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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 informationtectihizal
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 W8Biusers, and as such it is
GNAGGSY FNRY |y FaldNRYy2YSNDR& LISNRALISOGAGSD

We welcome any comments and suggestions on this manual; these shahidriveeled
through our Operations Helpdeskfdtps://support.eso.orgl/

1.2 The MUSE Facility in a nutshell

MUSE, théMulti Unit Spectroscopi®&xplorer, is a secongeneration VLT instrument
located on the Nasmytplatform B of the VLT UT4. It is a lafgemat integraifield
spectrograph, based on imagkcing technology, and has a modular structure composed
of 24 identical Integral Field Unit modules that together sample a contiguous 14arcmin
field of view in Wde 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 (4885 and the Deformable Secondary Mirror (DSM) in combination
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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 MedNFM) is also available and cewer7.5 arcsédield of

BASs &l YLX SR i nonuHpé K LAESHLTARTh& [ &SNJ ¢ 2
combination of MUSE and GALACSI is namé&sE FacilityA view of the instrument

attached to the telescope is shownRigurel. The main instrument characteristics are
summarized iMablel.

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
ESQas part of the AOF project. The names of the institutes and their respective
contributions are given imable2.

Tablel: MUSE in a nutshell.

Number of modules 24

Wavelength range 480¢ 930 nm (nominal)
465¢ 930 nm (extended)*

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

WFMAON: 582¢ 597 nm (nominal)
WFMAOE: 576¢ 601 nm (extended)
NFMAON: 578¢ 605 nm

Resolving power 1770 (480 nmy, 3590 (930 nm) (WFM)
1740 (480 nmy; 3450 (930 nm) (NFM)

Spectral sampling 0.125 nm/pixel

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

Field of view phdhpé E cndné 62 Cal
TdPnHéE E Todnoé oObCal

Spatialpixel scale ndné Kk LIAESt 62cCad
ndnHpé k LAESE 6bCa

Throughput (total atmosphere, WFM: 18 % NFM: 13% (480 nm)

telescope and instrument) WFM: 33 % NFM: 26% (750 nm)

WFM: 14 % NFM: 11% (930 nm)
(*) only available for WFM instrument mod8sffers from ® 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 updatednformation 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 MUS#r e available at:
http://www.eso.org/sci/observing/phase?2
http://www.eso.org/sci/observing/phase2/SMGuidelines.html

Work based on MUSE obsereat 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 (aad?2)

Arsenault et al., Proc of the SPIE, Vol. 7736 (2010).

Visiting asonomers will find further instructions on the Paranal Science Operations WEB
page and thd>aranal Observatory home page:

http://www.eso.org/sci/facilities/paranal/

http://www.eso.org/sci/facilities/paranal/sciops/

1.4 New in this version

M Version for P109 Phase 1

o New NFM IRLOS limiting magnitudesnextended reference objects down
toJ < 18.5 any TC and (J<19.0 for TC=10%iramaks < 1.2), and extended
sources down to J<17.0 are now possible.

9 Version for P108 Phase 1 and 2

0 Changed band for NFM limiting magnitude specification from H to J

Added section giving details of NFM AO performance versus airmass and TC.
Added sectionlaout the MUSE NFM PSF

Added section for very bright star observations in NFM 45&4).

Added WFMAO performance figures from Hartke et al. (2020) SPIE.

Added setton with NFM IRLOS+ commissioning info (S2QS.

Reduced NFM ofixis maximum distance forn@hEi SY RSR b D{ T NER )
02 podnnéd

O O OO0 O0Oo

1 For other version changes see Appefdix

i Version 1.0

The first version of this manual has been delivered by the MUSE consortium, P.l.
R. Baconfor Phase |, P94, on 28 Feb 2014.
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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:

4L GSF: Four Laser Guide Stars Facility
ADC: Atmospheric Dispersion Corrector
ADU: Analog / Digital Unit

AO: Adaptive Optics

AOF: Adaptive Optics Facility

e-APD: electron Avalanche Photadde
CCD: Charged Coupled Device

Cu: Calibration Unit

DDT: 5ANBOG2NNAE 5Aa0NBUA2Y I NE ¢CAYS
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 FullWidth 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

10T InstrumentOperation 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 Psfin PYthon
MUSE: Multi-Unit Spectroscopic Expéer
MUSF Multi-Unit Spectroscopic Explorer Adaptive Optics Facility
NFM: Narrow Field Mode

NGC: New Generation Controller

NGS: Natural Guide Star

OGS: Onaxis Guide Star

p2: Phase 2 tool (Visit@nd servicenode)
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: ShackHartmann 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

Table2: collaborating institutes and their contributions.

Collaborating institutes

Contribution

Leibnizinstitut fir Astrophysik
Potsdam

Development of the Calibration Unit, testingloé
preassembled spectrograggtetector units, data reduction
software

Centre de Recherche
Astrophysique de Lyon

Overall management of the project, image slicer sub
system, spectrograph optmechanical 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)

ETHc Institute of Astronomy
(Zurich)

Procurement of the 24 spectrographs

Institut far Astrophysik
Gottingen

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

Institut de Recherche en
Astrophysique et Planétologit
(Toulouse)

Electronic and Software Control of the whole Instrumen
Opto-mechanical development of the Fe@ptics module.

Leiden Observatory

Interface between the MUSE spectrograph and the
adaptive optics system, definition of the tdpvel
requirements for the adaptive optics system.
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Figure2: Overview of MUSE subsystems.
2 Technical description of the MUSE Facility
2.1 Technical Description of MUSE

2.1.1 Overview of the optemechanical design

Figure2 shows a schematic view of the layout of MUSE. The instrument is composed of the
following subsystems:

1 The Calibration Unit (Cippovides different illumination fields to calibrates
MUSEnstrument. It includes functions to switch on and off the lamps, motors to
position the chosen mask and to insert a Calibratiorrygckirror in the MUSE
instrument light pathThese functions are controlled through calibration and
maintenance templates.

1 The Fore Optics (Fteshapes 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.

1 The Splitting and Relay Optics (Ssubsystem divides thei€ld of View (FOV) in
24 horizontal sulfields and feeds each Integral Field Unit.

1 Each of the 2dntegral Field Units (IFi$)composed of 3 subystems: the Image
Slicer, the Spectrograph, and the Detector. Eacltokersone of 24 sudields or
stripes, within the fieldof-view, and each image slicer further subdivides this sub
field into 48 slices.
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2.1.2 Description of the instrument subystems

This section describes the different ssystems of MUSE in the order they are
encountered along the optical path going from the telescope to the detectors (see
Figure2, Figure3, andFigured). The functionalities of the different suinits are
explained, and reference is made to their measured performance.

2.1.2.1 Calibration Unit

The calibration unit (CU) is a mechanical structure eailiforation 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 calitam lamps as input light sources:
1 Two flatfield halogen lamps providing uniform continuum flux over the
MUSE wavelength range
1 4 arc lamps used for wavelength calibration:

0

(0]
0
(0]

One Ne pencilay lamp
One Xe peneilay lamp
One HgCd pendiay lamp
One NeHigh Power lamp

Two piceampere meters placed at the CU focal plane are used to monitor the absolute
flux sent by the lamps into MUSEetails on the line wavelengths and relative fluxes
produced by each lamp are providedSection8.2

The focal plane mask wheel allows for a choice of 5 masks covering the ,QWd-@V

them:

1 The CLEAR (no mask) position is used felidldtand wavelength calibrians.
1 The WFM_SMP is a mask containing a grid of smali(slam.) pinholes covering
the WFM FOV. It is used to perform the geometrical calibration (see S&&ion
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Figure3 MUSE foreptics schematics in NFM configuration

Figure4: Drawing of rays in the foreptics, from thale-rotator to FOWMtML1.
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2.1.2.2 Fore Optics

The foreoptics system is shown igure4. The top panel presents the optical elements
(details in the text), and the bottom 3D view shows the path of light ltag@mprises the
following subcomponents:

9 Derotator

Thederotator compensates for the field rotation at the VLT Nasmyth focus. It is a
classical derotator based on two prisms: when rotated by an gntjiie image
plane rotates by the angleg2

M1 Filter Wheel

A filter wheel is included in tHere-optics to adjust the spectral coverage
according to the desired instrument mode:
1 The nominal wavelength range of MUSE corresponds t®38&m, which
allows for suppression of secendder contamination in the red. In
nominal mode, the blue cuff filter is used to cut the wavelength range in
the blue and avoid ghosts in that region.
Tty GSEGSYRSRé ¢ ¢St SyadK NIy3IS Aa | I
observations down to 465 nm. However, strong seeamnair
contamination appears in that casel &900nm (see SectioB.7for
details).
1 In AO modes the ranges 5827 nm(for WFMAGN), 576601 nm(for
WFMAOQE), and 578 605 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 iSectior0.

1 Mode-switchingand Atmospheric Dispersion Corrector (NFM only)

The Modeswitching 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\FM onlyto correct for atmospheric

dispersion. It consts in two Amici prisms working in countetation.

1 IRLOS (NFM only)

In NFM, a dichroic reflects the infrared light towdrdsaRed Low Order Sensor
(IRLO¥ with IRLOS measuring the wave front errors invisible to th\DGystem.

It is a Shack Hartmaensor 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 thésaperture arrayThe detector is a SAPHIRA
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Mark2b detector 320x256 pix-APD arraycapable of sutelectron readouinoisé
(RON)The pixel scalesare 0% k LA ESt T 2 (S&QINRskEXTENDERAIdZNID S &
0314¢ K LIA ESt T2 NJ (SEB.NGS. gXRENDEDRL @31sKIdes #mage drifts
occurring in NFM and corrects them by means of the AO |dops.to the reduced

RON the measuring/correctidrequency is novib00 HZor point sources, and 200

Hz for extende@nd very fainsources

1 Anamorghoser

Two cylindrical mirrors (FOaM1 and FOaM@ured) provide a magnification of
0.5 to the beam in the horizontal direction within the fargtics to ensure
sufficient sampling in the dispersion direction.

1 Slow Guiding System (SGS)

When in WFM mode, an elliptical pigg mirror (FOWMtM1Figure3) separates

the central FOV (corresponding to 1 x 1 aréminsky) from the four metrology

fields surrounding it, which are reflected towards the WFM Slowir@gugl/stem

after removing the magnification using the FOWMtM2 mirror. Incoming light is
NEO2NRSR o6& GKS {D{ dzaAy3a t+ty 9{h b¢/ /5%
pixel scale). The system automatically detects astrophysical sources in the
metrology fietls of stacked exposuresigure5) 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 thasome 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 sPABAtion 7.2).

1 The new SAPHIRA detector was ritted to IRLOS during March 2021 and started operations on April
2021. It replaces the old HAWAIdletector which pixel scales of 60 mas and 250mas iexi@mded and
extended scales, and a RON of 11 e FBBd& Finger et aProc. SPIEZ019 11180, 111806L
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Figureb: left, shows the location of the metrology field used by the SGS, as seedeted¢t®. On
the right there is an example of SGS image showing the detected stars used to monitor small |
(white squares). Note that the SGS image is flipped vertically when oriented on sky.

1 Exposure shutter

This shutter is locateldetween the SGS pichp mirror (FOWMtM1Figure3) and
the exit beam. It is a Bonn shutter with a rectangataarture moving along the
vertical directon. Shutter delay has been measured at-7.9 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 composedieldssplitter and a field
separator, which separate the field into 24 horizontal bedfigai(e6).

These subields feed 24 relay optics, which cartéor the variations in optical path from
one channel to anotheF{gure?).
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Figure6: MUSE Field splitter and field separator optics. The 24
mirrors positioned at varying angles split the MUSEdielew in
24 horizontal bands.
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Figure7: 3D view of optical paths for all channels due to the mtigs splitting of the fieldf-view
into 24 channels. The bottom figure shows the path of light rays for one of the channels, as s¢
the ForeOptics.
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2.1.2.4 Integral Field Unit

Each of the 24 Integral Field Units (each assigned to a given chaforeteis by the
combination of an image slicer, a spectrograph, and a detector, which we describe below.
The optical layout of one of the I&id presented irfrigure8.

Camera f/2

Figure8: Overview of the optical layout for one of the IFUs. The top panel shows one of the slic
which cuts the FOV of each channel into 4 stacks of 12 slices. The bottom panel shows the of
elements in the IFU and the path of light to the CCD.

2.1.2.4.1 Slicer
TS a4t AOSNJ Odzia FyR NBFINNIy3ISa GKS w5 &dz Ch
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 spectrbgi#pe slicer is
composed of:
1 animage dissector array separating the beam in 48 slices (as represented on top of
FigureB8)
1 afocusing mirror array, which rearranges and aligns the slices
1 a pupils/slits mask reducing scatter light and ghost images before entering the
spectrograph.
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2.1.2.4.2 Spectrograph

The main functionf 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
achieve a spectral resolution o609at 465nm to 306at 930nm Figurel8). There is no
moving part in the spectrographs and allspéctrographs are identical.

2.1.2.4.3 Detector

The light exiting each of the 24 spectrographs is sent onto a 4k x ik, g&xel CCD,
operating at 163 K. The nominal characteristics of these detectors are giabiei.

Parameter Value
CCD Type E2V Deep depletion, AR graded coated
Active pixel format 4096*4112 pixels (X*Y)
Pixel size 15*15 mm?
Presscan pixels in X direction 32
Overscan pixels 32
Detector gain ~1.1 ADU /e
Saturation 65000 e
Linearity <0.5% nodinear residuals
Binning factor 1x1 only
Readout noise 26e
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 twentyfour 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 psean and ovescan regions. In the normal (science)
readout mode, both prescan and ovescan regions have 32 pixels in skzagyre9). Each
guadrant is characterized by its own RON, gain, and bias level.
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Figure9: Overview of the pixel map of one of the detectors, showing the 4 quadrants and
the prescan / oveiscan regions. Adcales are given in pixels.
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2.1.2.5 Spectral format

Figurel0: Overview of the splitting of t
field-of-view from the foreoptics to on
of the MUSE detectors. Left: splitting
the MUSE FOV into 24 siidds enterin
each channel. Center: shape of
entrance slicer on sky, with 4 stacks ¢
slices (numbered in grey from 1 to

}A E]vP IXA_ A& 0i_
location of each slice othe detectol
with the corresponding wavelen
range.
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