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ABSTRACT:

Multispectral imaging is a proven technique for remote sensing applications such as multiband imagery or gas leaks detection. Especially, snapshot multispectral cameras offer a compact solution for measurements at high framerates. In this paper, we present the development of a MWIR multispectral plenoptic camera with a cryogenic multispectral core and a front lens, for remote sensing at long ranges. This solution is based on a sensitive cooled infrared detector commercialized by LYNRED. The Dewar of the detector is a sealed, cryogenic and binding environment originally dedicated to the detector only. Over the past years, ONERA and LYNRED have developed a strong experience in integrating optical components in the Dewar of the cooled detector, in order to increase the compactness of cameras. Thanks to this experience, key optical components such as an array of filters are directly integrated in the Dewar. Experimental results are shown and compared to simulations.

INTRODUCTION: MULTISPECTRAL IMAGING FOR GAS LEAKS DETECTION

For years, scientists have been using infrared multispectral imaging to detect and quantify gas leaks. Indeed, most chemicals have narrow spectral signatures. Integrating signal on a narrow spectral band with a multispectral infrared camera provides a higher thermal contrast than integrating the same signal over a broad spectral band with a conventional infrared camera. Measuring signal in several spectral bands (rather than in a single band) is a way to reduce the rate of false alarms. Therefore, several multispectral imaging solutions have been proposed. For instance, LWIR (longwave infrared) cameras using a motorized filter wheel have been developed: Telops with a cryogenic focal plane array [START_REF] Gagnon | Time-resolved thermal infrared multispectral imaging of gases and minerals[END_REF], and Bertin Technologies with a product called Second Sight based on a microbolometer detector array which detects and quantifies gas leaks [START_REF] Bernascolle | Stand-off CWA imaging system: second sight MS[END_REF]. The main limitation due to the filter wheel is the moving part: one measurement can take up to 1 s. Using several cameras, each one sensitive in a specific spectral band, is neither a good solution because of volume, energy consumption, cost and the complexity of calibration steps. Therefore, snapshot multispectral imaging could be preferred to increase the acquisition framerate and to overcome these limitations. Solutions for snapshot multispectral imaging in the infrared spectral band could be inspired by existing concepts in the visible. The first solution to make snapshot multispectral infrared imaging is to manufacture arrays of filters at pixel-level in the infrared, by imitating the Bayer filter color arrays in the visible spectral range. However, Bayer-like solutions are difficult to transpose on infrared focal plane arrays because of two main reasons. Firstly, the thickness of dielectric filters made of layers of different materials increases with the wavelength. Therefore, it is much more difficult to make such an array in the infrared rather than in the visible. Secondly, the thickness of each layer is different from one pixel to another, which adds another difficulty. A solution to overcome these limitations is to explore the potential of nanostructured filters [START_REF] Bierret | Pixel-sized infrared filters for a multispectral focal plane array[END_REF]. However, such studies have not been adapted to up-to-date MWIR (midwave infrared) detectors pixel pitch equal to 15 µm yet. Another solution could be found in multichannel imaging systems, which divide the pupil into several areas. A microlens array is placed in front of a single detector; each channel images the same scene on the same focal plane array, with the same field-of-view [START_REF] Tanida | Thin observation module by bound optics (TOMBO): concept and experimental verification[END_REF]. If an array of different spectral filters is aligned with the microlens array, each channel corresponds to a given spectral band selected by the filter. Demonstrations have been carried out in the visible spectral range [START_REF] Shogenji | Multispectral imaging using compact compound optics[END_REF][START_REF] Venkataraman | Picam: An ultra-thin high performance monolithic camera array[END_REF]. This approach leads to snapshot multispectral imaging.

The challenge is to adapt this concept to the demanding cryogenic environment of a MWIR focal plane array. This paper presents the optical concept we proposed to meet these three main requirements. Firstly, the camera has to be suited for remote sensing applications, with a reduced FOV equal to 10°. Secondly, it must be rather compact to be integrated on small platforms. Finally, it must be able to detect several gases which have a spectral signature in the MWIR band.

In the rest of this paper, our experience in cryogenic compact IR cameras will be recalled. Secondly, the design principle of our multispectral snapshot camera will be presented. Then, the experimental measurements and first images made with our demonstrator will be exposed.

EXPERIENCE IN CRYOGENIC COMPACT INFRARED CAMERAS

For years, ONERA and LYNRED have developed an experience manufacturing demonstrators of cryogenic compact multichannel infrared cameras [START_REF] Druart | Demonstration of an infrared microcamera inspired by Xenos Peckii vision[END_REF][START_REF] De La Barrière | Compact infrared cryogénic wafer-level camera: design and experimental validation[END_REF][START_REF] De La Barrière | Compact multichannel infrared camera integrated in an operational detector dewar cooler assembly[END_REF]. Quantum infrared detectors have to be cooled at cryogenic temperature in a Detector Dewar Cooler Assembly (DDCA) in order to limit the background current, and thus to be as sensitive as possible. A DDCA is typically made of a vacuum chamber. A window opens this chamber while maintaining its airtightness. The infrared focal plane array (IRFPA) is integrated inside the Dewar on a cold plate. A cold shield opened by a cold diaphragm is added, so the detector sees either the cold shield or the wanted scene through the cold pupil. Usually, a cold filter limits the spectral band of the IRFPA. Such a DDCA is illustrated in Figure 1. The approach of ONERA and LYNRED is original because it provides an extreme compactness for IR cameras [START_REF] De La Barrière | Design strategies to simplify and miniaturize optical systems[END_REF] by integrating a microlens array in the Dewar. The lenses of the array have the same focal length, equal to a few millimeters only which is very small. This design is well suited for systems with a very wide field-of-view (FOV). We can benefit from this experience to make a miniature multispectral MWIR cryogenic camera.

DESIGN OF A MULTISPECTRAL PLENOPTIC MWIR CAMERA

For our application, the optical design cannot be based on a single microlens array. An optical objective with a high focal length is required. A schematic layout of our camera is given in figure 2. The camera includes an objective placed in front of the DDCA window. In the exit beam of this objective, we place an array of prisms in order to split the converging incident beam. Thereby, the same scene is imaged on several areas of the single focal plane array. In the cold shield of the Dewar, we integrate the array of four spectral filters selecting MWIR sub-spectral bands, as well as the array of prisms. The focal plane array is thus divided into 4 zones, each one being sensitive in the spectral band selected by the corresponding filter. Integrating the array of prisms and the array of filters directly in the cold shield makes the whole system more compact. Cooling the array of filters enables to decrease the instrumental background. 

EXPERIMENTAL RESULTS

In this section, we want to evaluate figures of merit widely used to quantify the quality of an imaging system. We will focus on the point spread function (PSF), which shows the response of the system to a point source, and on the modulation transfer function (MTF), which quantifies the ability of the system to distinguish small details in a scene. We have measured the two-dimensional PSF of the system (illustrated in figure 4). Fourier transform gives the MTF, which is compared to the theoretical one given by Zemax optical design software (figure 5). We can notice that the experimental MTF curve is close to the theoretical expected one, which shows that the system has been successfully integrated. We have measured the noise equivalent temperature difference (NETD) of the camera, for the four spectral bands. The histograms of the NETD images are plotted in figure 6 for the four spectral bands. The NETD is quite equal for the four bands (around 50 mK), which ensures a good sensitivity of the system. The camera has a NETD higher than the NETD of the detector alone because of the objective placed in front of the DDCA.

FIRST EXPERIMENTAL IMAGES

This camera has been used to acquire images outside. Two images are presented in figure 7.

There is a transition zone between adjacent channels, which is arbitrarily coloured in black. Bad pixels also appear in black. These images reveal a good image quality, although the bad pixels processing could be improved (especially in the top right hand corner image).

7.

We have proposed an original optical concept, which integrates an array of prisms and an array of filters in the DDCA, in order to make a compact snapshot multispectral MWIR camera. The integration of optics inside the DDCA, environment originally reserved to the IRFPA, gives to the designer new opportunities in order to get compact optical systems and to add more functions inside the DDCA. The first experimental results are very encouraging. We now have to work on image processing strategies to show the potential of this camera in the field of gas leak detection and quantification.

This work has directly been founded by FUI IMAGAZ, but also benefits from results obtained with the DGA financial support, and industrial partnerships for research with LYNRED and TOTAL.
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 1 Figure 1. Illustration of a DDCA.
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 2 Figure 2. Illustration of the optical principle of the multispectral snapshot MWIR camera.
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 3 Figure 3. Picture of the multispectral MWIR snapshot camera.
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 4 Figure 4. Horizontal and vertical cross sections of the two dimensional PSF. Insert: Two-dimensional PSF.
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 5 Figure 5. Horizontal and vertical MTF curves, compared to the theoretical MTF.
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 6 Figure 6. Histograms of the NETD images of the four channels of the camera.
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 7 Figure 7. Horizontal and vertical cross sections of the two dimensional PSF. Insert: Two-dimensional PSF.