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Snapshot multi-view systems can manage advanced imagery functions [1]. Thus, they are considered for a wide range of applications such as, polarization, miniaturization, superresolution, 3D imagery and spectral imagery [2][3]. Different optical architectures have been proposed to meet these new imagery needs, exploring multi-aperture, single-aperture or hybrid concepts [4]. To cover a wide range of applications in the infrared spectral bandwidth, we are looking for a design with a good spatial resolution for pixel co-registration and fields of view ranging from 10 to 60 degrees. We intend to use uncooled infrared detectors, especially microbolometers, in the Long Wavelength Infrared (LWIR). The signal delivered by a microbolometer can easily drift with the environmental temperature. Therefore, for remote sensing applications, it is worth producing the images on a single Focal Plane Array (FPA) before processing them so each image drifts in the same way. In this paper, we will thus focus on infrared designs able to produce multiple images on a single FPA without mentioning systems based on array of cameras [1]. Moreover, using a microbolometer implies a high numerical aperture of the optical system to maximize the signal-to-noise ratio, typically F/1. One of the most classic designs for achieving multiple images on a single detector is the TOMBO multi-channel architecture [5] which has been widely studied. This concept uses an array of imaging elements such as a monolithic lenslet array, to juxtapose several optical systems and to produce these multiple images on a single FPA. A LWIR uncooled TOMBO camera, has already been made [6].

However, its major drawback relies on the relationship between the F-number (F#) and the field of view (FOV) to avoid blind areas on the FPA or field overlay between adjacent channels. Indeed, in order to maximize the number of useful pixels associated with a single lenslet of the TOMBO system while having the lowest Fnumber, FOV (in radians) and F# are linked by the following equation [7]:

𝐹𝐹𝐹𝐹𝐹𝐹 = 1 𝐹𝐹# . (1) 
Validating Eq. ( 1) means that the lenses have the same size as their associated subimages. If we allow that the size of the lenses can be smaller than their subimages, Eq. ( 1) becomes 𝐹𝐹# ≥ 1/𝐹𝐹𝐹𝐹𝐹𝐹.

Therefore, for a FOV of 10°, the F-number should be greater than 6.

This F-number is not compatible when using a microbolometer. In other words, with the requirement of a F-number of 1, the FOV should be greater than 60° for an optimal use of pixels and a smaller FOV will yield unused pixel areas on the FPA between the subimages, as observed in [6]. To overcome this constraint, Carles's team proposed a two-stage freeform TOMBO architecture allowing an increase of the numerical aperture by using off-axis optics to tilt the optical axis of each channel [8]. Freeform surfaces are used to correct the induced off-axis aberrations generated by this approach. With this design, the unused pixel area can be reduced for small field of view systems (in [8], the field of view is equal to 8°). However, freeform surfaces that can be different from one channel to another increase drastically the complexity of the optical system. Since unconventional lenses have to be made and aligned, this solution becomes difficult to apply for more than nine images. Finally, multichannel architectures must manage crosstalk between the different channels, usually by using walls, since a field stop is not easily implemented for high numerical aperture [9]. However, the grazing incidence of rays on these walls can lead to problematic parasitic reflections. We conclude from the state of the art that multi-aperture concepts have limitations for high aperture systems with narrow FOVs. Light-field type cameras were studied too [10][11]. Among these different concepts, the single aperture light-field design based on a kaleidoscope does not suffer from the limitations of multi-aperture systems [12] and has a field stop that prevents crosstalk. The principle of this optical architecture is to place, between a first imaging lens and a re-imaging one, a kaleidoscope which is a tube made of 4 plane mirrors. A sketch of this design is given in Fig. 1. An intermediate image is formed by the first lens at the entrance of the kaleidoscope. By reflection in the kaleidoscope, the cones of incident beams are divided into N×N cones with different orientations that form virtual copies of the image produced by the first lens at the intermediate image plane. This array of images is then focused by the second lens on the FPA. In [12], a diffuser is used at the entrance of the kaleidoscope to diffuse the cone of incident beams and send it on the mirrors of the kaleidoscope. So a large number of images are formed independently of the aperture of the front lens and off-the-shelf lenses can be used. However, a diffuser induces serious loss of light and image quality and this approach is thus not adapted for systems using an uncooled detector. In [12], authors also proposed a light-field imaging system without diffuser by adding a field lens next to the entrance of the kaleidoscope. As we will see later, if carefully designed, this approach is very interesting for efficient light gathering. However in [12], the use of off-the-shelf lenses makes this approach difficult and the authors use a long kaleidoscope resulting in a decrease of the numerical aperture of the whole system. In this paper we demonstrate that a kaleidoscope concept can be adapted to meet the light efficiency constraints of uncooled infrared detectors. We demonstrate the FOV-F# uncoupling capacity of this system. Finally, we highlight the key dimensions of the architecture to ensure a good distribution of light between the different subimages while maintaining a good compactness thanks to a careful design of all the subsets: the front lens, the kaleidoscope and the re-imaging lens. As a consequence, custom-made optics have to be designed.

Fig. 1. Structure of the kaleidoscope architecture

The kaleidoscope is the central part of the design and impacts the dimensioning of the front lens and of the re-imaging lens for an optimal configuration. The front lens images a scene situated at infinity on an intermediate image plane at the entrance of the kaleidoscope. This way, the entrance section of the kaleidoscope is used as a field stop and its section defines the shape of the images. The presence of a field stop prevents crosstalk between the different subimages. A mask can be placed at the entrance of the kaleidoscope to limit grazing rays on the mirror. However the more the mask overflows on the intermediate image, the more unused pixels will appear between each image on the FPA. At first approximation, the entrance height Hk of the kaleidoscope is linked to the system's field of view FOV (in radians) and to the focal length f1' of the front lens by the following relation:

𝐻𝐻 𝑘𝑘 ≅ 𝑓𝑓 1 ′ 𝐹𝐹𝐹𝐹𝐹𝐹 . (2) 
Without a diffuser at the entrance of the kaleidoscope, the front lens needs to have an adequate aperture in order to maximize the light gathering capability. To guarantee a uniform light distribution between the images, the numerical aperture at the intermediate image plane 𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼 should be divided inside the kaleidoscope into NxN numerical apertures with similar cone angles as shown Fig. 1.

Then the numerical aperture at the exit of the kaleidoscope NAexit is given by the following equation:

𝑁𝑁𝑁𝑁 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼 𝑁𝑁 .
(

) 3 
As a consequence, to have a uniform light distribution between the images, the dimension of the kaleidoscope is linked to the numerical aperture at the intermediate image plane. Fig. 2 illustrates this condition. Rays contributing to a subimage are plotted in a dedicated color: green for the top image, blue for the bottom image and red for the central image. (4) Fig. 2.B satisfies condition (4) and the light distribution is fairly uniform between the image points. The kaleidoscope system was designed to produce 3x3 images. A higher numerical aperture than condition (4) will add rays having double reflection on opposite mirrors and will produce additional unwanted images. It is clear from this figure that the entrance pupil is actually vertically divided into 3 sub-pupils, each associated with a subimage. In this case, the front lens is equivalent to an array of 3x3 imaging apertures. Now we have to guarantee Eq. ( 3) over the field of view. In [13], S. Pacheco et al. optimize a telecentric front lens as illustrated in Fig. 3.A. For simplicity, we represent the front lens and the re-imaging lens as ideal paraxial lenses in ZEMAX software. The configuration of Fig. 3.A has a telecentric front lens and we notice that an extra image point appears, associated with black rays, due to a double reflection inside the kaleidoscope. The upper image in green, obtained through reflection on the bottom mirror, receives less light than its counterpart at the bottom in blue. With the telecentric front lens, the exit pupil is placed at infinity. In fact, to fulfill the condition of Eq. ( 3), the exit pupil of the front lens needs to be at the exit section of the kaleidoscope as illustrated in Fig. 3.B. In Fig. 3.B, we add a field lens in the intermediate image plane to place the exit pupil of the front lens at the exit of the kaleidoscope.

In this case, we clearly see that the light is better distributed between image points and we avoid the double reflections inside the kaleidoscope. This constraint of having an exit pupil after the image plane for an imaging lens is not common and a custom-made front lens has to be designed to guarantee a good image quality. We have therefore defined the design rules for an optimal distribution of light between sub-images. Moreover, this re-imaging lens must have its entrance pupil at the exit of the kaleidoscope and must guarantee the numerical aperture of the whole system 𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 which is linked to the numerical aperture at the intermediate image plane and the features of the kaleidoscope. Combining Eq. ( 3) and Eq. ( 5) also gives an important kaleidoscope's feature:

𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 = 𝑁𝑁𝑁𝑁 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑀𝑀 = 𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼 𝐻𝐻 𝑘𝑘 𝑡𝑡 𝑑𝑑𝑒𝑒𝑒𝑒 . ( 6 
)
In our demonstrator, we decide that 𝑡𝑡 𝑑𝑑𝑒𝑒𝑒𝑒 is equal to the height 𝐻𝐻 𝑘𝑘 of the kaleidoscope. In that case, the re-imaging lens divides the focal length of each sub-image by a factor N compared to the front lens focal length (Eq. ( 5)). However, the entrance pupil associated with each subimage is divided by N by the kaleidoscope (Eq. ( 3)). Finally, a pixel would see the same optical etendue in the intermediate image plane as in the FPA and the numerical aperture of each subimage NAsyst is equal to NAIIP as shown in Eq. ( 6). Sometimes, it could be easier to design a front lens with a lower numerical aperture, while keeping the numerical aperture and the FOV of the whole system constant. In that case, Hk is greater than 𝑡𝑡 𝑑𝑑𝑒𝑒𝑒𝑒 and Eq. ( 2) tells us that the focal length of the front lens increases. As a consequence, the size of the whole system increases. Finally, by combining Eq. ( 6) with Eq. ( 4) and Eq. ( 2), by assuming that 𝑡𝑡 𝑑𝑑𝑒𝑒𝑒𝑒 = 𝐻𝐻 𝑘𝑘 and by considering that the F-number of the whole system (F#syst) is linked to NAsyst by the following relation 𝐹𝐹# 𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 = 1/(2 × 𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 ), we obtain another feature of this system:

𝐹𝐹# 𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 = 1 𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿 𝑘𝑘 𝑁𝑁𝑓𝑓 1 ′ . (7) 
In comparison with Eq. ( 1) that describes an optimal TOMBO design, Eq. ( 7) shows that with a kaleidoscope system, the Fnumber is not directly linked with the FOV, which is an important property of this design. Following the previously detailed design rules, we have designed a kaleidoscope-based optical system with the software ZEMAX. We wanted to limit as much as possible the number of optics and the number of aspheric surfaces to keep a simple manufacturing system. Thus, the system could easily be improved optically, to the detriment of manufacturing simplicity and optics alignment. We converge to the architecture illustrated in Fig. 4. It is opened at F/1 and has a field of view of 30°. The kaleidoscope has a square height of 9mm wide and 25mm long. The re-imaging lens has a magnification close to 1/3 and the multi-imaging system produces 3x3 images. The central image is produced without reflection in the kaleidoscope; vertical and horizontal images are induced by a single reflection on the mirrors and diagonal images are induced by double reflection on orthogonal mirrors. The FPA chosen is an uncooled 640x480 detector with a pixel pitch of 25µm. The total length of the optical system is 110mm for a focal length of 6mm. In Fig. 4., the central field is represented to show the image points created. The theoretical polychromatic (8µm-12µm) Modulation Transfer Functions (MTFs) for different fields of view and for the central sub-image, a side sub-image and a diagonal sub-image are illustrated in Fig. 5. The image quality of the system is satisfactory for the 9 images for a 25μm pixel pitch FPA since the MTFs have contrast up to the Nyquist frequency at 20 cycles/mm. Fig. 6 illustrates the light distribution between the sub-images. We see that it is almost the same between the central image and the side images but it is lower in the diagonal images. Indeed, we have dimensioned the kaleidoscope so that it is as compact as possible while distributing the light as well as possible on the vertical and horizontal images. However, the kaleidoscope is square-sectioned and our system is not optimized for the diagonal sub-images. The solution would be to increase the numerical aperture at the intermediate image plane to increase the luminous flux in diagonal images. Given the relation ( 4), the condition would become:

𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼 = 3 sin �atan � √2𝐻𝐻 𝑘𝑘 2𝐿𝐿 𝑘𝑘 �� . (8) 
In our case, this increases drastically the numerical aperture and complicates the front objective. Indeed, a F-number equal to 0.75 is very difficult to obtain. We observe extra images resulting from double reflections on opposite mirrors which are due to an entrance pupil not perfectly defined. Thus, the numerical aperture of the rays entering the kaleidoscope is too high to avoid opposite double reflections.

The realization and the characterization of the prototype show that we have been able to adapt the kaleidoscope architecture to an application in the LWIR with an uncooled detector. Compared to a TOMBO design, this multi-imaging system has the following advantages. Firstly, it can answer to the high numerical aperture challenge while exploiting a maximum of pixels on a FPA by decoupling the field of view and the F-number. For this reason, it is particularly suited for systems requiring both a small field of view and a high aperture. Secondly, it has some flexibility to modify the field of view by only changing the front lens. Finally, there is no risk of crosstalk because the entrance of the kaleidoscope acts as a field stop. However, it is less compact than a TOMBO design but we have demonstrated that we can limit the size of the kaleidoscope by a careful design strategy that maximizes the light gathering efficiency. The kaleidoscope-based system uses conventional lenses and plane mirrors and thus it enables rapid and costeffective manufacturing and assembling. Different fields of application based on this kaleidoscope architecture can be explored such as spectral, polarization or 3D imaging.

Fig. 8. On the left, an image of a hand through the kaleidoscope system which clearly shows orientations of each 9 images (framed in red); on the right, an image of a roof where we can distinguish small details like an overhead electrical wire that highlights the image quality of the system. Extra images resulting from double reflections on opposite mirrors are framed in blue.

Fig. 2 .

 2 Fig. 2. Impact of the numerical aperture of the front lens, for the kaleidoscope's given dimension, on the formation of the image points for A) a numerical aperture undersized compared to the kaleidoscope dimension, B) an adapted numerical aperture.

Fig. 2 .

 2 Fig. 2.A shows an undersized numerical aperture of the front lens compared to the kaleidoscope's dimension. Indeed, images induced by a single reflection have less luminous flux than the central image. As a consequence, the numerical aperture on the intermediate image plane of height Hk and the length Lk of the kaleidoscope need to satisfy the following equation: 𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑁𝑁 sin �atan � 𝐻𝐻 𝑘𝑘 2𝐿𝐿 𝑘𝑘 �� ≈ 𝑁𝑁 𝐻𝐻 𝑘𝑘 2𝐿𝐿 𝑘𝑘 .

Fig. 3 .

 3 Fig. 3. Impact of the orientation of rays entering the kaleidoscope on the image formation in the field for A) a telecentric front lens, B) an exit pupil of the front lens in the exit plane of the kaleidoscope. The re-imaging lens needs to re-image the array of images, having a height 𝑁𝑁 × 𝐻𝐻 𝑘𝑘 in the intermediate image plane, on the FPA having a height 𝑡𝑡 𝑑𝑑𝑒𝑒𝑒𝑒 . This means that the re-imaging lens must guarantee the following magnification M: 𝑀𝑀 = 𝑡𝑡 𝑑𝑑𝑒𝑒𝑒𝑒 𝑁𝑁𝐻𝐻 𝑘𝑘

Fig. 4 .

 4 Fig. 4. Final infrared architecture based on a kaleidoscope and adapted for a microbolometer. Aspheric surfaces are marked with *.

Fig. 5 .

 5 Fig. 5. Theoretical MTFs for different type of images and for 3 fields of view. On the left, the central image's MTF on the right, a side image's MTF; on the bottom, a diagonal image's MTF.

Fig. 6 .

 6 Fig. 6. Illustration of the distribution of 1 Watt of luminous flux between the different images of a system optimized for 5 images.

Fig. 7 .

 7 Fig. 7. Kaleidoscope prototype.Based on the optical design of Fig.4, a prototype has been made. It is shown in Fig.7. Images are given in Fig.8. We clearly see 3x3 sub-images; a central sub-image and 8 others with orientations that match one or two reflections inside the kaleidoscope. We observe extra images resulting from double reflections on opposite mirrors which are due to an entrance pupil not perfectly defined. Thus, the numerical aperture of the rays entering the kaleidoscope is too high to avoid opposite double reflections.