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Abstract  
ERASMUS-F is a pathfinder study for a possible E-ELT 3D-instrumentation, funded by the German Ministry for Education and Research (BMBF). The study investigates the feasibility to combine a broadband optical spectrograph with a new generation of multi-object deployable fiber bundles. The baseline approach is to modify the spectrograph of the Multi-Unit Spectroscopic Explorer (MUSE), which is a VLT integral-field instrument using slicers, with a fiber-fed input. Taking advantage of recent developments in astrophotonics, it is planed to equip such an instrument with fused fiber bundles (hexabundles) that offer larger filling factors than dense-packed classical fibers. 

The overall project involves an optical and mechanical design study, the specifications of a software package for 3D-spectrophotometry, based upon the experiences with the P3d Data Reduction Software and an investigation of the science case for such an instrument. As a proof-of-concept, the study also involves a pathfinder instrument for the VLT, called the FIREBALL project. 
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1. Introduction
Designing and building the next generation of extremely large telescopes (ELTs) is arguably the greatest challenge ever undertaken by astronomers. ELTs will address the major science issues of the next two decades, enabled by huge gains in sensitivity resulting from collecting areas that are more than 9-25 times larger than those of the largest telescopes today. Using current technologies, the size, complexity, and cost of instrumentation increases with the square of a telescope's diameter [1]. Building scaled-up versions of the current generation of instruments seems beyond reasonable limits of feasibility for the planned 42m (diameter) European ELT (see Figure 1). Therefore, new and innovative approaches in instrument layout, system engineering, and manufacturing strategies are required.  On the other hand, while being innovative, the instrument concept should involve minimal risks and use proven technologies to allow a future implementation within realistic budgets and timelines. To ensure the latter, the study contains two aspects: ERASMUS-F is the design study of a modular 3D-spectrograph for the 42m E-ELT, while FIREBALL is the project name for a downscaled version of the instrument that can be deployed on the 8m Very Large Telescope (VLT). The validation of the concept at an existing facility, which in itself is a full instrument in its own right, is an important step before any possible implementation at a future E-ELT. 

*eMail contact: akelz@aip.de

2. MOTIVATION
In the European astronomical community [2], the highest priority for ground-based optical and near-IR instrumentation has been identified as high-multiplex, multi-object spectroscopy (MOS). For the E-ELT, the European Southern Observatory (ESO) has awarded support for several concept studies [3], some of which address MOS approaches. In addition, an international consortium investigates an alternative that offers various advantages, including significant science gains because of a high multiplex factor and flexible deployment, low cost associated with small sizes of individual units, easy scaling because of a modular approach, and minimum risk using proven technologies. The participating partners in this ERASMUS-F study include the Astrophysikalisches Institut Potsdam (Germany), the Centre de Recherche Astronomique de Lyon (France), the University of Sydney (Australia), the Institut für Astrophysik Göttingen (Germany), the Anglo-Australian Observatory (Australia), and the innoFSPEC-Potsdam innovation center (Germany).
While several science cases have been identified for a high-multiplex MOS capability in the Astronet science vision document, the instrument in our study is targeted to provide a massive survey of some 10,000 galaxies. Contrary to the Sloan Digital Sky Survey (SDSS), this survey will yield spatial spectroscopy across each galaxy, rather than a single spectrum, thus addressing the bias present in the SDSS data, caused by the aperture effect. 
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Figure 1. Artist concept of the European Extremely Large Telescope (E-ELT). The E-ELT is foreseen to have two stationary instrument Nasmyth platforms on either side of the telescope (image copyright: ESO). 
3. sYSTEM cONCEPT 
System Design 
Our proposed MOS instrument concept, ERASMUS-F, uses the MUSE [4] modular concept, and builds on the consortium's combined expertise. Technologically, it is based on optical-fiber systems and the spectrograph subsystems  [5] of the Multi-Unit Spectroscopic Explorer (MUSE: see Figure 2), an optical integral-field spectrograph for ESO's   Very Large Telescope (VLT). The MUSE instrument is scheduled for commissioning in 2012.

Encouraged by the superb image quality and high throughput of the spectrograph optics, we propose a scalable configuration of such modules that can be manufactured in a small industrial series and modified for use with fiber-optical mini-integral-field units (IFUs) instead of image slicers. The fiber-based IFUs can be deployed over the telescope's full field of view and feature innovative photonics devices, so-called hexabundles [6]. These fused fiber bundles (see Figure 3) offer large filling factors compared to classical bundles and a much simpler and more compact package than microlens-array-fed fiber approaches. The system design profits from the Anglo-Australian Observatory's experience in developing robotic fiber positioners, such as the successful OzPoz facility at the VLT. 
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Figure 2. The MUSE spectrograph and detector sub-system under test at AIP.  

An appealing feature of ERASMUS-F is the idea to deploy a proof-of-concept E-ELT pathfinder instrument at the VLT, which—at the same time—is fully justified as a highly competitive common-user facility. The primary goal is to extend the science remit from integrated to resolved properties of a large sample of ~100,000 galaxies. A summary of the science case for this proposed MOS instrument, dubbed ‘FIREBALL,’ was presented to the ESO community in 2009 [7].

Work packages  

On behalf of the German Verbundforschung (‘collaborative research’), the participating institutes in Potsdam and Göttingen have taken the lead, including the opto-mechanical design of the pathfinder instrument and the manufacturing of a laboratory demonstrator. The Centre de Recherche Astronomique de Lyon designed and tested [8] the MUSE spectrograph module, whose overall performance and excellent image quality were recently validated [9]. The hexabundles were developed and tested [13] at the University of Sydney (Australia) and will soon demonstrate their scientific feasibility at the Anglo-Australian Telescope.

In addition, our concept using deployable fiber IFUs and replicable spectrographs allows combining proven technologies with novel developments in astrophotonics [10] into a highly modular instrument layout that can be scaled from current telescopes to the new generation of ELTs with minimum technological and financial risks. The study is currently at half-time, so that this paper presents it mid-term status. By 2011, the ERASMUS-F study shall be completed, which addresses the priority identified to develop a high-multiplex MOS for the E-ELT. In parallel, new photonics devices, such as fiber-Bragg and arrayed-waveguide gratings, are subjects of research and development [11] for possible implementation in ERASMUS-F.

4. oPTical DESIGN STUDY 
General considerations concerning the fiber-fed
First evaluations of the MUSE spectrograph [8] have confirmed the expected good image quality of the optical system. The system has originally been designed to optimally perform under the boundary conditions (numerical aperture, pupil position…) given by the mirror-based image slicer. The aim of the ERASMUS-F system is to replace this mirror-based image slicer with a fibre-fed solution, while minimizing the changes to the spectrograph itself. 
The first attempt was to mimic the output beam of the MUSE Image Slicer System but using optical waveguides. The MUSE spectrograph has been calculated for a wavelength range from 465nm to 930nm, a slit-to-detector lateral magnification of 0.45, using a 4096x4096 15µm pixel CCD detector and a slit length of 134mm. However, the spectrograph design is anamorphic: while the optics is working with f/4.36 in the spatial direction, it is working with f/8.72 in the wavelength direction, i.e. the pupil of the beam is not round but an ellipse. 
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Figure 3. Side-view of the optical ray tracing through the MUSE spectrograph (spectral dimension vertical)
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Figure 4. Top-view of the optical ray tracing through the MUSE spectrograph (spatial dimension vertical)

To fulfill the Nyquist criteria in the wavelength dimension (the most critical), the geometrical image of a fiber core (that forms the entrance “fibre-slit”) shall be sampled by 2 detector pixel, corresponding to 30µm in size. Given the anamorphic system, the spatial dimension would then be sampled with only 1 pixel. As there is no spatial information across the fibre output face this under-sampling is acceptable. ZEMAX-based simulations were done, using fiber inputs with 80µm core size and a numerical aperture of NA=0.114. Figure 5 shows the resulting image quality as profiles in the spectral direction for three different wavelengths, both on-axis and at the slit end. 
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Figure 5: simulated wavelength profiles at the CCD across the spectral range and slit, using an input fibre with 80µm core diameter and NA=0.114.The vertical lines indicate the pixel size of 15µm.
The resulting images in Figure 5 show broad wings due to strong optical aberrations. This poor result is not due to the spectrograph itself (which has a very high optical quality), but due to the fact that the 80µm/0.114 fibre feeding solution is not respecting the optical specification for which the spectrograph has been calculated. 

Optimizing a fibre-fed for the MUSE spectrograph 
Better results (see Figure 6) are obtained using fibres with a smaller core diameter (40µm) and the same numerical aperture, when coupled with a two-cylindrical-lens system adapting the numerical aperture to the anamorphic input characteristics of the spectrograph. 
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Figure 6: simulated wavelength profiles at the CCD across the spectral range and slit, using an input fibre with 40µm core diameter and NA=0.114 combined with an anamorphic lens. The vertical lines indicate the pixel size of 15µm.
The wavelength plots in Figure 6 show steeper profiles with reduced wings, resulting in higher encircled energy in 2 pixels. However, it was less then clear if such an anamorphic design was feasible in reality, and if would not result in further optical aberration. Another drawback is that the smaller fibre core also reduces the sky coverage. Therefore, anamorphic solutions were not developed any further in this study.
Other solutions were considered, like implementing an extra pupil in the spectrograph that would restrict the beam in the wavelength direction. Considering the loss of light (of around 18%) due to the additional aperture, and above all the necessary mechanical change in the MUSE spectrograph itself, this option was found to be sub-optimal. 
Smaller fibre cores (or smaller fibre numerical apertures) imply smaller sky coverage, but produce less optical aberrations in the spectrograph, while larger fibre cores or bigger numerical aperture decrease the optical quality of the system. Therefore, a compromise had to be found, to best adopt the grasp (i.e. the product of area A times beam cone Ω) of the fibre fed to the AΩ product of the spectrograph itself. In this trade-off slightly more weight was put to obtain a maximal grasp for which the level of aberrations was still acceptable. A too low AΩ product would require more spectrographs for the same field of view, which impacts on the costs and feasibility of a high multiplex deployable multi-object spectrograph.

For this analysis a couple of considerations were taken in account. For a fibre spectrograph, it is appropriate to separately study the spatial and the spectral dimension: the spectral profile and its sampling is critical as it directly impacts the scientific value of the instrument (resolution, wavelength calibration), whereas in the spatial direction, any cross-talk between too densly packed fibres is of relevance, rather than resolving the fibre core. Secondly, using the root-mean-square (RMS) radius profile alone to check the optical quality of a fibre-fed spectrograph is not sufficient, as it does not take the actual size of the fibre into account, whose imaged profile can have a critical impact on the performance of the instrument. Therefore, geometrical image-based criteria, such as asymmetries of the image intensity profile, the existence of extended wings of the PSF, etc are considered in the evaluation of the quality of the design. These effects can be seen in 5 out of 6 wavelength profiles in Figure 5 (e.g. a high asymmetries at the blue and red wavelength regions; broad wings at 633nm, even on axis. 
After reviewing several design options, an optimal fibre was defined, as to conserve a sufficient grasp to ensure a good throughput and sky coverage, without introducing too strong optical aberrations that would impact the scientific value of the instrument.
When decreasing the numerical aperture of the fibre from NAspec=0.114, a significant improvement of the optical image quality is noticeable at NA=0.0826, which was therefore chosen as baseline for the design. In order to preserve the AΩ product of the fibre, the according core diameter has been calculated to 110µm (to compensating for the f/# increase from f/4.36 to f/6.03 of the geometrically optimal 80µm diameter fibre). The image quality of this design, given as wavelength profiles is shown in Figure 7. 
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Figure 7. Simulated wavelength profiles at the CCD for an input fibre with 110µm core diameter and NA=0.0826 for three wavelength and off-axis positions. The leftmost panel shows the best of the 15 studied cases, the centre panel is a typical example, and the right panel shows the worst case. The vertical lines indicate the pixel size of 15µm.
While the fiber images project onto 3 rather than 2 pixel, the image quality is better and the profiles more symmetric than the ones obtained using 80µm fibres with an internal rectangular aperture stop to block the rays that are out-of-specification. Considering the spatial profiles and the spatial separation, the ZEMAX simulations show that a fibre separation of 80µm (corresponding to 5.33 pixels on the CCD) would avoid significant cross-talk between two adjacent fibre images. Given the length of the entrance slit of the MUSE spectrograph of 134mm, about 768 fibres could be accommodated in one spectrograph. 
Simultaneously, the fiber size and NA needs to be optimized with respect to the input end at the telescope focal plane.  The E-ELT is foreseen to have a pixel scale at Nasmyth focus (F/17.7) of 1 arcsecond on sky corresponds to 3.6 mm in the focal plane and a field-of-view of 10 arcminutes. 
For FIREBALL: upgrade FLAMES, 26’ field, 50 1x100 hexabundles, 5 MUSE-style spectrographs, 
R~1500-3600, 􀐕=465-930nm, 0.46” sampling, 4.6” ø FoV, Retain existing facility
FIREBALL concept on the VLT: 50 (250?) hexabundles with ~100 cores each using 5 (25?) MUSE Spectrographs 
Extension of the wavelength range
Due to footprint issues, the original mirror-based image slicer of MUSE generates a staircase-like arrangement of the image field in the plane of the pseudo-slit (“object plane” of the spectrograph).
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Figure 8. Pseudo-slit of the MUSE spectrograph, fed by the mirror-based image slicer. The arrangement of the spatial objects is a periodic “staircase”

On the detector side, this leads to a periodic shift of the spectra of several pixels in the spectral dimension, resulting in a reduced common wavelength range for all spectra on the CCD. While the MUSE spectra ranging from 465 to 930nm cover a length of 55mm, the 4k-CCD chip itself measures 61mm. Using a linear fibre-slit, the staircase pattern of the slicer can be avoided and an additional 6mm at the CCD can be used for all spectra, thus increasing the common bandwidth. Quantitatively evaluating this advantage from the optical point of view requires precise optical simulations that still have to be performed. Furthermore, throughput questions related to the current coating of the MUSE instrument (optimized for the 465-930nm wavelength range) and the calculation of the characteristics (blaze angle for optimal wavelength) for the VPHG used in MUSE have to be evaluated too.
If we do not take these considerations in account, a rough calculation shows that, by replacing the image-slicer staircase with a linear fiber-slit the geometrical wavelength coverage of the MUSE spectrograph can be extended from 465nm to 516nm. For a prototype of ERASMUS-F involving a minimum of modification of the MUSE spectrograph (i.e. no additional tilting or de-centering of elements) the linear fibre-slit is aligned on the equatorial axis of the collimator. This leads to a symmetrical increase of the working range of about 445nm to 956nm. If the grating and camera angles can be re-arranged, this wavelength range may also be tuned from 465nm to 981nm (again, this assumption has to be regarded with a lot of care, as it takes not into account any optical quality issues. The MUSE spectrograph is constructed with glass that shows high chromatic dispersion).
The result from a purely geometric optical simulation is given in Figure 9, indicating a wavelength range at the center of the detector ranging from 445nm to 956nm.
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Figure 9. simulated spectral emission  lines at the CCD for a point source located at the optical axis of the collimator for the current MUSE wavelength range from 465 to 930nm (left) and the extended wavelength range from 445 to 956nm (right). 
In case the aim is to extend the working range of the MUSE spectrograph in the IR range, effective enhancement of the system would consist in feeding the spectrograph with a fibre-slit which is not located on the equatorial plane of the spectrograph, but at the y-position of the slit corresponding to a position of the 465nm line at the bottom of the CCD. In this situation, the range 465nm to 981nm could be obtained, but it still need to be confirmed, a:
· extending in the infrared my cause more chromatic effects

· y-field related optical aberrations might have an impact which was not considered yet 
· furthermore, the MUSE spectrograph is designed for a tilted image plane, in order to compensate for chromatic effects ; it means that the distance of the object source (the fibre endface) to the spectrograph is depending on the y-position of the source in the field
The current studies have been performed in the equatorial plane. It is necessary to verify that the same optical quality is obtained with a fibre-slit located at a different position in y and in z. In any case, if the spectral coverage is extended beyond one octave, second-order contamination in the red wavelength region will be present. 
5. MECHANICAL DESIGN
The mechanical design uses a total modular approach of the mechanical mounts for the spectrographic units. The modularity is obtained by mounting each individual spectrograph in a self-contained framework. Those stand-alone modules will be attached to each other - either horizontally or vertically stacked - thus form a higher-level framework. This allows an easy scaling of the number of units and sub-systems according to the needs in covering the field-of-view and the available space. The great advantage of fibre-linked integral-field units is the high flexibility in placement of the spectrographs with detector systems on the platform which even can be positioned underneath the platform in case of lacking space. In addition, the fibre-input provides an additional degree of freedom to better adapt to the given plate scale of the telescope. Given the current state of the mechanical design for the E-ELT, there is no obvious problem to accommodate a rather large number of (stacked) spectrograph units and a single fiber positioning system at one of the foreseen E-ELT focal stations.  

Likewise there would sufficient space on a (bare) VLT Nasmyth platform to place easily at least 24 spectrographs. A more interesting challenge was to implement a somewhat downscaled version at an already occupied VLT Nasmyth platform that all are equipped at the moment with instruments. An attempt was made to mechanically implement the modular spectrographs onto the platform Nasmyth-A of UT2 (Kueyen) that currently houses the FLAMES instrument combining the OzPoz fibre-positioner with the Giraffe spectrograph. The reason for this aim was to utilize the existing OzPoz fiber positioning system at this platform which features a spare field plate that is currently not in use. Therefore, it offers the possibility to implement deployable IFUs being fed to MUSE-type spectrographs in addition without affecting the performance or reducing the availability of the FLAMES instrument. The only add-on would be a 1-metre extension to the platform to give sufficient access to all components which is already designed and offered on request. 
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Figure 10. CAD view of a possible modular spectrograph concept implementation on the Nasmyth Platform-A of UT2 (at left) using the OzPoz fibre positioner (at center) alongside the installed Giraffe spectrograph (at front) with a proposed access extension at the left of the platform. While the fibre positioner currently uses two plates, one for the current observations, and one for the reconfiguration of the subsequent target field, further plates are available that can be used to feed FIREBALL. 
6. sPECTROGRAPHS PERFORMANCE tESTING
Test-Setup to be described – however no measurements nor results up to date. 
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Figure 11. The fiber-based illumination unit (left) attached to the MUSE spectrograph (right), replacing the original image slicer with a fiber-array for testing purposes.  

7. Deployable IFU’s and hEXABUNDLEs
Reference and very brief summary of the JBH [6] and JJB [13] papers: e.g. hexabundles concept vs. non-fused bundles: advantages: larger fill factor, disadvantages: higher cross-talk between channels, larger FRD, deviations from circular geometry, ….[TBD] 
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Figure 12. Various options to implement deployable IFUs, either using classical dense-packed fiber-bundles such as PPak (12-1 and 12-2), coupling fibers to microlens arrays as done for FLAMES (12-3, image: ESO) or implementing fused hexabundles (12-4 [13]).    
8. CONCLUSIONS
The instrument concept presented here has the following advantages: 
· High multiplex factor, combining deployable multi-object with integral-field spectroscopy 

· Variety of science gains, in particular a large spectroscopic survey of spatial resolved galaxies 

· Modular instrumental concept, allowing easy down- and up-scaling, thus minimizing risks  

· Proven technologies for the major sub-systems 

· Possibility of proof of concept on the VLT, before any deployment at an E-ELT   
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