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THEMIS, a 90 cm solar telescope, offers spectropolarimetric observations in the VIS and NIR spectral ranges through a long-slit spectrograph. Now, an image slicer-based Integral Field Unit (IFU) is being developed as an evolution of the long-slit set-up. The IFU will allow observing a 2D Field-of-View (FoV) and several spectral regions simultaneously. Integral Field Spectroscopy mitigates very well the loss of information generated by the atmospheric seeing over a single long-slit and is more suitable for 2D evolutionary studies of solar phenomena. The IFU optical design inherits the concept of the IFU currently installed on the GRIS spectrograph at the GREGOR telescope and has been adapted to THEMIS. Also, we took advantage from the image slicers manufacturing process evolution since the GRIS IFU was created. First, the spatial resolution is increased by reducing the width of the slicer mirrors from 100 to 80 µm. Second, the FoV is increased by changing the slices number from 8 to 16. In terms of optomechanical integration, the slicer mirror unit is placed at the telescope focal plane. The available volume is limited and has constrained the IFU elements position and the mirrors focal length. The design strategy generates 16 different pupil planes that are superimposed and keeps the optical path constant to allow interchangeability between the new IFU and the long-slit mode. The most challenging condition was keeping the pupil plane position unaltered since the input beam is not telecentric. This contribution presents the IFU optical design and describes the challenges faced in design phase.

INTRODUCTION

THEMIS, 1 the 90-cm optical solar telescope, offers spectropolarimetric observations in the VIS and NIR spectral ranges through a long-slit spectrograph. Currently, the possibility of updating THEMIS with advanced instrumentation is being explored. In this paper, we present a prototype of a slicer-based Integral Field Unit (IFU) designed for THEMIS. This IFU system will offer the simultaneous acquisition of 2D images in several spectral regions. Moreover, an advantage of this design is its interchangeability between long-slit and IFU modes. This IFU optical design heritages the concept of the IFU that is currently installed on the GRIS spectrograph 2 at the GREGOR solar telescope and is also based on image slicers. [START_REF] Dominguez-Tagle | First light of the integral field unit of gris on the gregor solar telescope[END_REF] The IFU system designed for THEMIS has been adapted to the specifications of this telescope. Since the image slicer's manufacturing process has evolved since the GRIS IFU was created, presently it is possible to produce a system with better performance. First, the reduction of the width of each mirror slice from 100 µm to 80 µm has led to an increase of the spatial resolution. Second, the number of slices grows from 8 to 16, augmenting the FoV covered by the new Integral Field System (IFS).

The long-slit is placed after a transfer optics, at the focal plane of the telescope, F2. Then, the beam reaches the pre-disperser of the THEMIS spectrograph 4 but first, at 210 mm just after the slit, a field lens reimages the pupil providing telecentrism to the predisperser since the input is not telecentric. At IFU mode, the Integral Field Unit will substitute the long-slit.

One of the limitations of the optical design is the reduced space available for placing the IFU. The requirement to fit the IFU in this cavity constrains the mirror focal length and the element distribution of the system. The design of the IFU system maintains the optical path invariant in comparison to the long-slit mode and also avoids placing elements outside the cavity. Thus, the presented design allows a straightforward interchangeability between long-slit and IFU modes. To compensate for optical path differences, a final extra mirror sends the light to the spectrograph. The pupil position and size after the IFU have been maintained because the lens that provides telecentrism cannot be removed. Since the management and alignment of all pupil planes formed in the IFU system are crucial, working in non-telecentric conditions for the IFU pupil management and overlapping has posed a challenge. As a solution, the IFU provides a telecentric exit pupil and then, a final mirror reimages the pupil at the corresponding position. In the next section, the optical design of the IFU is described.

OPTICAL DESIGN DESCRIPTION

Starting requirements

The next table shows the starting requirements for the optical design. The IFU will be placed at the focal plane of the telescope, F2. At that level, the input pupil is at a distance of 2626.26 mm from F2. Then, there is a lens, called LCS, that provides a telecentric pupil as an input for the predisperser. This lens is kept in its place on IFU mode, so, for reproducing identical pupil conditions, the IFU must provide an exit pupil at the same distance from LCS with the same diameter as when the long-slit is used. The first element of the predisperser is the collimator which forms a pupil at 6298.87 mm with diameter size of 126 mm.

General

The image slicer is composed by 16 flat mirrors of 80 µm width and 1.73 mm length each, forming 16 mini-slits. At the image plane, all the mini-slits are reorganised as one long-slit with no magnification on the mini-slits. The elements that form the system can be seen on the side and top view in Figure 2a and Figure 2b. The image-slicer is the first element of the IFU and is placed at the focal plane F2. At the slicer, the FoV is divided into sixteen sub-fields. Each slicer mirror sends the light of each sub-field to a collimator mirror with 85 mm of focal length. The collimator mirrors are placed at their focal length from the slicer and at 11 mm from the vertical Y-axis, which ensures that they are not blocking the light from the telescope that reach the slicer mirrors. Figure 3 displays the front view of the collimator mirrors with their configuration number from the OpticStudio software. As can be seen, the collimator mirrors are arranged in two rows, where they are alternated. In order to simplify the pupil management at all stages, the sixteen image pupils formed by the collimator mirrors have been overlapped at the same plane generating a single IFU pupil. Figure 2 shows the location of the IFU pupil, which is at 88 mm after the collimator mirrors and at 7.6 mm on the Y-axis. In Figure 4, the footprint of the IFU shows the good overlapping of all the sixteen pupils. At this level, a mask can be placed to avoid scattered light. The pupil diameter is 1.52 mm. After the IFU pupil, the sixteen collimated beams reach the next element, the camera mirrors array. These mirrors have the same focal length as the collimator mirrors, leading to a 1:1 magnification in the system. They also have an alternate distribution, oppositely arranged in comparison to the collimator mirrors distribution since the beams cross each other at the pupil plane. With the alternate distribution, the individual alignment of the output mini-slits can be optimised (this issue is described later in this section). The camera mirrors are located at 85 mm after the IFU pupil, at their focal distance, giving a telecentric pupil as a result, which allows the alignment of the sixteen IFU pupils. To get the required pupil position, a Pupil Compensator Mirror (PCM, described later in this section) has been added.

Optical design solution

Each camera mirror redirects the beam down to an individual mirror of the folding mirrors array, which, in turn, sends the beam down to the Y-axis and also compensate for the differences in focal plane location for each mini-slit at the output plane. Figure 5 shows a rear view of the folding mirrors where the individual displacement can be seen. After the folding mirrors, the IFU first image plane is generated. It consists of sixteen mini-slits arranged in a single continuous line as can be seen in the general overview portrayed in Figure 6. Figure 7 shows a close view of the IFU first output mini-slits. Finally, the PCM mirror is the last optical element. It is a monolithic mirror with a 3552.76 mm radius of curvature whose functions are diverse. On one hand, it redirects the light to the predisperser without deviations from the beam coming from the telescope. On the other hand, it generates a virtual exit pupil simulating the same conditions in location and diameter as when the long-slit is placed. Additionally, the PCM mirror reimages the mini-slits providing the final IFU image plane, the entrance to the predisperser. The image is virtually placed at the exact position of the image-slicer compensating then for the optical path differences.

In Figure 8, a side general view of the last elements of the system is displayed. Figure 9 shows a top view of the PCM mirror and the final mini-slits. Due to the curvature of the PCM mirror, the final output mini-slits have a small decentering on the Y-axis from their theoretical horizontal axis, which is more significant at the edges where it reaches up to 44.8 µm.

Furthermore, one of the reasons for the disposal of the elements on the system is to avoid the mini-slit tilt. This issue was also considered for the design of the 35 µm image-slicer IFU for GREGOR, [START_REF] Regalado Olivares | Optical and mechanical updates in the GREGOR Infrarred Spectrograph for simultaneous spectral observations[END_REF] which is already in development status. Ideally, the mini-slits should be aligned with their theoretical horizontal axis. However, they are tilted because the inclined optical elements of the system affect the mini-slit alignment. The design has been optimized in order to obtain a reasonable tilt, leading to a maximum value of 0.8 • .

Final analysis

At the final image plane, the image quality has been analyzed. Figure 10 displays the spot diagram for the sixteen configurations for the 0.850 µm wavelength at nine FoV. showing that the system is diffraction-limited. Figure 11a shows the footprint of the sixteen pupils overlapped after the PCM mirror, which has the same dimensions as the input pupil. Figure 11b displays the obtained footprint for the overlapped pupil after the collimator mirror of the predisperser, which shows also the same size as when the long-slit mode is used. The good overlapping of the sixteen pupils is confirmed. 

CONCLUSIONS

A preliminary design has been presented for an Integral Field Unit based on image slicers for the THEMIS spectrograph. This IFU fits into the available free space and fulfills the initial requirements. This system allows an easy interchangeability between the long-slit and IFU modes, while keeping the optical path length and the pupil size and position unaltered at the entrance of the predisperser.
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 1 Figure 1 shows a 3D model of the IFU general layout

Figure 2 :

 2 Figure 2: IFU Side view (a) and top view (b).

Figure 3 :

 3 Figure 3: Rear view of the image-slicer and front view of the collimator mirrors array with their configuration number from OpticStudio.
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 4 Figure 4: Footprint of the IFU pupil from OpticStudio

Figure 5 :

 5 Figure 5: Rear view of folding mirrors array, the IFU pupil and front view of the camera mirrors array.

Figure 6 :

 6 Figure 6: General view of the camera mirrors, folding mirrors, IFU first output mini-slits and PCM.

Figure 7 :

 7 Figure 7: Folding mirrors array and IFU first output mini-slits.

Figure 8 :

 8 Figure 8: Side view of the last elements of the IFU.

Figure 9 :

 9 Figure 9: Top view of the PCM mirror and the final output virtual mini-slits.

Figure 10 :

 10 Figure 10: Spot diagram for the 0.850 µm at the final output slit for the sixteen configuration at nine FoV.

Figure 11 :

 11 Figure 11: Footprint of the sixteen overlapped pupils after the PCM mirror (a) and after the collimator mirror of the predisperser (b).

Table 1 :

 1 Starting requirements for the THEMIS IFU optical design

	Magnification	1
	Wavelength range	0.550 µm -0.850 µm
	Illumination type	Not Telecentric
	Entrance pupil distance to F2	2626.26 mm
	Entrance pupil diameter	46 mm
	Image-slicer	
	Number of slicers mirrors	16
	Slices width	80 µm
	Slices length	1.73 mm
	Total slicer unit size	1.73 mm x 1.28 mm
	Output slits	
	Number of total output slits	1
	Slits arrangement	Aligned and continuous
	(Non-illuminated) Distance in-between mini-slits	0.273 mm
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