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MOONS is the new Multi-Object Optical
and Near-infrared Spectrograph cur-
rently under construction for the Very
Large Telescope (VLT) at ESO. This
remarkable instrument combines, for
the first time, the collecting power

of an 8-m telescope, 1000 fibres with
individual robotic positioners, and

both low- and high-resolution simulta-
neous spectral coverage across the
0.64-1.8 ym wavelength range. This
facility will provide the astronomical
community with a powerful, world-
leading instrument able to serve a wide
range of Galactic, extragalactic and
cosmological studies. Construction is
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now proceeding full steam ahead and
this overview article presents some

of the science goals and the technical
description of the MOONS instrument.
More detailed information on the
MOONS surveys is provided in the
other dedicated articles in this Messen-
ger issue.

Introduction

Over the last two decades several obser-
vational milestones have dramatically
changed our knowledge of the Universe.
Measurements of the Cosmic Microwave
Background, high-redshift supernovae
and large-scale structure have revealed
that 96% of the density of the Universe
consists of currently unexplained Dark
Energy and Dark Matter, and less than
4% is in the form of baryons. Yet most of
the information we have comes from
luminous, baryonic matter. Understand-
ing the nature of the dark components
which dominate the global expansion
and large-scale structure of the Universe
along with the physical processes that
affect baryons and shape the formation
and evolution of stars and galaxies is
amongst the most fundamental unsolved
problems in science.

Answering these important questions
requires an accurate reconstruction of
the assembly history of stars and galax-
ies over virtually all of cosmic time in
order to decode the building blocks of
the Universe. The Milky Way offers a
unique opportunity to reconstruct the
assembly history of a prototypical spiral
galaxy by looking at the individual ages,
chemical abundances, and orbital
motions of its stellar populations. Looking
far beyond our Galaxy, it is also essential
to trace the evolution of galaxy properties
(star formation, chemical enrichment,
mass assembly, etc.) over the whole cos-
mic epoch if we are to investigate the
effects of age and environment. Ideally,
these studies should be pushed to the
highest redshifts — when the Universe
was just a few hundred million years old
— and young galaxies are key to under-
standing the physics of the early Universe
and cosmic re-ionisation. Addressing
these fundamental science goals requires
accurate determinations of stellar and
galactic physical properties, as well as

12 The Messenger 180 —Quarter 2 | 2020
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Figure 1. The key science drivers that have shaped

the requirements of the MOONS instrument:

— The ability to obtain radial velocities and detailed
stellar abundances for millions of stars, especially
in the obscured regions of the Galaxy, to recon-
struct the chemo-dynamical properties of our
Milky Way.

precise measurements of the spatial
and chemical distribution of stars in the
Milky Way and the 3D distribution of gal-
axies at different epochs.

In order to address this fundamental sci-
ence, the MOONS instrument has been
developed focusing on three essential
parameters: sensitivity, multiplexing

and wavelength coverage (the full list of
key instrument parameters is given in
Table 1)"-2. In respect of sensitivity, the
VLT is currently one of the largest infrared
and visible telescopes in the world in
terms of collecting area, and every ele-
ment of the MOONS instrument itself has
been optimised for high transmission.
The multiplex of 1000 is a factor of 20
larger than current spectrographs operat-
ing in the near-infrared; this is limited

by the budget available, the capability to
manufacture very large optics, and space

BH and AGN
feedback
\ ‘Q

. Environmept ™"
and large’scale
sstructuresi,

Epoch of
._reonisation

— The capability to observe key spectral diagnostics
for millions of distant galaxies up to the epoch
of re-ionisation at z > 7, to determine the physical
processes that shape their evolution and the
impact of central supermassive black holes and
the environments in which galaxies live, disentan-
gling nature versus nurture effects.

on the Nasmyth platform for the large
cryostat (which is already more than 4 m
high — see Figure 2). Finally, the broad
wavelength coverage of MOONS, from
0.645 pm to 1.8 pm, extending into

the near-infrared, is critical for observing
heavily dust-obscured regions of our
Milky Way as well as for opening a win-
dow onto the high-redshift Universe.

To meet the aspirations of both the
Galactic and extragalactic scientific com-
munities, MOONS offers both low-

and high-resolution spectroscopy. In
the low-resolution mode (R ~ 4000—
7000), the entire 0.645-1.8 pm range is
observed simultaneously across the R,
YJ and H atmospheric windows. In the
high-resolution mode the YJ channel
remains unchanged at R ~ 4000, while
the two high-resolution dispersers are
inserted in the Rl and H bands: one with
R > 9000 around the Ca triplet region



Table 1. MOONS key instrument parameters.

Parameter Value

Telescope VLT, 8 m

Field of view 25 arcminutes in diameter
Multiplex 1001

On-sky aperture of each fibre
Field coverage

# of fibres within a 2-arcminute diameter 7
Minimum fibre separation

1.2 arcseconds
> 3 fibres can reach any point in the focal plane

10 arcseconds

Spectral channels

Resolution modes

Low-res simultaneous spectral coverage
Low-res spectral resolution

High-res simultaneous spectral coverage
High-res spectral resolution

RI, YJ and H bands observed simultaneously

Low and high resolution

0.64 -1.8 ym

Rg = 4100, Ry, = 4300, R = 6600

Ag =0.76-0.89 pm, Ay, = 0.93 =1.35 pm, A, = 1.52 = 1.64 pm
Rg = 9200, Ry, = 4300, R, = 19700

Throughput

Sensitivity (point sources) in 1 hr integration
Continuum high res

Continuum low res

> 30% in low resolution, > 25% in high resolution
See Figure 3 for details

S/N>60at Hyg ~17 and Rlg ~17.5

S/N > 5 at mag(AB) ~ 23 rebinning to R = 1000

after sky subtraction

Emission lines

S/N > 5 for aline flux of > 2 x 107" erg s”'cm2,

FWHM = 200 km s~

Calibration methods

Daytime flat fields, attached flats as part of observations,

ThAr lamps for wavelengths

Observing overheads

Fibre positioning time < 2 mins

Attached flats + 2 mins

Acquisition star limiting mag

Cryostat vessel
45mx25mx27m

One of the six large and fast
/0.95 Schmidt cameras

One of the 10 large VPH dispersers

Figure 2. The central figure shows the computer-
aided design (CAD) model of the MOONS instru-
ment; the rotating front end and the spectrograph
are highlighted. The other images show the real
hardware being integrated. From top right and clock-
wise: the focal plate with four mounted fibre posi-
tioning units (FPUs) and one acquisition camera; the

Spectrograph

Front-end

V ~ 21 mag (in 30 sec exposure)

Focal plate 880 mm in diameter
4 of the 1001 FPUs
1 acquisition camera

Rotating front-end structure

One of the 64 slitlets,
each containing 16 fibres

structure of the rotating front end that will host

the plate with the FPUs, the calibration unit and

the metrology system; one of the slitlets with

16 mounted fibres; one of the 10 high efficiency VPH
dispersers; one of the six Schmidt cameras; and the
cryostat vessel.

to measure stellar radial velocities, and
another with R ~ 19000 in the H band
for detailed measurements of chemical
abundances.

The science drivers and the legacy
value

The wealth of science that a highly multi-
plexed, near-infrared spectrograph like
MOONS can generate is undeniably

vast and it has been a common aspira-
tion within the ESO community for a

long time. MOONS will fill a crucial gap in
discovery space which could never be
addressed by only optical spectroscopy
or low-multiplex near-infrared spectros-

copy.

Within the 300 nights of Guaranteed Time
Observations (GTO) obtained in return
for building the instrument, the MOONS
Consortium has developed a coherent
set of surveys covering a large fraction of
the history of the Universe, from cosmic
dawn (13 billion years ago) to the present
epoch, across many astrophysical

fields (see Figure 1). About 100 GTO
nights are devoted to Galactic surveys
(see Gonzalez et al., p. 18). The aim is

to investigate the nature of the heavily
obscured regions of the Galactic bulge
(unachievable with optical spectro-
graphs), as well as providing new insights
into the chemo-dynamical structure of
the thin and thick Galactic discs, and for
targeted studies of satellites and streams
in the halo.

The other ~ 200 GTO nights will focus on
galaxy evolution across cosmic time

(see Maiolino et al., p. 24). The goal is to
provide a complete picture of the inte-
grated properties of the stellar popula-
tions and the ionised interstellar medium
(ISM) of galaxies up to high redshift in a
SDSS-like survey, including a large num-
ber of Lya emitting galaxies up to z ~ 10,
and use this to investigate in a systematic
way the role that environment and black
hole feedback have on the formation and
evolution of galaxies with redshift.

The combination of MOONS GTO surveys
and open-time surveys will provide an
invaluable legacy. Even under the conser-
vative assumption that MOONS is used
only for 100 nights a year (i.e., sharing the

The Messenger 180 — Quarter 2 | 2020 13
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telescope equally with the other 2 instru-
ments mounted on the UT), it will offer
the scientific community ~ 1000000
fibre-hours every year. This figure will be
even more if in the future one of the UTs
is operated in survey mode. On a times-
cale of 10 years, which is the very mini-
mum lifetime of the instrument, Legacy
Surveys with MOONS will provide radial
velocities and detailed chemical abun-
dances for tens of millions of stars in our
Galaxy and beyond, as well as spectra
for millions of galaxies at 0 < z< 10, pro-
viding key spectral diagnostics and envi-
ronmental information. This will produce
a huge and unique dataset of high-quality
spectra and the essential deep spectro-
scopic follow-up of current and future
optical and near-infrared imaging surveys
or facilities (for example, Gaia, VISTA,
UKIDSS, VST, Pan-STARRS, Dark Energy
Survey, LSST, Euclid), as well as of
objects observed at other wavelengths
using, for example, ALMA, Herschel,
eRosita, LOFAR, WISE, ASKAP, Meer-
KAT, etc. Last but not least, MOONS will
offer a unique mine from which targets
will be selected for detailed follow-up
with ESO’s Extremely Large Telescope
for years to come.

The MOONS instrument

MOONS is a fibre-fed spectrograph
designed to use the full 25-arcminute-
diameter field of view (FoV) of one of the
Unit Telescopes (UT) of the VLT. The
instrument consists of the three major
sub-systems shown in Figure 2: the part
that is mechanically attached to the
telescope and couples the light into the
optical fibres (called the rotating front
end); the two triple-arm spectrographs —
in which the light from the fibres is dis-
persed and recorded; and the instrument
control.

The first element in the optical path of
the instrument is the field corrector

made of two large lenses of almost 1 m in
diameter (and ~ 110 mm thick), which
provides a fully corrected field of 25 arc-
minutes in diameter; this is the largest
field possible at the VLT.

The fibres for science observations are

deployed on the focal plane created by
the field corrector using 1001 miniature

14 The Messenger 180 —Quarter 2 | 2020
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fibre positioning units (FPUs), allowing us
to configure an entire observation in less
than two minutes. Each fibre is con-
nected to its own pick-off unit, which has
a footprint of 256 mm fixed on the focal
plane and is equipped with two rotating
arms®. The combination of the two rota-
tions (like the combined motion of elbow
and shoulder) allows the fibre to patrol an
area with a diameter of 50 mm (~ 1.5 arc-
minutes on the sky), with an accuracy of
better than 20 pm (i.e., less than a third
of the diameter of a human hair), which
corresponds to 0.05 arcseconds on the
sky. The FPUs will be able to achieve this
positioning accuracy using state-of-the
art stepper motors, but in order to moni-
tor this and make any calibration adjust-
ments there is also an external metrology
system capable of precisely measuring
the position of each fibre. On the focal
plane, embedded within the FPUs, there
are 20 acquisition and secondary guiding
cameras used to acquire the science
field and do a fine alignment of the instru-
ment on the sky. The rotating front end
also hosts a novel concept of calibration
unit, which uses a projector (like those in
cinemas) to illuminate a screen coated

in a Lambertian diffuser to guarantee
high quality wavelength calibration and
flat fielding for all fibres. Indeed, to ensure
excellent sky subtraction it is critical that
the relative transmission of all the fibres is
known very accurately, to better than 1%,
and this highly homogeneous illumination
is achieved via the calibration unit.

Once the light from stars and galaxies
is collected at the front end it is then fed
through the fibres to two identical triple-
arm spectrographs enclosed in a single
cryostat vessel that keeps the optical
elements inside at a temperature of
—130 degrees C in order to reduce the
background in the near-infrared.

In each of the two spectrographs the
light from 512 fibres — arranged in

32 slitlets®, each containing 16 fibres (see
Figure 2) — is split by dichroic filters into
three wavelength ranges or channels (R/,
YJ and H). Each of the two MOONS
spectrographs has five highly efficient
volume phase holographic (VPH) dispers-
ers, three for the low-resolution mode
and two for the high-resolution mode.
The two triple-arm spectrographs are
mounted back-to-back on the optical

bench, which makes it possible to switch
between the high- and low-resolution
modes in the R/ band (and similarly for
the H band) using a single common linear
mechanism that passes straight through
the optical bench. In each channel, the
light dispersed by the VPHSs is refocused
by using the fastest large cameras ever
built for astronomy (to our knowledge).
Indeed, these Schmidt-like cameras have
a very fast f-number of /0.95. Each
camera is also very compact and made
of just two lenses (glued one inside the
other) and one mirror to bring the image
into focus on a detector (see Figure 2),
and is therefore easy to align. Finally, the
light — which has travelled for billions of
years in some cases — will be recorded
on state-of-the-art detectors. The two
infra-red channels (YJ and H) will exploit
the new Hawaii 4RGs 15 pm-pixel detec-
tors and the optical channel (R/) will use
fully depleted Lawrence Berkeley National
Laboratory (LBNL) red-sensitive CCDs.

Since the very beginning of the project,
the focus (and the challenge to the engi-
neering team) has been to maximise the
quality and the throughput of the instru-
ment or, in other words, the mantra has
been “transmit as many photons as phys-
ically possible!”. For this reason, all the
components described above have been
optimised in terms of design, material,
coating etc. to reach the high sensitivity
shown in Figure 3.

Observation preparation

For complex instruments and particularly
for multi-object spectrometers, the

usual ESO p2 software used to prepare
the observations is complemented by the
addition of instrument-specific detailed
configuration software. The observation
preparation software called MOONLIGHT
will perform automatic allocation of

fibres to science targets, including opti-
misation of fibre allocations and account-
ing for mechanical constraints of the
positioners. In order to have high alloca-
tion efficiency of the fibres on targets,
some overlap between neighbouring
patrol fields is needed, with one fibre
being able to patrol up to the centre of
the neighbouring cell. However, this
feature can increase the chances of colli-
sions during positioning. To avoid such
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collisions, we have developed an algo-
rithm for the path analysis, which calcu-
lates in advance the best trajectory and
motion of each motor.

Observing strategies and sky
subtraction

Accurate subtraction of the sky back-
ground is critical when observing faint
sources, particularly in the near-infrared,
where strong OH sky lines dominate the
background. To achieve this goal, we
have implemented multiple methods. First
of all, the spectral resolving power of

R > 4000 for the medium-resolution
mode (R > 6500 in the H band) ensures

that at least 60-70% of the observed
regions in the Y; J or H bands are com-
pletely free from OH airglow. Sky subtrac-
tion with fibres is challenging since their
efficiency might change (even slightly)
when they move. For this reason, particu-
lar attention has been devoted during

the manufacturing of the fibres and

their routing within the instrument to mini-
mise the variation of focal ratio degra-
dation (FRD), which has been measured
to be << 1%. In order to remove any
residuals, it is also possible to obtain a
fast attached flat after the fibres have
been reconfigured and are in their sci-
ence position. To further optimise the sky
subtraction, the fibre positioners have
been designed to have overlapping patrol

1.2 1.4 1.6 1.8

1.0
Observed wavelength (microns)

Figure 3. Top left: Spectral resolution R = A/A\ as a
function of wavelength for the low-resolution and
high-resolution modes. In all the panels showing
sensitivity, the thick solid lines show the typical value
outside strong OH sky lines. At the resolution of
MOONS more than 60-70% of the observed regions
are completely free from OH sky lines. Top right: lim-
iting flux for emission lines in low-resolution mode in
the three simultaneous channels, for 1 hour
on-source integration with S/N = 5 at the line peak.
Bottom left: limiting magnitude in continuum for
low-resolution mode in the three simultaneous chan-
nels, for 1 hour on-source integration with S/N =5
per resolution element (~ 3 pixels) and dashed lines
when rebinned to a resolution R = 1000 after sky
subtraction. Bottom right: limiting magnitude in con-
tinuum for high-resolution mode in the three simulta-
neous channels, for 1 hour on source integration
with S/N = 60 per resolution element (~ 3 pixels).
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Figure 4. The three possible MOONS observing
strategies envisaged for sky subtraction.

fields and are capable of being placed at
a distance of 10 arcseconds from each
other, so as to sample the sky very close
to the science target.

These considerations are driving the
three possible observing strategies envis-
aged for MOONS (see list below and
Figure 4). During commissioning these
strategies will be tested and the perfor-
mance of sky subtraction evaluated in
order to provide guidelines to users.

1. Stare: The vast majority of fibres will be
on the targets, with dedicated sky
fibres distributed across the focal
plane. The number of sky fibres can be
determined by the user.

2. Stare+nod: The majority of, if not all,
fibres will be on the targets and the
telescope is then nodded to a nearby
sky position. This has the advantage
that the sky flux will pass through the
same fibre as the target, thus removing
many instrumental effects. The quality
of sky subtraction will depend on the
frequency of sky nods.

3. XSwitch: This provides a pseudo-silit
observation with the most accurate
sky subtraction. Every science fibre will
have an adjacent sky fibre at the same
fixed distance (10 < d < 30 arcsec-
onds) and same direction. The tele-
scope is then nodded by the same dis-
tance and direction, so that object
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and sky fibres are reversed. This
observing pattern strategy allows both
temporal and spatial sky variation to
be removed, as well as accounting for
instrumental effects (see Rodrigues et
al., 2012 for more details and on-sky
testing of this strategy).

The Consortium

Reflecting the wide range of science
goals, the MOONS Consortium builds on
the scientific and technical expertise

of a range of institutes in Chile, France,
Germany, Italy, Norway, Portugal,
Switzerland, the United Kingdom, and
ESO. It includes ~ 100 engineers and
150 scientists across ~ 50 institutes.
Table 2 shows the main roles of each of
the institutes involved in the construction
of the instrument.

Schedule

The MOONS project passed the Final
Design Review (FDR) in 2017 and is now
fully in the assembly integration and
verification (AlV) phase. The vast majority
of the components have been manufac-
tured and are now being integrated in
Edinburgh. The Provisional Acceptance in
Europe (PAE) is foreseen for the end of
2021, followed by the installation and

commissioning at the VLT at the begin-
ning of 2022 (see Figure 5).
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Links

" The official MOONS website: www.vltmoons.org

2 The MOONS website at ESO: https://www.eso.org/
sci/facilities/develop/instruments/MOONS.html

3 See the fibre positioning units in action at
https://vitmoons.org/resources/.

Notes

a For information contact Michele Cirasuolo at
mciras@eso.org.

5 A short anecdote: A very small fraction of the light
coming from the fibres does not reach the detector
immediately but bounces back and forth between
the optical surfaces and when it reaches the detec-
tor it creates a “ghost” image! That image is adding
noise and therefore degrading the science perfor-
mance. When we discovered this problem, we had
to think how to remove this effect. In order to do
this each slitlet was equipped with a special com-
ponent, tilted with respect to the optical axis, to
deviate the “ghost” away from the detector. During
a telecon someone said: “it works like an exorcist;
the ghost has been evicted”. Since then this spe-
cial component is called “the Exorcist”!


http://www.vltmoons.org
https://www.eso.org/sci/facilities/develop/instruments/MOONS.html
https://www.eso.org/sci/facilities/develop/instruments/MOONS.html
https://vltmoons.org/resources/
mailto:mciras@eso.org

Table 2. Role of the consortium construction partners.

Institute Work package

STFC UK Astronomy Technology Centre Edinburgh  Project office, fibre positioning units, calibration
unit, cryostat, detector adjustment module, AlV,
control software

Cambridge University Camera opto-mechanics, assembly and testing

Ei ossische Technische Hochschule (ETH Fi itioni it CENTRO DE ASTRO-INGENIERIA UC

Z:iﬁgj;nos&sc e Technische Hochschule ( ) ibre positioning uni B UNIVERSITY OF
. 3 CAMBRIDGE

INAF — Firenze Optical design, exchange VPH mechanisms ETHzirich +]ES+

INAF — Roma Acquisition cameras end-to-end modelling @ 75 UNIVERSITE

INAF — Milano Observation preparation software and path analysis + "%

GEPI - Paris Fibre assembly, slit and shutters, data reduction

software g "

University of Geneva Instrument control electronics D V(%tF?rLre GER]

Instituto de Astrofisica e Ciéncias do Espago Field corrector, rotating front end structure, cable wrap Wi s P

Pontificia Universidad Catdlica de Chile Metrology system, instrument control software

ESO Detector arrays and CCDs

Figure 5. Artist’s impression of MOONS on the
Nasmyth platform at the VLT.
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