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ABSTRACT

Image slicer technology has undergone great developments in the last decades. Innovative solutions are proposed for the
largest night-time and solar telescopes, as well as for space applications. The science cases for the next generation of
instruments require pushing image slicer technology beyond its current limits. Future developments are focused mainly in
two key parameters: the reduction of the slicer mirror width and the improvement of the surface roughness.

The need for narrower slicer mirrors to achieve higher resolution, better surface roughness to reduce stray light, and
innovative ideas for highly efficient Integral Field Spectrographs are investigated in two projects: MINOS and LUCES
developed in the UK by a consortium between Durham University and University College London. The main results are
presented in this manuscript.
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1. INTRODUCTION TO IMAGE SLICERS

Due to the ability of Integral Field Spectrographs (IFS) to provide the spectra of a 2-D field of view simultaneously, these
can be found in all ground-based telescopes, both for night-time observations and for solar physics.

The combination of an Integral Field Unit (IFU), to decompose and reorganise the field into the spectrograph entrance slit,
with the spectrograph components, allows us to obtain the spectra within the same atmospheric conditions, without moving
mechanisms such as field of view scanning systems, significantly reducing image cadence. There are different alternatives
of Integral Field Unit: microlenses, optical fibres and image slicers (Figure 1).
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Figure 1. Alternatives of Integral Field Unit (IFU): microlenses, optical fibres and mage slicers. [Image credits:
Microlenses from NALUX; fibres from tutorialspoint and slicer mirror array from Durham University.]
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Microlenses are a good solution for compact IFS observing in a narrow spectral range. For a wider range of wavelengths,
microlenses present chromatism. Although this option presents the advantage of working in transmission, its application
leads to spectra overlapping. This can be solved when combining microlenses and optical fibres. This option is optimum
for large fields of view (FOV) and for Multi-Object Spectroscopy (MOS). However, optical fibres present low transmission
in some spectral ranges; they suffer from focal-ratio degradation; they are depolarisers, which is very important for Solar
Physics where often polarimeters are combined with spectrographs to perform Integral Field Spectro-Polarimetry, and
they are sensitive to in-flight effects, which is a limiting factor for space applications.

Image slicers solve the problems presented by the other IFU alternatives. They are highly efficient, coupling the telescope
to the instrument minimizing light losses; they are very compact and lightweight; they do not present focal-ratio
degradation and they can be designed to offer a magnification if required; they define the spectrograph entrance slit
dimensions, thus defining the sampling, related to spatial resolution and contributing to the spectral resolving power; they
control the position of the exit pupil, which is important for telecentric systems and they do not have polarisation effects.
A comparison of these three alternatives is presented in Figure 2.
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Figure 2. IFU alternatives and comparison of characteristics. Image credits for the slicer arrays: metallic slicers from Durham
University (CfAI) and glass slicers from Bertin Technologies.
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2. APPLICATIONS AND CHALLENGES

With all the advantages mentioned in Section 1, image slicers can be found in IFS operating at different wavelengths and
for different science cases. Some examples of instruments using image slicers and their spectral ranges are presented in
Figure 3. For ground-based telescopes, image slicers are operating in the visible and infrared spectral ranges, for night-
time observations, like: VLT [1], Gemini North [2], GTC [3], also proposed for ELT [4], and for solar telescopes like:
GREGOR [5] and EST [6]. There are also image slicers in space, in the infrared spectral range on-board the James Webb
Space Telescope [7,8]. In the last years the developments in this technology extended to applications at shorter
wavelengths, for CUBES [9] (300-400nm), INFUSE [10] in the FUV (100-200nm) and currently being proposed for

Integral Field Spectroscopy in the Extreme Ultra-Violet for the instrument SISA [11] (18-25nm).
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Figure 3. Some examples of instruments using image slicers and their spectral ranges.

Table 1. Examples of width and curvature of slicer mirrors required for IFS for different science cases.

MWIR

Sum 8um

LWIR

28um

Instrument Telescope Application Width of Slicer curvature
slicer
mirrors
CUBES - low resolution VLT Night-time ground-based 2mm Spherical
mode
MUSE VLT Night-time ground-based 0.9mm Spherical
CUBES - high resolution VLT Night-time ground-based 0.5mm Spherical
mode
GNIRS-HR mode Gemini North Night-time ground-based 410 um Spherical
GRIS GREGOR Solar ground-based 100 uym Flat
IFS for EST EST Solar ground-based 50 um Flat
SISA SPARK Solar space 15 um Spherical
(proposal)
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From the three mentioned IFU alternatives, image slicers are the most contemporaneous. Although a more recent
technology than microlenses or optical fibres their advantages have led to a rapid development of creative solutions whose
specifications challenge the current limits of technology. Their application extends to: ground-based night time and solar
observations and space.

At shorter wavelengths surface roughness is a very important factor, requiring the achievement of lower values to minimise
stray light. The width of the slicer mirror depends on the science cases and the required resolution. Table 1 shows some
examples for different applications. Solar Physics requires higher resolution (spatial and spectral), which implies thinner
slicer mirrors. The thinnest slicer mirrors ever proposed are those for SISA [11], with a width of 15um. This instrument is
still at proposal level.

1.1 Night-time

For ground-based night-time IFS, there are image slicers applied to a wide range of wavelengths from the infrared,
for example in the instrument GNIRS [2] for the Gemini North Telescope to the UV/Visible, for VLT CUBES [9].
The shorter the wavelength the more challenging is the development of the image slicer, especially in terms of surface
roughness, directly related to stray light. For UV applications where the photons flux is low, the design is limited to
the minimum number of optical components to maximise throughput; and to the lowest surface roughness to minimise
stray light, which demands the application of glass slicers, which can be polished obtaining better results. The
substrates considered for this spectral range are either Fused Silica or Zerodur. Fused Silica is recommended for a
better match with the coefficient of thermal expansion (CTE) of Invar, which is often used for mechanical parts. A
typical value for the surface roughness achievable in glass is 1nm RMS.

1.2 Solar

Solar spectrographs achieve very high resolution, both spatial and spectral. For a given field of view, the higher the
resolution, the narrower the slicer mirrors need to be. This is a great challenge, with more difficulty to be achieved in
powered slicers than in flat, and more difficult in glass than in metal. Table 1 shows some examples of slicer mirrors
widths for different IFS. Comparing these values, the width required for the high resolution integral field spectrograph
of the European Solar Telescope (EST) [12] is one order of magnitude narrower than the value for the high resolution
mode of VLT CUBES [13].

1.3 Space

There are image slicers in space too, operating in the infrared on-board the James Webb Space Telescope in NIRSpec
[8] and MIRI [7]. These image slicers were manufactured in metal.

The next generation of solar space missions [14] requires Integral Field Spectroscopy at shorter wavelengths with
high: spatial, spectral and temporal resolutions. The most challenging specifications to date for the width of slicer
mirrors has been proposed for SISA (Spectral Imaging of the Solar Atmosphere) [15], the first integral field
spectrograph using image slicers in the Extreme Ultra-Violet regime. SISA requires the observation in two spectral
windows simultaneously centred at 18nm and 25nm, with a spectral resolution of 0.05A FWHM, a spectral resolving
power, R of 3650-5160, depending on the wavelength; covering a field of view of 100arcsec x 250arcsec; a spatial
resolution of larscec in two pixels resolution element and a temporal resolution of 1second for high signal and
10seconds for low signal.

This instrument presents all kind of challenges:
o Itis the first time that Integral Field Spectroscopy (IFS) is proposed for the EUV.

e  SISA requires a width of the slicer mirrors of 15um, the thinnest ever proposed, never achieved before.
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o Since the image slicer technology has not been applied in the EUV before, its Technology Readiness Level
(TRL) is still low to be considered for space missions and requires development.

e Powered slicer mirrors are needed for this proposal to combine the functionalities of the IFU and
spectrograph minimising the number of optical components to optimise efficiency. In glass, it is more
difficult to manufacture thinner slicer mirrors on curved substrates. In this case, the curvature of the slicer
mirrors and the specification for the width adds more complexity.

e Although thinner slicer mirrors are achieved in metal, the standard surface roughness values are not low
enough for EUV applications. Two developments are possible: (1) the reduction of the surface roughness of
metallic slicers or (2) the reduction of the width of glass slicer mirrors. Both studies have been developed
within the projects LUCES and MINOS, respectively.

3. METALLIC VS GLASS

Image slicers can be manufactured in glass or metallic substrate with a coating on it selected to maximise the reflectivity
at the spectral range of interest. Regardless of the substrate choice, image slicers are very compact and lightweight. Each
substrate presents some advantages, and the ideal choice depends on the application.

Since glass slicers can be polished, these present the best surface roughness, minimising stray light and offering very low
coefficient of thermal expansion (CTE). Metallic slicers have a higher CTE, however, in this case, the whole instrument
can be made of the same material for a uniform response to thermal changes. Both solutions are robust, specially the
metallic one, which is manufactured as a monolithic piece, while glass slicers are manufactured individually and assembled
afterwards. Flat and spherical slicer mirrors are currently possible in both materials. Metallic slicers offer more flexibility
to manufacture more complex curvatures, such as aspheres or freeform and it is possible to achieve narrower widths for
the slicer mirrors, which is important to achieve high resolution. A comparison of their characteristics is presented in Table
2. The asterisks represent the slicer alternative that presents the best results for the parameter evaluated in the first column
on the left.

Table 2. Comparison of characteristics of glass and metallic slicers. The asterisks represent the slicer alternative that
presents the best results for the parameter evaluated in the first column on the left.

Glass slicers Metallic slicers

Surface roughness *

Low CTE *

Robust * e
Thinner slicer width *
Complex curvature on slicers *
High efficiency * *
Compact * *
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Based on the advantages of each slicer alternative, both solutions have been studied in parallel, the developments of glass
slicers within the project MINOS and the improvements on metallic slicers within LUCES.

4. MINOS

MINOS (Manufacturing of Image Slicer Novel technology for Space) is a project funded by Durham University in which
a glass slicer prototype was manufactured by Bertin Technologies (former Winlight Optics) with the goal of researching
the minimum width and minimum surface roughness achievable on spherical slicer mirrors. The slicer prototype is shown
in Figure 4, where the slicer mirrors can be found within the wider blocks of Fused Silica.

The results of MINOS constitute the state of the art of glass slicers. The best results obtained in glass before this project
included a width of 100um for flat slicer mirrors with a typical surface roughness of 1nm RMS. MINOS has achieved 0.2
nm RMS on spherical slicer mirrors of 70pum width.

Figure 4. Glass slicer prototype produced by Bertin Technologies for the project MINOS with spherical slicer mirrors of
70um width and 0.2nm RMS surface roughness.

5. LUCES

LUCES (Looking Up image slicers optimum Capabilities in the EUV for Space) is funded by the UK Space Agency
and will produce nine slicer demonstrators (Table 3) focused on two studies:

(1) Evaluation of the minimum slicer mirror width achievable in metal:

Five demonstrators with six slicer mirrors each will be produced with slicer mirrors widths of: 350 pm, 70 pum, 50 pm and
15 um considering spherical slicer mirrors. For 70 pm, two demonstrators will be manufactured, one using spherical slicer
mirrors and another with flat slicers to compare these results with the ones obtained in MINOS.

The widths of the slicers have been defined based on the following: a width slightly thinner than the thinnest slicers we
have produced at Durham University (410um for the high resolution mode of GNIRS/Gemini North [2]); the same width
used for MINQS, 70 um, to compare results in metal and glass; 50 um as required for the Integral Field Spectrograph of
the European Solar Telescope and 15 um based on the specifications for SISA.

Proc. of SPIE Vol. 13100 131001P-6



(2) Reduction of the surface roughness for metallic slicers:

The 70 um spherical slicer mirrors demonstrator was manufactured in five metallic materials to determine which one
offered the best surface roughness results: Aluminium RSA, NiP, Brass, Nickel Silver and Copper.

The main characteristics of the nine slicer demonstrators for LUCES are presented in table 3. The spherical slicer mirrors
have a radius of curvature of 200mm. The length of the slicer mirrors is 5Smm. Figure 5 shows the Al RSA demonstrator
with six spherical mirrors of 70 pm width.

Table 3. Nine slicer demonstrators produced for LUCES.

Demonstrator # Slicer width Curvature Material
1 350 um spherical Al RSA 6061
2 70 um spherical Al RSA 6061
3 50 um spherical Al RSA 6061
4 15 um spherical Al RSA 6061
5 70 um flat Al RSA 6061
6 70 um spherical Al RSA 443+ NiP
7 70 um spherical Brass
8 70 um spherical Nickel Silver
9 70 um spherical Copper

Figure 5. Two Al RSA 6061 slicer demonstrators with six spherical slicer mirrors of 70 um width.

The results obtained for the surface roughness for the five considered materials are presented in Table 4. The best results
were obtained for NiP, followed by Al RSA 6061. The rest of materials were considered for research purpose, but they are
not common materials used for the metallic slicers that we produce in Durham. The results of the roughness measurements
(parameter Sq) for NiP and Al RSA 6061 on 70um spherical slicer mirrors are presented in Figure 6.
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Table 4. Surface roughness for different metallic substrates.

Material Surface Roughness [nm RMS]
NiP 3.1
Al RSA 6061 3.8
Brass 4.4
Copper 5.0
Nickel Silver 5.2

Figure 6. Left: Best surface roughness obtained for the NiP slicer demonstrator, 3.1nm RMS. Right: Measurement of
the surface roughness of slice# 3 of the LUCES demonstrator #2, with a 70um width, 5mm length, spherical shape (radius
of curvature of 200mm) made on Al RSA 6061, 3.8nm RMS.

6. IMPROVEMENTS IN IMAGE SLICERS

MINOS and LUCES have led to improvements in the results that can be achieved in glass and metallic slicer mirrors. A
comparison between the previous best results and what is currently possible is presented in Table 5.

For glass slicer, an improvement in surface roughness from a typical value of 1nm RMS to 0.2nm RMS. More complex
slicer mirrors are now possible too, from a minimum 100 um width achievable in flat substrates to a reduction of the width
achieving 70um width for spherical slicers.

For metal, the typical surface roughness of 4 nm RMS has been improved achieving 3.1nm RMS. The major development
in metal is the reduction of the slicer width, from a previous minimum width of 410um to the production of slicers with a
width of: 350um, 70um, 50pum and 15um.

Table 5. Comparison between the best results obtained previously and the improvements achieved.

Glass slicers Metallic slicers
Previous results Achieved Previous results Achieved
Surface 1 nm RMS 0.2 nm RMS 4 nm RMS 3.1 nm RMS
roughness
Min_icrjnrl:m 100pm (flat) 70pm (spherical) 410um (spherical) 15um (spherical)
widt
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