a second detector, in the short wave infrared (SWIR) spectrum as an example. Table 3 summarizes the specifications of the freeform TMA camera. Figure 5 gives a layout of a multi spectral band solution with a 2mm Germanium dichroic filter.

A mono spectral band solution working in LWIR is under development, but rooms have been foreseen to add a dichroic filter and a second FPA. The freeform mirrors have been made by Savimex and the mechanical housing is currently made by Opµs. 

Freeform αZ configuration

Freeform surfaces help to increase the field of view of TMA configurations but up to fields of view around 10°. To increase the field of view, the Pamplemousse configuration [START_REF] Fuerschbach | Assembly of a freeform off-axis optical system employing three φ-polynomial Zernike mirrors[END_REF] is promising since the mirrors naturally fit in a sphere but when the aperture increases, the back focal length is reduced and it is more and more difficult to control the stray light. This is why for large fields of view and large apertures we have studied another configuration called αZ. The αZ configuration differs from the pamplemousse from the positioning of the detector regarding the secondary mirror. It is best suited to increase the back focal length and to limit the stray light for wide field of view and fast lens. Table 4 summarizes the specifications of the freeform αZ camera. A picture of the camera is given in Figure 6. The freeform mirrors were manufactured by Gaggione and the mechanical housing was manufactured by Opµs. The solution chosen was to manufacture the structure using 5 axes machining to have the necessary precision not to make any positioning adjustment concerning the mirrors. An infrared picture obtained with the freeform αZ camera is given in Figure 7. 

Conclusion

In this paper, we have presented some custom optical instruments developed at ONERA. The multispectral cameras are mature enough to be used in measurement campaigns. Freeform panchromatic lenses are under development and proofs of concept allow ONERA to master the problem of freeform surfaces (optimization, manufacturing and metrology). They are good candidates for multi spectral band cameras (from visible to LWIR) having no parallax issue for the image fusion.
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 1 Figure 1. SIMAGAZ infrared multispectral camera.

Figure 2 .

 2 Figure 2. Some methane leaks detected and quantified by SIMAGAZ.

  [START_REF] De La Barrière | Multispectral plenoptic infrared camera for remote sensing applications[END_REF]. The array of equivalent prisms is a thin optical plate with on one side a concave surface and in the other side an array of convex surfaces. The camera is made of an objective placed in front of the DDCA window. In the exit beam of the objective, the array of equivalent prisms splits the converging incident beam into several areas of the single focal plane array to image the same scene. The focal plane array is thus divided into four zones, each one being sensitive in the spectral band selected by the corresponding filter. One of the advantages of this generic plenoptic multispectral DDCA is that different objectives with different focal lengths can be designed. We have thus designed three lenses to have different horizontal field of views: 3°, 10° and 60°.
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 34 Figure 3. Plenoptic multispectral camera
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 5 Figure 5. Layout of a multi spectral band solution with a 2 mm Germanium dichroic filter.
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 46 Figure 6. Freeform αZ camera.
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 7 Figure 7. Infrared picture obtained with the freeform αZ camera.
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 1 Specifications of SIMAGAZ

	Focal Plane Array (FPA). The MCT technology of
	the infrared detector array offers high-speed
	operation with a high sensitivity. Indeed, a Noise
	Equivalent Temperature Difference (NETD) has a
	mean value of 40mK for all the spectral bandwidths
	and with an integration time of 5ms and for a scene
	at around 20°C. Therefore, the camera combines
	the advantages of being simple (only two major
	optical components are used), cost effective (a
	single detection block is used), compact (the
	camera has the size of the detection block),
	sensitive (a cryogenic infrared detector is used), as
	well of having a high radiometric stability (the optics
	are cooled at cryogenic temperature, thus limiting
	the background signal). The specifications of
	SIMAGAZ are summarized in Table 1.

[START_REF] Duveau | Design strategies of three mirror design with freeform surfaces[END_REF] 

were developed in the FUI consortium IMAGAZ involving ONERA, TOTAL, LYNRED, NOXANT and BERTIN TECHNOLOGIES.

SIMAGAZ uses the LYNRED's state of the art architecture based on his cooled LW VGA format with a pixel pitch of 15µm and a RM3 cooler. So the outside view of the camera looks like a standard DDCA. The camera produces four images of the scene with different spectral properties on a single

Table 2 .

 2 Specifications of the plenoptic multispectral camera

	Detector type	MultiSpectral MCT
	Spectral Range	2-5µm
	Image Size for a sub-	320x256 pixels with a
	image	pixel pitch of 15µm
	Focal length	100mm, 30mm, 4mm
	F-number	4
	Horizontal Field Of	3°,10°, 60°
	View (HFOV)	

Table 3 .

 3 Specifications of the freeform TMA camera

	Detector type	Mircobolometers,
		SWIR	or	Visible
		detectors	
	Spectral Range	From Visible to LWIR
	Image Size for a sub-	1024x768 pixels with a
	image	pixel pitch of 12µm
	Focal length	100mm	
	F-number	1.5	
	Horizontal Field Of	3.5°	
	View (HFOV)