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Figure 1: MUSE at the Nasmyth B focus of Yepun (UT4). 

1. Introduction 

1.1 Scope 
The MUSE User Manual was written and provided to ESO by John Richard and Roland Bacon 
from the MUSE consortium. It is maintained by the ESO Paranal Instrument Scientist and the 
MUSE Instrument Operation Team (IOT). It provides extensive information on the technical 
characteristics of the instrument, its performances, observing and calibration procedures 
and data reduction. The goal is to provide all pieces of information and advice necessary for 
MUSE users to prepare their observations. It is intended for MUSE users, and as such it is 
ǿǊƛǘǘŜƴ ŦǊƻƳ ŀƴ ŀǎǘǊƻƴƻƳŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜΦ  
 
We welcome any comments and suggestions on this manual; these should be channeled 
through our Operations Helpdesk at https://support.eso.org/. 

1.2 The MUSE Facility in a nutshell 
  

MUSE, the Multi Unit Spectroscopic Explorer, is a second-generation VLT instrument 
located on the Nasmyth platform B of the VLT UT4. It is a large-format integral-field 
spectrograph, based on image-slicing technology, and has a modular structure composed 
of 24 identical Integral Field Unit modules that together sample a contiguous 1 arcmin2 
field of view in Wide Field Mode (WFM) sampled at 0.2 arcsec/pixel. Spectrally, the 
instrument samples most of the optical domain, with a mean resolution of 3000.  
 
MUSE exploits the VLT Adaptive Optics Facility (AOF) at the VLT UT4 (Yepun) with its 4 
Laser Guide Stars (4LGSF) and the Deformable Secondary Mirror (DSM) in combination 

https://support.eso.org/
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with GALACSI, the Ground Atmospheric Layer Adaptive Corrector for Spectroscopic 
Imaging, which provides Ground Layer Adaptive Optics (GLAO) correction for the WFM. In 
addition, a Narrow Field Mode (NFM) is also available and covers a ~7.5 arcsec2 field of 
ǾƛŜǿ ǎŀƳǇƭŜŘ ŀǘ лΦлнрέκǇƛȄŜƭ ǿƛǘƘ [ŀǎŜǊ ¢ƻƳƻƎǊŀǇƘȅ !h ŎƻǊǊŜŎǘƛƻƴ (LTAO). The 
combination of MUSE and GALACSI is named MUSE Facility.  A view of the instrument 
attached to the telescope is shown in Figure 1. The main instrument characteristics are 
summarized in Table 1.  
The MUSE instrument was built by a Consortium involving institutes from France, 
Germany, The Netherlands, Switzerland and ESO. The GALACSI AO module was built by 
ESO as part of the AOF project. The names of the institutes and their respective 
contributions are given in Table 2. 
 

Table 1: MUSE in a nutshell. 

  

Number of modules 24 

Wavelength range 480 ς 930 nm (nominal) 

465 ς 930 nm (extended)* 

Wavelength range excluded for AO 
observations (Na Notch filter): 

WFM-AO-N: 582 ς 597 nm (nominal) 

WFM-AO-E: 576 ς 601 nm (extended) 

NFM-AO-N: 578 ς 605 nm 

Resolving power 1770 (480 nm) ς 3590 (930 nm) (WFM) 

1740 (480 nm) ς 3450 (930 nm) (NFM) 

Spectral sampling 0.125 nm/pixel 

Detectors (per module) 4k x 4k e2V CCD 

Field of view рфΦфέ Ȅ слΦлέ ό²Caύ 

тΦпнέ Ȅ тΦпоέ όbCaύ 

Spatial pixel scale лΦнέ κ ǇƛȄŜƭ ό²Caύ 

лΦлнрέ κ ǇƛȄŜƭ όbCaύ 

Throughput (total atmosphere, 
telescope and instrument) 

WFM: 18 % - NFM: 13% (480 nm) 

WFM: 33 % - NFM: 26% (750 nm) 

WFM: 14 % - NFM: 11% (930 nm) 

(*) only available for WFM instrument modes. Suffers from 2nd order contamination 
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1.3 More information on MUSE Facility 
All MUSE Manuals are available on the MUSE instrument WEB pages, together with the 
most updated information on the instrument: 
http://www.eso.org/sci/facilities/paranal/instruments/muse/ 
 
Information and software tools for the preparation of service and visitor mode 
observations with MUSE are available at: 
http://www.eso.org/sci/observing/phase2 
http://www.eso.org/sci/observing/phase2/SMGuidelines.html 
 
Work based on MUSE observations should cite the paper: 
Bacon et al., Proc of the SPIE, Vol. 7735, 7 (2010) 
Work based on observations with Adaptive Optics should also cite: 
Stroebele et al., Proc. of the SPIE, Vol. 8447, 11 (2012) and 
Arsenault et al., Proc of the SPIE, Vol. 7736 (2010).  
 
Visiting astronomers will find further instructions on the Paranal Science Operations WEB 
page and the Paranal Observatory home page: 
http://www.eso.org/sci/facilities/paranal/ 
http://www.eso.org/sci/facilities/paranal/sciops/ 

1.4 New in this version 

¶ Version for P109 Phase 1 

o New NFM IRLOS limiting magnitudes: non-extended reference objects down 
to J < 18.5 any TC and (J<19.0 for TC=10% and airmass < 1.2), and extended 
sources down to J<17.0 are now possible. 

¶ Version for P108 Phase 1 and 2 

o Changed band for NFM limiting magnitude specification from H to J 
o Added section giving details of NFM AO performance versus airmass and TC. 
o Added section about the MUSE NFM PSF 
o Added section for very bright star observations in NFM (Sec. 4.4.4). 
o Added WFM-AO performance figures from Hartke et al. (2020) SPIE. 
o Added section with  NFM IRLOS+ commissioning info (Sec. 2.2.3). 
o Reduced NFM off-axis maximum distance for non-ŜȄǘŜƴŘŜŘ bD{ ŦǊƻƳ рΦфлέ 
ǘƻ рΦллέΦ 

¶ For other version changes see Appendix 0 

¶ Version 1.0 

The first version of this manual has been delivered by the MUSE consortium, P.I. 
R. Bacon, for Phase I, P94, on 28 Feb 2014. 

http://www.eso.org/sci/facilities/paranal/instruments/muse/
http://www.eso.org/sci/observing/phase2
http://www.eso.org/sci/observing/phase2/SMGuidelines.html
http://adsabs.harvard.edu/abs/2010SPIE.7735E..08B
http://esoads.eso.org/abs/2012SPIE.8447E..37S
http://cdsads.u-strasbg.fr/abs/2010SPIE.7736E..0LA
http://www.eso.org/sci/facilities/paranal/
http://www.eso.org/sci/facilities/paranal/sciops/
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1.5 List of Abbreviations & Acronyms 
 

This document employs several abbreviations and acronyms to refer concisely to an item, 
after it has been introduced. The following list is aimed to help the reader in recalling the 
extended meaning of each short expression: 
 

4LGSF: Four Laser Guide Stars Facility   
ADC:  Atmospheric Dispersion Corrector 
ADU:  Analog / Digital Unit 
AO: Adaptive Optics   
AOF: Adaptive Optics Facility 
e-APD: electron Avalanche Photo Diode 
CCD:  Charged Coupled Device 
CU:  Calibration Unit 
DDT: 5ƛǊŜŎǘƻǊΩǎ 5ƛǎŎǊŜǘƛƻƴŀǊȅ ¢ƛƳŜ 
DQ:  Data Quality 
DRS:  Data Reduction Software 
DSM: Deformable Secondary Mirror 
EE: Ensquared Energy 
ESO:  European Southern Observatory 
FO:  Fore Optics 
FOV:  Field Of View 
FWHM Full-Width At Half Maximum 
GALACSI  Ground Atmospheric Layer Adaptive Corrector for Spectroscopic Imaging 
GLAO: Ground Layer Adaptive Optics 
GLF: Ground Layer Fraction 
HST: Hubble Space Telescope 
IFU:  Integral Field Unit 
IOT Instrument Operation Team 
IRLOS:  Infrared Low Order Sensor 
IS Instrument Scientist 
LGS: Laser Guiding Star 
LSF: Line Spread Function 
LTAO: Laser Tomography Adaptive Optics 
MAOPPY: Modelization of the Adaptive Optics Psf in PYthon 
MUSE:  Multi-Unit Spectroscopic Explorer 
MUSF Multi-Unit Spectroscopic Explorer Adaptive Optics Facility 
NFM:  Narrow Field Mode 
NGC:  New Generation Controller 
NGS: Natural Guide Star 
OGS:  On-axis Guide Star 
p2: Phase 2 tool (Visitor and servicemode) 
P2PP: Deprecated phase 2 tool 
QE:  Quantum Efficiency 
RON: Read Out Noise 
RMS: Root Mean Square 
RTD:  Real Time Display 
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      SGS:  Slow Guiding System 
SH: Shack-Hartmann wavefront sensor 
SNR:  Signal to Noise Ratio 
SPARTA:         Standard Platform for Adaptive optics Real Time Applications  
SRO:           Splitting and Relay Optics 
TBC:  To Be Confirmed 
TC: Turbulence Category 
TSF:  Template Signature File 
TTS:  Tip-Tilt Star 
USD: User Support Department 
UT:  Unit Telescope 
VLT:  Very Large Telescope 

 

Table 2: collaborating institutes and their contributions. 

Collaborating institutes Contribution 

Leibniz-Institut für Astrophysik 
Potsdam 

Development of the Calibration Unit, testing of the 
preassembled spectrograph-detector units, data reduction 
software 

Centre de Recherche 
Astrophysique de Lyon 

Overall management of the project, image slicer sub 
system, spectrograph opto-mechanical design and 
integration, data analysis software. 

ESO Detector systems (24 detectors and their cryogenic 
environment,  
Adaptive Optics Facility (AOF) including the GALACSI 
Adaptive Optics module, the Laser Guide Star Facility 
(4LGSF) and the Deformable Secondary Mirror (DSM) 

ETH ς Institute of Astronomy 

(Zurich) 

Procurement of the 24 spectrographs 

Institut für Astrophysik 
Göttingen 

Design, analysis and procurement of the instrument 
mechanics, the support and handling structures as well as 
for the optics that apply the field splitting and the relay 
optics. 

Institut de Recherche en 
Astrophysique et Planétologie 
(Toulouse) 

Electronic and Software Control of the whole Instrument, 
Opto-mechanical development of the Fore-Optics module. 

Leiden Observatory Interface between the MUSE spectrograph and the 
adaptive optics system, definition of the top-level 
requirements for the adaptive optics system. 
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Figure 2: Overview of MUSE subsystems. 

2 Technical description of the MUSE Facility  

2.1 Technical Description of MUSE 

 Overview of the opto-mechanical design 

 
 
Figure 2 shows a schematic view of the layout of MUSE. The instrument is composed of the 
following sub-systems: 

¶ The Calibration Unit (CU) provides different illumination fields to calibrate the 
MUSE instrument. It includes functions to switch on and off the lamps, motors to 
position the chosen mask and to insert a Calibration pick-up mirror in the MUSE 
instrument light path. These functions are controlled through calibration and 
maintenance templates. 

¶ The Fore Optics (FO) reshapes the VLT focus image to adapt it to the next sub-
system, which splits the image in 24 channels. It rotates the field, magnifies it, and 
reshapes it into a 2:1 ratio. 

¶ The Splitting and Relay Optics (SRO) sub-system divides the Field of View (FOV) in 
24 horizontal sub-fields and feeds each Integral Field Unit. 

¶ Each of the 24 Integral Field Units (IFU) is composed of 3 sub-systems: the Image 
Slicer, the Spectrograph, and the Detector. Each IFU covers one of 24 sub-fields, or 
stripes, within the field-of-view, and each image slicer further subdivides this sub-
field into 48 slices. 
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 Description of the instrument sub-systems 

This section describes the different sub-systems of MUSE in the order they are 
encountered along the optical path going from the telescope to the detectors (see  
Figure 2, Figure 3, and Figure 4). The functionalities of the different sub-units are 
explained, and reference is made to their measured performance. 
 
2.1.2.1 Calibration Unit 
The calibration unit (CU) is a mechanical structure with calibration lamps, an integrating 
sphere, and a set of masks used to produce calibration fields for MUSE. A calibration pick-
up mirror is used to direct light into the instrument from either the telescope or the CU. 
 
The CU allows for a choice of 6 calibration lamps as input light sources: 

¶ Two flat-field halogen lamps providing uniform continuum flux over the 
MUSE wavelength range 

¶ 4 arc lamps used for wavelength calibration: 
o One Ne pencil-ray lamp 
o One Xe pencil-ray lamp 
o One HgCd pencil-ray lamp  
o One Ne High Power lamp 

 
Two pico-ampere meters placed at the CU focal plane are used to monitor the absolute 
flux sent by the lamps into MUSE. Details on the line wavelengths and relative fluxes 
produced by each lamp are provided in Section 8.2. 
The focal plane mask wheel allows for a choice of 5 masks covering the CU FOV, two of 
them: 

¶ The CLEAR (no mask) position is used for flat-field and wavelength calibrations.  

¶ The WFM_SMP is a mask containing a grid of small (50 mm diam.) pinholes covering 
the WFM FOV. It is used to perform the geometrical calibration (see Section 8.3). 
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Figure 3 MUSE fore-optics schematics in NFM configuration 

 

Figure 4: Drawing of rays in the fore-optics, from the de-rotator to FOWMtM1. 
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2.1.2.2 Fore Optics 
The fore-optics system is shown in Figure 4. The top panel presents the optical elements 
(details in the text), and the bottom 3D view shows the path of light rays. It comprises the 
following subcomponents: 

¶ Derotator 

The derotator compensates for the field rotation at the VLT Nasmyth focus. It is a 

classical derotator based on two prisms: when rotated by an angle q, the image 

plane rotates by the angle 2q. 

¶ Filter Wheel 

A filter wheel is included in the fore-optics to adjust the spectral coverage 
according to the desired instrument mode: 

¶ The nominal wavelength range of MUSE corresponds to 480-930 nm, which 
allows for suppression of second-order contamination in the red.  In 
nominal mode, the blue cut-off filter is used to cut the wavelength range in 
the blue and avoid ghosts in that region. 

¶ !ƴ άŜȄǘŜƴŘŜŘέ ǿŀǾŜƭŜƴƎǘƘ ǊŀƴƎŜ ƛǎ ŀǾŀƛƭŀōƭŜ ƛƴ ²Ca ƻƴƭȅΣ ŀƭƭƻǿƛƴƎ 
observations down to 465 nm. However, strong second-order 

contamination appears in that case at l>900 nm (see Section 3.7 for 
details).  

¶ In AO modes the ranges 582-597 nm (for WFM-AO-N), 576-601 nm (for 
WFM-AO-E), and 578 ς 605 nm (for NFM) are blocked to avoid 
contamination by sodium light from the LGS. 

In total, 5 filters are available in the wheel. The relationship between instrument mode and 
filter name is provided in Section 0. 

¶ Mode-switching and Atmospheric Dispersion Corrector (NFM only) 

The Mode-switching unit prepares the FOV when the instrument is used in NFM. It 
magnifies by 8 in each direction and includes the Atmospheric Dispersion Corrector 
(ADC). Note that the ADC is used, in NFM only, to correct for atmospheric 
dispersion. It consists in two Amici prisms working in counter-rotation. 

¶ IRLOS (NFM only) 

In NFM, a dichroic reflects the infrared light towards InfraRed Low Order Sensor 
(IRLOS), with IRLOS measuring the wave front errors invisible to the LGS-AO system. 
It is a Shack Hartman sensor with 2 by 2 sub apertures working in the MUSE FOV at 
a wavelength range of 980nm to 1800nm. The IRLOS assembly includes a filter 
wheel, a field selector and a plate scale changer carrying 2 optical barrels 
containing a pupil relay lens and the sub-aperture array. The detector is a SAPHIRA 
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Mark2b detector, 320x256 pix e-APD array,  capable of sub-electron readout-noise1 
(RON). The pixel scales are 0.078έκǇƛȄŜƭ ŦƻǊ Ǉƻƛƴǘ ǎƻǳǊŎŜǎ (SEQ.NGS.EXTENDED=F) and 
0.314έκǇƛȄŜƭ ŦƻǊ ŜȄǘŜƴŘŜŘ ǎƻǳǊŎŜǎ (SEQ.NGS.EXTENDED=T). IRLOS senses image drifts 
occurring in NFM and corrects them by means of the AO loops.  Due to the reduced 
RON the measuring/correction frequency is now 500 Hz for point sources, and 200 
Hz for extended and very faint sources.  

¶ Anamorphoser 

Two cylindrical mirrors (FOaM1 and FOaM2, Figure 4) provide a magnification of 
0.5 to the beam in the horizontal direction within the fore-optics to ensure 
sufficient sampling in the dispersion direction.  

¶ Slow Guiding System (SGS) 

When in WFM mode, an elliptical pick-up mirror (FOWMtM1, Figure 3) separates 
the central FOV (corresponding to 1 x 1 arcmin2 on sky) from the four metrology 
fields surrounding it, which are reflected towards the WFM Slow Guiding System 
after removing the magnification using the FOWMtM2 mirror. Incoming light is 
ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ {D{ ǳǎƛƴƎ ŀƴ 9{h b¢//5Σ мƪ Ȅ мƪ ¢ŜŎƘƴƛŎŀƭ //5 όƘŀǾƛƴƎ ŀ лΦлфέ 
pixel scale). The system automatically detects astrophysical sources in the 
metrology fields of stacked exposures (Figure 5) and corrects for small motions by 
sending commands to the Telescope in a closed loop. These corrections are sent on 
average every 2 min. Therefore, in practice, the first offset sent happens after the 
second stacked exposure is recorded (i.e. 4 min.). The minimum and maximum 
brightness of stars useful for the SGS are approximately R=21.5 and R=9.5 
respectively. Note that some useful parameters, such as image quality and 
transparency, are monitored by the SGS during an observation and saved in the 
FITS file of the science exposure as extension SGS_DATA (see Section 7.2). 

 
 
 
 
 
 
 
 
 
 
 
 

 
1 The new SAPHIRA detector was retro-fitted to IRLOS during March 2021 and started operations on April 
2021. It replaces the old HAWAII 1 detector which pixel scales of 60 mas and 250mas in non-extended and 
extended scales, and a RON of 11 e RMS. See Finger et al., Proc. SPIE 2019, 11180, 111806L 
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¶ Exposure shutter 
 
This shutter is located between the SGS pick-up mirror (FOWMtM1, Figure 3) and 
the exit beam. It is a Bonn shutter with a rectangular aperture moving along the 
vertical direction. Shutter delay has been measured at 7.0-7.5 ms. 

 
2.1.2.3 Splitting and Relay Optics (SRO) system 

The SRO system splits the MUSE FOV into 24 channels and redirects the light of each 
channel towards the entrance of an IFU. It is composed of a field-splitter and a field 
separator, which separate the field into 24 horizontal beams (Figure 6).  

These sub-fields feed 24 relay optics, which correct for the variations in optical path from 
one channel to another (Figure 7). 

 

 
 

 
 

Figure 5: left, shows the location of the metrology field used by the SGS, as seen on the detector1.  On 
the right there is an example of SGS image showing the detected stars used to monitor small motions 
(white squares). Note that the SGS image is flipped vertically when oriented on sky. 
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Figure 6: MUSE Field splitter and field separator optics. The 24 
mirrors positioned at varying angles split the MUSE field-of-view in 
24 horizontal bands. 
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Figure 7: 3D view of optical paths for all channels due to the relay optics splitting of the field-of-view 
into 24 channels.  The bottom figure shows the path of light rays for one of the channels, as seen from 
the Fore-Optics. 
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2.1.2.4 Integral Field Unit 
Each of the 24 Integral Field Units (each assigned to a given channel) is formed by the 
combination of an image slicer, a spectrograph, and a detector, which we describe below. 
The optical layout of one of the IFUs is presented in Figure 8. 
 

 
2.1.2.4.1 Slicer 
ThŜ ǎƭƛŎŜǊ Ŏǳǘǎ ŀƴŘ ǊŜŀǊǊŀƴƎŜǎ ǘƘŜ н5 ǎǳō Ch± ƛƴ ŀ м5 ǇǎŜǳŘƻ ǎƭƛǘ ƻŦ лΦнέ ǿƛŘǘƘΦ ¢ƘŜ Ƴŀƛƴ 
function of the image slicer is to slice the fraction of the FOV coming from the SRO into 48 
slits that are rearranged in a long slit at the entrance of the spectrograph.  The slicer is 
composed of:  

¶ an image dissector array separating the beam in 48 slices (as represented on top of 
Figure 8) 

¶ a focusing mirror array, which rearranges and aligns the slices 

¶ a pupils/slits mask reducing scatter light and ghost images before entering the 
spectrograph. 
 

Figure 8: Overview of the optical layout for one of the IFUs. The top panel shows one of the slicers, 
which cuts the FOV of each channel into 4 stacks of 12 slices. The bottom panel shows the optical 
elements in the IFU and the path of light to the CCD. 
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2.1.2.4.2 Spectrograph 
The main function of the spectrograph is to produce the spectra of the mini slits and image 
them onto a detector. It is composed of a collimator, a Volume Phase Holographic Grating 
and a camera. The grating disperses the mini slits in the perpendicular direction and 
achieves a spectral resolution of 1609 at 465nm to 3506 at 930nm (Figure 18). There is no 
moving part in the spectrographs and all 24 spectrographs are identical. 
 
2.1.2.4.3 Detector 

The light exiting each of the 24 spectrographs is sent onto a 4k x 4k, 15 mm pixel CCD, 
operating at 163 K. The nominal characteristics of these detectors are given in Table 3. 
 

Parameter Value 

CCD Type E2V Deep depletion, AR graded coated 
Active pixel format 4096*4112 pixels (X*Y) 

Pixel size 15*15 mm2 

Pre-scan pixels in X direction 32  

Overscan pixels 32  
Detector gain ~1.1 ADU / e-  

Saturation 65000 e- 

Linearity <0.5% non-linear residuals 
Binning factor 1x1 only 

Readout noise 2.6 e-  
Number of readout ports 4 

Readout speed 100k pix/s 
Readout time to RTD 40 sec 

Dark current at 160K 3 e-/pix/hr 

Table 3: Properties of the MUSE detectors. 

The twenty-four scientific detectors of MUSE are controlled using four New Generation 
Controllers (NGC). The readout is always used without binning during observation.  
 
The detector imaging area consists of four individually read quadrants of 2048 x 2056 
pixels (X , Y) each, separated by pre-scan and over-scan regions. In the normal (science) 
readout mode, both pre-scan and over-scan regions have 32 pixels in size (Figure 9). Each 
quadrant is characterized by its own RON, gain, and bias level. 
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Figure 9: Overview of the pixel map of one of the detectors, showing the 4 quadrants and 
the pre-scan / over-scan regions. All scales are given in pixels. 

  



 

MUSE User Manual 

 Doc. Number: ESO-261650 

 Doc. Version: 12.1 

 Released on:  

 Page: 24 of 119 

 

Document Classification: Public 

2.1.2.5 Spectral format 

 

 

 

 

  

 

  

  

 

 

 

 

 

 

Figure 10: Overview of the splitting of the 
field-of-view from the fore-optics to one 
of the MUSE detectors. Left: splitting of 
the MUSE FOV into 24 sub-fields entering 
each channel. Center: shape of the 
entrance slicer on sky, with 4 stacks of 12 
slices (numbered in grey from 1 to 48) 
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location of each slice on the detector, 
with the corresponding wavelength 
range. 


























































































































































































