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ABSTRACT 
Glass and metallic image slicer breadboards have been designed, manufactured and tested for MUSE (Multi Unit 
Spectroscopic Explorer) instrument, a second generation integral field spectrograph developed for the European 
Southern Observatory (ESO) for the VLT. MUSE is operating in the visible and near IR wavelength range (0.465-0.93 
µm) and is composed of 24 identical integral field units; each one incorporates an advanced image slicer associated with 
a classical spectrograph. 
This presentation describes the optical design, the manufacturing, component test results (shape, roughness, Bidirectional 
Reflection Distribution Function – BRDF) and overall system performance (image quality, alignment) of two image 
slicer breadboards. The first one is made of Zerodur and uses individual optical components polished by a classical 
method and assembled together by molecular adhesion. This breadboard is a combination of mirrors and mini-lens 
arrays. The second one is made of metal (copper or invar) using monolithic or segmented optical elements and state-of-
the-art diamond-turning machines. It is composed of two sets of reflective mirrors. 
We will then conclude with a comparison between these two different breadboards by choosing the most suitable 
solution for the 24 MUSE image slicers. 
 
Keywords: Advanced Image Slicer, MUSE instrument, Segmented or monolithic components, Classical polishing or 
diamond turning machining. 
 
 
 

1. INTRODUCTION 
Integral Field Spectroscopy (IFS) is a technique that gives simultaneously the spectrum of each spatial sampling element 
of a given field. It is a powerful tool which rearranges the data cube represented by two spatial dimensions defining the 
field and the spectral decomposition (x, y, λ) in a detector plane. In IFS, the “spatial” unit reorganizes the field, the 
“spectral” unit is being composed of a classical spectrograph. For the spatial unit, three main techniques – microlens 
array, microlens array associated with fibres and image slicer – are used in astronomical instrumentations. The advantage 
of imager slicer system compared to the others is data-packing efficiency which is around 90% and which is also more 
compact. The principle of an image slicer system is based on the concept proposed by R. Content in 1997 1. The two 
main optical functions of the image slicer are to transform a rectangular Field of View (FoV) in a series of mini-slits at 
the spectrograph entrance plane and to reimage the telescope pupil at infinite distance. It is originally composed of three 
reflective elements (a slicer stack, pupil and slit mirrors), each of them made of different mirrors which passers different 
geometrical characteristics (mirror tilts and curvature radius). 
Proposed to the European Southern Observatory (ESO) for the second generation VLT–instrumentation, MUSE 2 (Multi 
Unit Spectrograph Explorer) will be installed on the VLT Nasmyth platform for a first light in 2012. The MUSE 
consortium consists of seven European Research Institutes – Centre de Recherche Astronomique de Lyon, 
Astrophysikalisches Institut Postdam, ESO, Swiss Federal Institute of Technology Zürich, Laboratoire d'Astrophysique 
Observatoire Midi-Pyrénées, Sterrewacht Leiden and University of Goettingen – all managed by CRAL. MUSE is an 
innovative IFS which combines a 1’×1’ FoV, with a spectral resolution reaching 3000 and a spatial sampling of 0.2’’ 
matching the spatial resolution provided by a ground layer adaptive optics system named GALACSI. MUSE operates in 
a large visible and near IR spectral range (0.465 – 0.93 µm). It will be especially optimized for the study of the 
progenitors of normal nearby galaxies out to high redshift. A detailed description of MUSE and its scientific applications 
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is presented by Bacon et al. during this conference 3. The MUSE instrument 4 is composed of a calibration unit, a fore-
optic including an optical derotator, a splitting optics cutting the FoV in 24 parts and 24 relay optics which feed 24 
identical IFS. Each IFS is composed of an original advanced image slicer associated with a high-throughput spectrograph 
with a Volume Phase Holographic Grating (VPGH) and a 4k×4k CCD detector. Although different experiments have 
been carried out on image slicer system 5, 6, MUSE IFS represents a major difficulty for MUSE. In fact, during the 
Conceptual Study Phase, an original image slicer made of combination of spherical mirrors and mini-lens arrays, named 
Catadioptric Image Slicer (CIS), was designed, manufactured and tested. CIS is made of Zerodur and uses individual 
optical components polished by a classical method and assembled together by molecular adhesion. After the completion 
of a successful study phase, MUSE instrument enters its Preliminary Design Phase. For cost, compactness, 
manufacturing and delivery time reasons, the optical designs of the splitting and the image slicer have been changed. 
This new optical design of the image slicer, named Reflective Image Slicer (RIS), is composed of two arrays of spherical 
mirrors and has also been manufactured and tested. It is made of metal using state-of-the-art diamond-turning machines. 
This paper firstly describes the glass image slicer breadboard for the Conceptual Study Phase of MUSE instrument 
through its optical design, manufacturing and testing. Further on, we will focus on metallic image slicer for the MUSE 
Preliminary Design Phase. I will introduce you the RIS optical design, optical manufacturing, individual and global tests. 
In section 4, glass and metallic breadboards will be compared. We will finally conclude on the most suitable solution for 
the manufacturing of the 24 MUSE image slicers and its possible improvement for the next phase. 
 
 

2. GLASS IMAGE SLICER FOR MUSE BREADBOARD 
Started in May 2003, the Conceptual Study Phase was completed in January 2005. A fore-optic with 3×8 field splitter 
cuts the FoV into 24 different channels. Each one contains a sub-FoV of 20”×7.5” which constitutes the entrance FoV of 
the image slicer system. This section describes the optical characteristics of this image slicer system, its manufacturing 
and tests 7. 

2.1. Optical Description 
For MUSE instrument, the nominal concept of image slicer proposed by Content is not well adapted due to a large FoV 
giving pupil aberrations, a small slicer magnification ratio decreasing the image quality and a number of different optical 
elements (114), all of this leading to a high cost for the 24 IFU. Most of these issues can be overcome by replacing the 
pupil and slit mirrors with identical dioptric elements (mini-lenses) associated with two lenses. For the study phase, the 
general optical layout of the MUSE CIS is illustrated in Figure 1. It is composed of the following optical elements: 

• A Slicer Stack: This key component is made of a stack of thin spherical and tilted mirrors (denominated 
“slices”) cutting the entrance FoV in thin, narrow strips, redirecting the beams in different directions, and 
imaging the telescope pupil at different places located along two staggered rows. In the MUSE case, the slicer 
stack is composed of 38 individual slices. Each one is 81 mm long and 1.59 mm thick and is made of Zerodur 
allowing the use of molecular adhesion during the stack assembly. Moreover, each slice has the same curvature 
radius (604.63 mm), which allows them to be shifted along the optical axis in order to remain on the same 
optical path for all mini-slits. The tolerances on the tilts are tight: the sphere centre location shall be within ±50 
µm along x-axis and ±100 µm along y-axis. An average distance of 600 mm separates the slicer from the input 
lens. 

• An Input Lens, named L1, is used to deflect the optical beams from the slicer stack at the entrance of the Pupil 
Lens Row (PLR) and reimaged the telescope pupil at 750 µm in front of PLR, where a pupil stop is placed. A 
free space of 14.7 mm is available between L1 and PLR. 

• The PLR is made of two staggered rows of mini-lenses, each creating a de-magnified image of its associated 
slice. All slices are imaged along the staggered rows located near the Field Lens Row (FLR). All pupil lenses 
are identical. The size of each plano-convex lens is 7.326 x 7.326 mm with a thickness of 5.6 mm. The distance 
between PLR and FLR is 34.2 mm. 

• The FLR, made of two staggered rows of meniscus lenses, reimages all images of the telescope pupil at a 
common location, which will be the entrance pupil of the MUSE spectrograph. On the FLR, a slice image is 
3.49 mm x 0.07 mm and the gap between two mini-slits is about 174 µm. The FLR and L2 are a 20 mm apart. 

The PLR and FLR are tilted around z-axis with an angle of 1.07°. Moreover, the top and bottom rows are shifted of 
a quantity 67 µm and -67 µm respectively in order to optimize the pseudo-slit arrangement. 



• An Exit lens, named L2, is working in association with the FLR and also is used to improve the CIS image 
quality in order to produce a virtual image of the pseudo-slit located between FLR and L2. 

The entrance-spherical mirror coincides with the telescope pupil location and images the sub-FoV on the slicer stack. It 
is materialized by an elliptic mask (5.77 mm along x-axis and 2.54 mm along y-axis) and is located at 575 mm in front of 
the slicer. 
The technical performance of the MUSE image slicer 4 derives from the top-level requirements of the instrument. The 
MUSE IFU magnification ratio of 0.043, the input and output focal ratios are related to one another. To respect Shannon 
criterion on the CCD plane, an anamorphic ratio is introduced by MUSE fore optics. These characteristics lead to a 
nominal output focal ratio of 4.5 along the x-axis and 9 along the y-axis. The output focal ratio is also constrained by a 
minimal value of 4.05 along the x-axis and 8.1 along the y-axis. The input pupil characteristics are given by the input 
focal ratio of 103.8 along the x-axis and 207.6 along the y-axis. Moreover, 85 % of the enclosed energy at the pseudo-slit 
plane should be included within one spatial sampling element along the x-axis (35 µm at pseudo-slit) and two spectral 
sampling elements along the y-axis. In order to avoid diffused light, micro-roughness of optical surfaces should be 
inferior to 2 nm Root Mean Square (RMS). These major requirements were controlled as described in section 2.3. 

 
Figure 1 : General optical layout of the CIS. At the top: All optical elements are presented on the design: the 
telescope pupil, the slicer stack, L1, PLR, FLR and L2. At the bottom: Different planes are illustrated: telescope 
focal plane on the slicer stack, the intermediate pupil plane placed between L1 and PLR, the pseudo-slit plane 
between FLR and L2 and the exit pupil plane. 

At the end of the Conceptual Study Phase, a CIS breadboard was manufactured based on this previous design. 
Nevertheless, this breadboard is composed of a slicer stack with twelve active slices (four at the bottom of the stack – n° 
1, 2, 3, 4 –, four at the centre – n°19, 20, 21, 22 – and four at the top – n°35, 36, 37, 38). They were separated by dummy 
slices, which have the same geometric characteristics as active ones except that they only have planar active surfaces for 
cost reasons. Moreover, this prototype is also made of an input lens L1, an exit lens L2 and four pupil and field lenses, 
which are shifted along the cross-dispersion direction in order to coincide with the groups of four active slices. 
 

2.2. Optical Fabrication 
The slicer stack was manufactured and assembled by A Company using classical polishing techniques. Each slice is 
extracted from one blank of Zerodur which is controlled in terms of parallelism and perpendicularity thanks to a 
Coordinates Measurement Machine. The optical surface is followingly polished in order to respect the positioning of the 



curvature centre. Avoiding several chips on the slice edges, a lens is adhered on the optical surface. The adhesion 
surfaces are polished in order to reach the correct thickness of the slice. During this process, the geometry of the 
manufactured slice is controlled between each step. For cost and manufacturing reasons, the tilts of the slices are 
antisymmetric, so two slices can be extracted on the same blank of Zerodur. Once the actice s slice surfaces are polished, 
they are controlled to the interferometer. Moreover, the back and lateral side of the slice are polished with a 
perpendicularity requirement inferior to 15 arc seconds. They account for reference surfaces during assembling. All 
slices are assembled by molecular adhesion. This technique allows to bond two extremely flat surfaces (>λ/4) thanks to 
Van Der Waals forces. Roughness, flatness, parallelism, stresses due to the mounting, pre and post-adhesion process are 
critical parameters which influence molecular adhesion. The assembly tool is a trihedral in Zerodur including four 
Zerodur pins: three located on the back surface and one on the lateral one. The metrology and geometry of trihedral are 
controlled and known. In order to hold the slicer stack, a heel is installed in the trihedral. Then, the first slice is put on 
the heel so that micro-contacts between each Zerodur pin and the slice are made. Thanks to the back side of the trihedral, 
the interference fringes are visualized. If micro-contacts are compliant with the assembly requirements, the slice is 
adhered on the heel. This optic process is repeated for all slices. One major advantage of this technique is that the quality 
of the adhesion, ensuring the correct positioning of the slice, can be verified straight after the optical contact by 
visualizing interference fringes. In the event of an inaccurate optical contact, the slice can be removed. The Figure 2 
presents the MUSE slicer stack with 12 active and 26 dummy slices. 
The other optical elements of the MUSE prototype (L1, PLR, FLR and L2) were manufactured by an other optical 
company using traditional polishing techniques. The assemblies of PLR and FLR and the mechanical structures holding 
the components have been carried out in the CRAL workshop. 

 
Figure 2 : Optical components of MUSE image slicer. Left: The slicer stack. It is composed of 12 active slices 
arranged in three groups of four slices. All slices are assembled together by optical contact. Right: Movable PLR 
and FLR in their mechanical structures. 

2.3. Tests and Results 
The tests on the glass MUSE breadboard were carried out in the CRAL optical laboratory. The goal of these tests was to 
validate individually each component as well as the top-level requirements. The detailed description of all tests and 
results are presented in an other communication 7. 

2.3.1. Component Testing 
Even when working in the visible range, the surface roughness of each element of the MUSE image slicer introduces 
scattered light. Thanks to a Micromap profilometer, the surface roughness was measured at Laboratoire des Matériaux 
Avancés (Lyon, France). The maximum RMS surface roughness reaches 2.2 nm corresponding to conventional polishing 
methods. 
Moreover, the Total Integrated Scattered light (TIS) has been measured with a scatterometer (CASI instrument) at LMA. 
The Bidirectional Reflection Distribution Function (BRDF) can be evaluated at one point of the optical component with 

http://graphics.cs.ucdavis.edu/~bcbudge/ecs298_2004/BRDF.ppt


a He-Ne laser beam size of 1 mm as a function of the scattered angle. The sample is mounted on a goniometer where a 
detector sweeps around it in the incident plane, measuring scattered and specular light. The TIS introduced by our slicer 
stack is 1.2% at 632 nm wavelength. 
In order to validate the assembly process, the back and lateral surfaces of the slicer stack have been controlled to the 
Zygo interferometer at Laboratoire Astrophysique Marseille (LAM). One slice (n°36) is clearly tilted on both sides. The 
tilt error corresponds to a decentring of 180 µm in the intermediate pupil plane. This error could be eliminated provided 
that the supplier applies greater care during assembling. 

2.3.2. System Performance 
The MUSE image slicer breadboard was integrated in the CRAL optical laboratory. The integrating and testing bench is 
composed of three independent modules. The illumination unit images the telescope focal plane on the slicer stack with 
the correct positioning and magnification. It also reproduces the MUSE input focal ratio. The second module is the 
prototype itself mounted step by step following the realised tests. Finally, the detection module is constituted of a set of 
camera lenses with an adjustable magnification according to the imaged planes. It is calibrated in axial and lateral 
chromatism. For each test, the three modules are independently set up and adjusted, and then aligned together on the 
optical bench thanks to three Helium-Neon lasers, a theodolite and several opto-mechanical references. Once the optical 
bench is aligned, five main tests are carried out in the three main planes illustrated on the Figure 1. All measurements 
have been made at three wavelengths (465, 577 and 823 nm) due to the insertion of dioptric elements on the image slicer 
design. 

2.3.2.1. Tests in pupil planes 
The test in the intermediate pupil plane (only the slicer stack composed the prototype module) enables us to compute the 
absolute location of images of the telescope pupil and to know the angles of all slices. After treatments, the absolute 
positioning is compliant with requirements (± 100 µm) along the y-axis (spectral direction). The absolute location along 
x-axis complies with the requirement (± 50µm) for 9 slices (n°1, 2, 3, 19, 20, 21, 22, 37, 38) and slightly exceeds the 
requirement for the slice n°4 (60 µm). But this error remains acceptable for both prototype and instrument. However, the 
absolute positioning is four times greater than the requirement for the slice n°35 (-200 µm) and the slice n°36 (+170 µm). 
In conclusion, the absolute location is acceptable for ten slices, we also noticed a manufacturing defect on slice n°35 and 
an assembling one on slice n°36 given by the interferogram performed to LAM (§ 2.3.1). For the instrument, these errors 
could have been avoided using a more rigorous quality control during manufacturing and assembly process. 
The test in the exit pupil plane (overall prototype module) allows the estimation of the exit pupil size to compare the 
output focal ratio with requirements. Each group of four exit pupils is observed simultaneously on the detector. The focal 
ratio is in concordance with the requirements at all wavelengths along both axes in spite of a measurement uncertainty 
due to a moderate image quality of the exit pupils (blurred on the edges). 

2.3.2.2. Tests in the pseudo-slit plane 
This test allows to check several requirements presented in the section 2.1. 
Firstly, the relative location of the pseudo-slit gives the free gap between each mini-slit and validates the optical 
components – L1, PLR, FLR and L2. The gap between two mini-slits is compliant with the requirement (174.5 ± 69 µm) 
for all wavelengths. There is no overlapping and an excellent alignment of the pseudo-slit. 
Secondly, by observing each slit individually on the detector, the measurement of the size and shape of each mini-slit is 
determined, in order to evaluate the system magnification ratio. On this prototype, the length of each mini-slit is 
estimated from a Full Width at Half Maximum (FWHM) criterion and coincides with the requirement (3.49 ± 0.081 
mm), therefore validating the magnification ratio of the system. 
At the end, a grid of pinholes is located on the telescope focal plane within the illumination module in order to measure 
Point Spread Function (PSF). At all wavelengths, the average values of ensquared energies are higher than requirements 
of 85%. On the central slice, the PSF is axial symmetrical and on the extremity slices, the PSFs are enlarged. The same 
tendency is observed on the slices located at the top and bottom of the slicer stack. Nevertheless, the results at 823 nm 
are less reliable due to an abnormal scaterring in the lens L2 made of SF11. The melt used by the supplier was probably 
polluted, since SF11 is a standard glass often used in optical instruments. 



2.4. Conclusion 
An original optical design associating an image slicer with mini-lens arrays has been presented. Moreover, a classical 
polishing approach and an ambitious assembling method by optical contact have developped. The results and analysis of 
the tests of the CIS image slicer prototype for MUSE instrument have been allowed to verify most of system-level 
requirements in the slit and pupil planes. Only minor non-compliances have been found, in particular on the slicer stack, 
and these tests have been considered as globally successful. Moreover, for the manufacturing of 24 MUSE image slicers, 
this solution is bulk, will be cost effective and risky in terms of schedule. Nevertheless, potential improvements on the 
optical design can be made by decreasing cost for a large-scale production. 
 
 

3. METALLIC IMAGE SLICER FOR MUSE BREADBOARD 
After a successful study phase, MUSE enters in its Preliminary Design Phase. The optical designs of the filed splitter and 
the image slicer have been changed in order to reduce the cost for a mass production. Today, a 1×24 field splitter cuts the 
field in 24 narrow strips of 60”×2.5”. Each sub-FoV is imaged on a new optical design of image slicer, named Reflective 
Image Slicer (RIS). This section describes the RIS optical design, manufacturing and tests. 

3.1. Optical Description 
The general optical layout of the RIS is illustrated in Figure 4. It is composed of two opto-mechanical arrays and a 
pupil/slit mask with the following characteristics: 

• An Image Dissector Array (IDA): This key component is composed of five identical stacks of 12 thin spherical 
tilted slices cutting the entrance FoV in thin, narrow strips, redirecting the beams in different directions, and 
imaging the telescope pupil at different places following a “staircase arrangement” in four lines along y-axis 
and three columns along x-axis (Figure 3). The five identical stacks of slices are placed side-by-side. All slices 
have the same curvature radius of 300±0.5 mm with different tilts only around y-axis. Then, the intermediate 
pupil plane is located at 150 mm from IDA on a spherical surface. Each slice is 28.8 mm long and 1 mm thick. 
The tolerances on the curvature centre shall be better than ±50 µm along x-axis and ±100µm along y-axis. IDA 
makes an angle of 7 degrees between incident and reflected beam. On the IDA, the polishing errors shall be 
lower than 2λ Peak To Valley (PTV). 

• A Focusing Mirror Array (FMA) is placed in front of the IDA at roughly 160 mm. It is constituted of five 
identical sub-arrays of 12 spherical tilted mirrors presented on the Figure 3 (each being associated to one slice). 
The focusing mirrors ensure the triple function of deflecting the optical beams from the IDA so that they are 
parallel one to each other, creating a de-magnified image of its associated slice in the RIS exit plane, and re-
imaging all images of the telescope pupil at the entrance pupil of the MUSE spectrograph. Each secondary 
mirror has the same curvature radius (R=22.5±0.03 mm) and is shifted along z-axis in order to image all slices 
in the perpendicular pseudo-slit plane located at 12.15 mm from FMA. The tolerances on the curvature centre 
shall be better than ±20 µm along x-axis and ±50 µm along y-axis. On the optical surface, the polishing errors 
shall be lower than λ/2 PTV. The 10 degrees angle is located between IDA and FMA. Each secondary mirror 
measures 6mm×2 mm. 

• A pupil/slit mask (PSM). This mask is put in the pseudo-slit plane in order to avoid any scattered light on 
MUSE CCD detector. It is constituted of 48 elliptical holes where the telescope pupil light is coming through 
and 48 rectangular holes (2.5 mm×0.09 mm), which are located in the place of mini-slits. 

 
The advantages of RIS optical design are its compactness with a total length lower than 200 mm and its also much more 
efficient in throughput (it presents two mirrors instead of one mirror associated with four lenses for CIS design). The 
input beam is an anamorphic telecentric beam with a focal ratio of 60 along the x-axis and 120 along the y-axis. The 
MUSE IFU magnification ratio is 0.075 due to a change in the fore optic magnification. The constraints on the output 
focal ratio and image quality in the pseudo-slit plane are identical to the glass image slicer ones. Moreover, micro-
roughness of optical surfaces should be inferior to 5 nm RMS. These major requirements were controlled as described in 
section 3.3. 



 
Figure 3 : RIS opto-mechanical drawings. Left: A MUSE image slicer composed with five stacks of identical IDA 
and FMA. Right: The RIS breadboard with one IDA and FMA constituted of 12 spherical mirrors each. 

 
Figure 4 : RIS optical layout. Top: With one stack of 12 slices and one other with 12 secondary mirrors. Bottom: 
With the combination of one slice and one focusing mirror 

For the Preliminary Design Phase, three RIS breadboards have been manufactured based on this previous design. Each 
breadboard is composed of one sub-array of IDA and FMA with 12 spherical mirrors each. Each subcontractor has 
chosen one manufacturing technique using the state-of-the-art diamond-turning machines (diamond turning or fly cutting 
techniques), the best material in order to reach top-level requirements and one assembling process, all of them presented 
on following sections. 

3.2. Optical Fabrication 
Three RIS breadboards have been manufactured and tested by different subcontractors. The main manufacturing and 
assembling characteristics are summarized in Table 1. Figure 5 illustrates two breadboards made by B and C companies. 
 



Subcontractor Component Material Fabrication 
process Production Assembling Post-

polishing 

IDA Invar with 
Phosphorous Nickel 

Holes and pins inside 
slices Yes 

B Company 

FMA Fortal with 
Phosphorous Nickel

Diamond 
Turning Segmented 

Holes and pins through 
FMA No 

IDA C Company 
FMA 

Copper Fly Cutting Monolithic Without No 

IDA Segmented Holes and pins inside 
slices D Company 

FMA 

Aluminium Fly Cutting 

Monolithic Without 

No 

Table 1 : Characteristics of manufacturing and assembling process for each subcontractor 

Only tests and results on breadboards manufactured by B and C companies are presented. In fact, the roughness 
measured on components made by D Company is higher than 10 nm RMS representing twice requirements. 

 
Figure 5 : Left: IDA and FMA monolithic breadboard from C Company. Right: IDA and FMA segmented 
breadboard from B Company 

3.3. Tests and Results 
The tests on metallic MUSE breadboards were carried out in LMA and CRAL optical laboratory. The goal of these tests 
was to validate the components and the top-level requirements individually. 

3.3.1. Component Testing 
Measurements on surface roughness, BRDF, curvature radius, surface shape on both elements and tilts on IDA have 
been performed at LMA. 
For these two breadboards, the surface roughness has been measured at 3 nm RMS which is compliant with the 
requirements of 5 nm. Moreover, the TIS has been measured at 0.6%, which is lower than requirement of 1%. 
Concerning the shape measurement, for the B Company, the curvature radius on IDA is different along both directions 
making a toroïdal surface. This effect is due to a bad clamping of the slice during machining, and also because the slices 
became twisted during assembly. For the C Company, the local curvature radius on IDA is different along x-axis with 
values around 300 – 310 mm and is not spherical along the spectral direction forming the shape given by the 
interferogram presented on the Figure 6. It is due to an incorrect diamond tool during the monolithic manufacturing on 



slices. The shape of intermediate pupils will be modified for both breadboards. On the other hand, the FMA mirrors of 
these two breadboards are compliant with the requirement of 22.5±0.03 mm. 

 
Figure 6 : Left: Interferogram of one slice of IDA from C Company breadboard. Right: Its slice along y-axis 

Afterwards, LMA checked the angles of all slices using a CASI instrument. For the assembled prototype (B Company), 
tilts of slices around y-axis are very far from what was expected (8 arc minutes for the maximal error). Moreover, tilts 
around x-axis are created because of the assembling process with pins. In conclusion, there are only four slices which are 
compliant with tilt requirements. For the monolithic one (C Company), 7 slices on 12 have a tilt around y-axis in the 
specification with the maximal error reaching 0.83 arc minutes. This test is partially compliant with the requirements. 
Thanks to these results, the tilt specification for the final RIS can be changed at 1 arc minute because FMA can be 
oversized. 
In conclusion, the segmented breadboard produced by B Company, presents correct roughness, TIS and shape. But, the 
alignment of slices is not adapted and must be changed in order to perform overall tests on the optical bench. The 
monolithic one, made by C Company, has a correct roughness, TIS and tilts of slices. Nevertheless, its shape along y-
axis must be improved in order to decrease the astigmatism in pupil planes (see § 3.3.2). 

3.3.2. System Performance 
Due to bad results on slice’s tilts, it was impossible to align the IDA and FMA, manufactured by B Company. One image 
of the telescope pupil lights two or three secondary mirrors, creating multiple mini-slits in the pseudo-slit plane. System 
performance tests for this breadboard were given up. Only the breadboard made by C Company has been mounted, 
aligned and tested in a dedicated optical bench at CRAL. 
An illumination module images the telescope focal plane on the slicer stack and makes an anamorphic telecentric input 
beam with correct focal ratio. The second module is the prototype itself mounted step by step following the realised tests. 
Finally, the detection module is constituted of a set of camera lenses with an adjustable magnification according to the 
imaged planes. It is calibrated in axial and lateral chromatism. For each test, the three modules are independently set up 
and adjusted, and then are aligned together on the optical bench. Alignment was difficult because the optical components 
had not reference surfaces. For that, reference mirrors on mean plane have been installed on mechanical support of IDA 
and FMA. In the final RIS, some alignment references will be manufactured to align both components together, and 
illumination and detection modules. One Helium-Neon laser, a theodolite and several opto-mechanical references are 
used for alignment. Once the optical bench is aligned, five main tests are carried out in the three main planes illustrated 
on the Figure 4. All measurements have been made at 577 nm due to the using of reflective mirrors. 

3.3.2.1. Tests in pupil planes 
The test in the intermediate pupil plane has been performed in order to know the size of the intermediate pupil and to 
check the angular errors on the slicer stack measured by LMA. Only IDA is installed on the optical bench. Two images 
of intermediate pupils are imaged on the CCD detector. After treatments, in this plane, the intermediate pupils are 
expanded by two along the y-axis (Figure 7). The measured FWHM corresponds to the simulated FWHM in both 
directions. Nevertheless, 2% of light is lost outside FMA mirrors which vignette the beam (Figure 7, Right). This is 
caused by a no spherical slice shape (see Figure 6). Moreover, with raw images of the intermediate pupil plane, it was 
difficult to compute centroïds of each pupil because of the spread along y-axis, giving blurred edges. 



 
Figure 7 : Left: Intermediate pupil image sliced along x-axis. Right: Intermediate pupil image sliced along y-axis 

Looking in the exit pupil plane, IDA and FMA are placed on the optical bench. The detection module is used with a 
camera lens focused at infinity, in order to have the overall exit pupil in the CCD plane. Despite a slightly camera 
vignetting due to the output focal ratio of 4.5, the exit pupil is also expanded along y-axis by a factor two. It stands 
within requirements along x-axis. 

3.3.2.2. Tests in the pseudo-slit plane 
This test allows to check: 

• The relative location of the mini-slits, giving the gap between 2 consecutive mini-slits, 
• The magnification of the slicer, 
• The appearance of each mini-slit, 
• The image quality of the whole system. 

 
Two images of mini-slits are imaged in the detector. Thanks to a dedicated software, the location of mini-slits is known 
in both directions. It is compliant with the specifications of ±13 µm along x-axis and ±33 µm along y-axis. Moreover, 
there is no overlapping between 2 consecutive mini-slits according to gap measurements of 245±26 µm. One can 
conclude that the orientations of FMA are correctly controlled by C Company using a monolithic process. 
By imaging only one mini-slit on the detector, the magnification of RIS system is computed at 0.075±0.001 with the 
determination of the length, which is compliant with the requirements. This is validating the shape of FMA mirrors. The 
magnification was not calculated with the width of mini-slits because the magnification of the detection module was not 
sufficient to obtain a good accuracy. 
After the calibration of CCD camera in dark, bias and 
flat exposures, we notice that the pseudo-slit is not 
uniform. In fact, different structures are present on each 
of them. Firstly, there is a difference of luminosity inside 
and between each mini-slit (Figure 8). This  is due to an 
irregular coating on deepest slices (n° 3, 4, 6, 7, 9 and 
10), where several areas are uncoated. Secondly, some 
dark lines on each slice are present due to coating and 
the shape of the optical surface. At the end, an 
asymmetric halo encloses each mini-slit due to the 
oversizing of the intermediate pupils. The lost light is 
close to 2 up to 10 %. 

 
Figure 8 : Reconstructed image slicer 

The PSF measurements are performed on the RIS system in the pseudo-slit plane. Several pinholes are imaged on the 
centre of each slice along y-axis. Thanks to a magnification of the detection module by 10, PSF are studied and their 
FWHM computed. The FWHM of each PSF is around 8 µm in both directions. All PSF are almost circular whereas 
Zemax file gives an elliptical PSF of 3.5×7 µm (Figure 9). The ensquared energies have not been measured due to the 
oversizing of the intermediate pupil which illuminates the unanodized support of FMA and creates stray light in CCD 
plane. 



 
Figure 9 : Left: PSF sliced along x-axis. Right: PSF sliced along y-axis. 

3.4. Conclusion 
The RIS optical design dedicated to MUSE Preliminary Design Phase is a new type of image slicer composed of 2 arrays 
of mirrors. The main advantages are its compactness and its design well adapted to the state of art diamond turning 
machines. Three breadboards have been manufactured and tested. Each subcontractor has chosen the best material, 
manufacturing and assembling processes. The most suitable is the breadboard manufactured by C Company following a 
monolithic process. Although the shape of the optical surface is far from the nominal one, causing astigmatism on the 
pupil planes, this breadboard constitutes for the first time, a viable alternative to classical glass slicers at near-infrared 
and visible wavelengths. In fact, the two breadboards, presented here, have shown the vast improvements in diamond 
machining technology over the past 5-10 years, in terms of surface roughness which has decreased from 10-15 nm to 3 
nm. This work is in progress with B and c companies in order to solve the remaining feasibility points. 
 
 

4. COMPARISON BETWEEN GLASS AND METALLIC BREADBOARDS 
Two different optical designs, manufacturing processes have been presented on this communication:  

• The first one, for the MUSE Conceptual Study Phase, made of Zerodur with a classical polishing methods and 
assembled by molecular adhesion (§2), 

• The second one, for the Preliminary Design Phase, with a monolithic piece made of copper in fly cutting 
techniques (§ 3). 

In order to compare these two technologies presented in the previous sections, several valuation criterions are useful 
such as: 

• Valuation criterion on manufacturing and assembling processes like: roughness, curvature radius, surface 
quality, angular errors, material, Coefficient of Thermal Expansion (CTE), sharpe edge, chips, assembling 
method, reference surfaces, compactness… 

• Valuation criterion on optical performances in pupil and slit planes, 
• Valuation criterion on management like Research and Development time, production time, cost, schedule, risks 

for next phases… 

4.1. Adaptability of each image slicer system for different instrumentations: Comparison between 
optical designs 

Two different optical designs have been presented:  
• The first one with a slicer stack associated with mini-lens arrays and two input and output lenses (CIS)  
• The second one with two arrays of spherical mirrors (RIS). 

The RIS system is the most advantageous in terms of weight and compactness constraints of astronomical 
instrumentations, although the CIS one could be folded. The RIS system has several different optics which will be 
difficult to manufacture in classical polishing tools at an affordable cost. It is for these reasons that the RIS system is 
more adapted to the state-of-the-art diamond-turning machines, decreasing the cost. Nevertheless, it presents a pseudo-
slit plane which is accessible with difficulty during tests. 
The advantage of the CIS system is that the number of different elements is reduced because all mini-lenses are identical. 
Thanks to these dioptric elements, the CIS system deletes high incidence angles, giving less aberration. This is the reason 
why the CIS system becomes applicable to the instrumentation with large FoV like MUSE. However, the CIS tests are 
polychromatic, therefore increase the test duration. 



4.2. Adaptability of each technology for different instrumentations Comparison between optical 
performances 

The image slicer systems made of Zerodur with individual production have shown that high and tight optical 
performances were reached. In fact, this system, like CIS or the ones developed for NIRSpec prototype 5, 6, have proved 
the high-precision process during manufacturing. Despite the risky manufacturing with tight tolerances, small surfaces 
and an original assembling method by molecular adhesion, the manufacturing is correct. All requirements have been 
checked and validated either individually or on an optical bench in a visible at ambient or cryogenic temperature 6. The 
results of the tests have proved that this prototype is in compliance with most of the requirements. This kind of image 
slicer can be adapted to all instrumentations for ground-based and space telescopes, mono or multi-channels and cover a 
spectral domain ranging from UV to mid-IR wavelengths. Nevertheless, for multi-channel instruments, the cost and 
production time due to individual production become a limiting factor. This explains why, for MUSE instrument, an 
alternative has been proposed with a new optical design well adapted to the diamond machining technology. Different 
prototypes have been manufactured and tested. Today, the prototype with segmented production obtains correct 
roughness, scattered light and shape, but, this company has some alignment issues, giving up the performance tests on 
optical bench. The breadboard in monolithic process has been tested on optical bench. Although some non-compliances 
have been found (no spherical shape yielding some astigmatisms in pupil planes), the roughness on metal image slicer is 
lower than 5 nm. It is only through this RIS prototype that it has become possible, for the first time, to plan for metal 
image slicers as the baseline concept for multi-channels instruments in visible wavelengths. 
 
 

5. CONCLUSION AND FUTURE DEVELOPMENTS 
In this paper, the CIS original optical design associating an image slicer with mini-lens arrays has been presented which 
answers to stringent requirements. CIS slicer stack is made of Zerodur, polished with conventional tools and assembled 
by optical contact. This process provides a high positioning accuracy that could never be achieved with glued or 
mechanical solutions. The results and analysis of the tests of the CIS prototype for the MUSE instrument have been 
presented. These results have proved that this glass prototype is in compliance with most of requirements defined during 
the Conceptual Study Phase. For cost reasons, a second optical design has been developed. It is more compact and is 
well adapted to the diamond turning machines. Three RIS breadboards have been manufactured associating two arrays of 
spherical mirrors. Nowadays, the best way seems to have a RIS breadboard manufactured in monolithic, made of copper. 
Nevertheless, this technique is again in progress and some modifications shoud be made in order to choose it as the most 
suitable solution for the 24 MUSE image slicers. 
Following results presented on metallic slicers, B and C companies have proposed to produce a new breadboard of IDA, 
as it is more difficult to manufacture it than FMA. To achieve the correct shape, C Company has ordered a new diamond 
tool and is currently working on a new solution to achieve a correct coating. On the other hand, B Company has changed 
its process to avoid stress on slices and modified its alignment process. Simultaneously, they have chosen to completely 
change their process for FMA by a monolithic way. 
Within a few months, the MUSE consortium will subcontract the manufacturing of one complete IFS, including one or 
two image slicers. It is only after full end-to-end testing of this IFS in mid 2008, that the final 24 slicers will be 
manufactured, assembled and mounted on the MUSE instrument. 
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