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Abstract.
ELT-CAM is one of the two first-light instruments of the E-ELT, the european ELT. It is a nearinfrared (IR) camera working at the telescope diffraction limit either with a single-conjugated (SCAO) or
multi-conjugated (MCAO) adaptive optics correction. With a field of view of ∼1 arcmin, this instrument
will come with long-slit spectroscopic capabilities, with a spectral resolution of several thousands. The
instrumental specifications are targeting a high sensitivity and spatial resolution, a very accurate astrometry
and spectroscopy with a large covered bandpass.
This SF2A workshop being the first occasion to make a broad presentation to the French astronomical
community of the E-ELT, its instrumentation and its scientific programs, I present here the different characteristics of ELT-CAM as well as few scientific cases, mainly based on the work of the MICADO and MAORY
teams during the phase A of these instruments.
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Overview of ELT-CAM

1.1

ELT-CAM in a nutshell

ELT-CAM is the coupling of two instrumental concepts studied during their phase A between 2008 and 2009:
MICADO (Davies et al. 2010), the IR camera, and MAORY (Diolaiti et al. 2010), the MCAO module. This
instrument is then a near-IR camera (0.8-2.5 microns) working at the diffraction limit over about a 1 arcmin
field of view. It will come with a long slit spectroscopic mode, at a moderate spectral resolution (5000 to 10000).
The diffraction-limited observations will be provided either by a MICADO-internal SCAO module or by the
MCAO module MAORY. The latter will provide a moderately high Strehl ratio over the entire 1 arcmin field
of view while the former will provide better on-axis Strehl ratio.
1.2

Performance drivers

The performance drivers for the design of MICADO were the following:
• sensitivity and resolution: the instrument will correctly sample the E-ELT diffraction limit from the Jto the K-band (6 mas to 10 mas approximatively) and thanks to advanced filters, the gain in sensitivity
compared to the JWST is expected to be up to 0.5 mag, and even up to 3 mag in crowded fields.
• precision astrometry: the instrument is expected to measure proper motions down to 40 µas over the 1
arcmin field of view in a single epoch of observations, leading to measurements down to 10 µas/yr after 3
or 4 years of observations (which is equivalent to ∼5 km/s at 100 kpc).
• wide coverage spectroscopy: the design foresees the ability to deliver spectra covering simultaneously the
0.8-2.5 µm bandpass at a spectral resolution of 5000-10000.
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Sensitivity in imaging and spectroscopy

Detailed sensitivity estimations have been made during the instrument phase A, both in imaging and in spectroscopy. These estimations have been made using the PSF provided by the MAORY consortium, considering
6 laser guide stars, a seeing of 0.6”.
The 5σ AB magnitude limits in imaging after 5 hours of integration time are 30.8, 30.8 and 29.8 in J, H
and K respectively. Using advanced filters with improved efficiency, these numbers become 31.3, 31.3 and 30.1
respectively. This is to be compared to the 30.3 and 30.1 magnitude limit for JWST in J and K respectively.
In spectroscopy, the 5σ AB magnitude limits for point sources after 5 hours of integration time are 26.7,
26.7 and 25.6 in average in J, H and K respectively. Between the OH lines, these numbers become 27.2, 27.2
and 25.7 respectively.
1.4

Main science objectives

The main MICADO science objectives, arranged following the aforementioned performance drivers, are:
• Sensitivity and resolution
– Star formation history (resolved stellar populations to Virgo cluster)
– Galaxy formation and evolution (structure of high-z galaxies on 100 pc scales, environment and host
galaxies of QSO at high-z)
– Nuclei of nearby galaxies (stellar cusps, star formation, black holes)
– Exoplanets ”à la NACO”
– Stellar physics
– Physical and surface properties of solar system small bodies
• Precision astrometry
– Stellar motions within light hours of the Galaxy’s black hole
– Intermediate mass black hole in stellar clusters
– Formation and evolution of the Galaxy (globular cluster proper motions)
– Dwarf spheroidal motions test dark matter and structure formation
• Wide coverage spectroscopy
– Galactic centre (stellar types and 3D orbits)
– Stellar velocities in nearby galaxies: MBH , extended mass distributions
– Absorption lines: ages, metallicities, central dispersions of first elliptical galaxies at z=2-3
– Spectra of first supernovae at z=1-6
– Emission lines: redshifts, velocities, metallicities of starburst galaxies at z=4-6
1.5

MICADO organization and schedule

The MICADO consortium has presented to ESO in october 2012 an updated (compared to phase A) management
plan of the project. The PI of MICADO is R. Davies from MPE. The level 1 of the project is made of
the MICADO instrument, the MICADO calibration assembly, the SCAO instrument, the MICADO support
structure, the common instrument software and the data processing software lead by MPE, MPIA, LESIA,
IAG, USM and NOVA respectively.
The current schedule for MICADO is the following:
• mid 2014: MICADO official kick-off, start of phase B, made of 1 year of science and technical trade-off
studies and 2 years of preliminary design studies
• mid 2017: preliminary design review, start of phase C, made of 2 year of final design studies
• mid 2019: final design review, start of the 3-year manufacturing, assembly, integration and test phase
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• end of 2022: test readiness review and European acceptance test
• 2023 and after: MICADO commissioning with SCAO, E-ELT first light with MICADO in its SCAO mode
and MICADO commissioning with MAORY later on.
2
2.1

ELT-CAM design
MICADO design

In its phase A, MICADO’s design comprised two arms (Fig. 1). The primary arm was a high throughput
(> 60%) imaging camera with a single 3 mas pixel scale, many (> 20) filter slots. This arm was designed with
fixed mirrors for superior stability, thus optimizing astrometric precision. An auxiliary arm was designed to
provide an increased degree of flexibility with (i) a finer 1.5 mas pixel scale over a smaller field and (ii) a 4
mas pixel scale for a long-slit spectroscopic capability. The auxiliary arm also opened the door to many other
options, including a ‘dual imager’ based on a Fabry-Perot etalon to image separate emission line and continuum
wavelengths simultaneously, or a high time resolution detector.
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Fig. 1. Left: Overview of MICADO phase A optics, which comprised the common path (ADC (not shown) and
collimator) in the centre, the primary arm, and the auxiliary arm. Right: Illustration of the phase A focal plane
division. The main imaging field was approximately 53”×53” and imaged at a scale of 3 mas/pixel by an array of 4×4
HAWAII-4RG detectors. A selection mechanism enabled one to pick off a smaller field for the auxiliary arm.

Since phase A, after the new E-ELT design and new specifications (both from ESO and internal), the design
was updated, merging the two arms, increasing the number of filter slots (∼40), allowing the simultaneous
coverage of the 0.8-2.5 µm bandpass in spectroscopy, including the finer 1.5 mas pixel scale over a small field in
the now single arm and finally adding high contrast imaging capabilities through the inclusion of coronograph
masks in the design.
2.2

ELT-CAM AO: MAORY

To get diffraction-limited images, MICADO will be ultimately coupled to the MCAO instrument MAORY.
This instrument is developed within a dedicated project and separately to MICADO, the interfaces being dealt
jointly with ESO. To perform the AO correction over the MICADO field of view, MAORY will make use of:
• 6 laser guide stars (LGS), and their 6 Shack-Hartmann wavefront sensors
• 3 natural guide stars, and their 3 near-infrared (H-band) wavefront sensors (two for tip-tilt, one for tip-tilt
and focus, each of the 3 being associated to a reference wavefront sensor to monitor the LGS non common
path aberrations)
• in addition to the two AO mirrors in the telescope (M4 and M5), two post-focal deformable mirrors,
conjugated at two different altitudes for the tomographic reconstruction of the atmospheric turbulence
In its phase A study, MAORY occupied a volume of 7.4 m × 7.2 m × 8 m (length, width and height),
MICADO being attached below the MAORY optical bench in a gravity-invariant position (see Fig. 2).
Since its phase A, MAORY optical design has evolved to correct for the output field curvature, to correct
for the wedge of the LGS objective lenses, to reduce the dichroic size and finally to decrease the total MAORY
volume (7.2 m × 4.3 m × 6.4 m in length, width and height respectively).
The AO performance of MAORY, estimated in phase A, is summarized in the Table 1.
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Fig. 2. Left: MICADO mounted under MAORY at the E-ELT Nasmyth platform (as from the MICADO and MAORY
phases A). Right: MICADO in its SCAO mode configuration, at the E-ELT Nasmyth platform (as from the MICADO
phase A).
Table 1. MAORY sky coverage and minimum AO correction for a science field of 53”×53” (the FoV of MICADO) and
a seeing of 0.8”.

Minimum field-averaged Strehl ratio over 53×53 arcsec2 FoV
2.16 µm
1.65 µm
1.215 µm
0.9 µm
0.53
0.34
0.14
0.03
0.51
0.32
0.13
0.03
0.49
0.30
0.11
0.02
0.47
0.27
0.09
0.01
0.41
0.22
0.06
0.01

2.3

Sky coverage
39%
50%
60%
70%
80%

ELT-CAM AO: SCAO

Even if ultimately coupled to MAORY, MICADO includes an internal SCAO module (Clénet et al. 2010). The
motivations for this SCAO module are the following:
• Scientific complementarity: SCAO provides the best AO performance for mono target science (exoplanets,
solar system, stellar physics, AGNs, Galactic Centre)
• Complementarity for operations: during the MAORY commissioning, which could be long based on the
experience of the only similar system (but on an 8m class telescope), GeMS, MICADO will be able deliver
diffraction-limited observations
• Risk management: even in case of a delay in the MAORY planning, MICADO will be ready to deliver
diffraction-limited observations at the E-ELT scientific first light.
The SCAO module is specified to provide the same mechanical and operational interface as MAORY (Fig. 2).
Hence, in its SCAO mode, MICADO is attached to a field derotator mounted under an optical bench supporting
an optical relay. The SCAO wavefront sensor is mounted also on the derotator, rotating then jointly to MICADO.
To ensure the proper matching of the WFS pupil on M4, the WFS path includes a K-mirror. In phase A, this
WFS was using a Schack-Hartmann. This choice will be reconsidered and compared to the performance of a
pyramid WFS during the project phase B. Furthermore, the design of the optical relay is under revision after
the new E-ELT design and new specifications (both from ESO and internal).
During the MICADO phase A, the AO performance of this SCAO module has been estimated considering
a 84×84 Shack-Hartmann WFS operating in the visible (0.45-0.8 µm), a seeing of 0.71”, a wind speed of 16.4
m/s, an outer scale of 25 m, a 3e- readout noise and 80% quantum efficiency detector, the windshake residuals
on the tip-tilt as provided by ESO (corresponding to 0.28 arcsec rms residuals), a correction by the telescope
M4 and M5 mirrors. As shown in Fig. 3, the Strehl ratio can reach more than 75% for the brightest reference
sources, which points at the interest of the exoplanet and solar system science for MICADO.
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Fig. 3. Left: On-axis Strehl at 2.2 microns for different reference star magnitudes and a seeing of 0.71”. Right:
Anisoplanatism error for a seeing of 0.71” and L0 =25 m, measured by the Strehl ratio degradation compared to the
on-axis Strehl ratio at 2.2 microns (dash line) and by the corresponding wavefront error in nm rms (solid line).

3

Focus on two science cases

We make in this section a short presentation of two science cases among those listed in Sect. 1.4: resolved
stellar populations in nearby galaxies and exoplanets. The former will take advantage of the MCAO correction
of MAORY while the latter needs the SCAO correction to be competitive.
3.1

Star formation history: resolved stellar populations

The science case of resolved stellar populations is a perfect illustration of the gain in sensitivity provided by
an improved spatial resolution in crowded field. The ESO MCAO demonstrator MAD (Marchetti et al. 2003)
already demonstrated with Omega Cen observations (Fig. 4, Marchetti et al. 2007) that a factor 6 improvement
in resolution leads to 3 mag deeper observations in crowded fields.

Fig. 4. Comparison between ISAAC (left) and MAD (right) observations of Omega Cen from Marchetti et al. (2007).

From simulations, a similar gain for MICADO is expected in comparison to the JWST: Deep et al. (2011),
in the framework of the MICADO phase A, showed that both NIRCam/JWST and MICADO will be able to
study stellar populations out to the Virgo Cluster but NIRCam will be limited to probing the fringes of the
galaxies at radii of 3-4 Ref f while MICADO will be able to work in the central regions at 1-2 Ref f (Fig. 5).
Interestingly, this study has also shown that the I-band filter could be more efficient to probe the central parts
of galaxies because of the lowest sky background at these wavelengths (see again Fig. 5).
3.2

Exoplanets

Exoplanets is a top science of the E-ELT and MICADO in its SCAO mode will be able to start addressing
this major prominent goal as soon as the E-ELT first light. The niche for MICADO with respect to near-term
instruments (SPHERE, GPI, JWST) is definitely the improvement of the angular resolution with moderate
contrasts. For the exoplanet science case, MICADO and its SCAO mode will be for the E-ELT what NACO
was for the VLT, a general-purpose imager with adaptive optics offering the highest possible Strehl ratio and
contrast on-axis.
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Fig. 5. Left: NGC 4472 surface brightness profile with the best sensitivity reachable by MICADO/E-ELT, NIRCAM/JWST and ACS/HST (figure from Deep et al. 2011). Right: I- and K-bands surface brightness and limiting
magnitude limits for MICADO/E-ELT and NIRCAM/JWST in the case of an old galaxy at the distance of Virgo (17
Mpc). Open star and open circle symbols correspond to photometric errors of ±0.1 mag and ±0.25 mag respectively.

Assuming the same level of contrasts as NACO will be achieved, a beta Pic b-like object will be detectable
at ∼2 AU instead of 8-10 AU. MICADO will have the capability to reach closer physical separations than
NACO and even SPHERE on nearby targets (<50 pc). This range is overlapping the one probed with radial
velocity technics, which now starts to be applicable on young early type stars although active. Therefore, it
will be possible to infer the true mass of a planet from the minimal mass measured by radial velocity technics
and from the inclination measured from imaging (several epochs being needed). A more precise calibration of
evolutionary models will become feasible hence with the advantage to perform better spectral characterization.
In addition, MICADO will be able to search for young giant and massive planets (10 MJ ) on wide orbits (>20-30
AU) around young star associations that are more distant than those to be observed with SPHERE (100-150
pc rather than 30-90 pc). Therefore, the number of potential targets is larger. Moreover, these observations
performed in several bands (JHK) will allow one to derive near IR colors and to put constraints on some
atmospheric properties like temperature and surface gravity.
As for spectral characterization, again the improvement of angular resolution will benefit to long-slit spectroscopy for some planets that are sufficiently separated with the capability to achieve spectral resolution of
a few thousands while SPHERE will provide only a few hundreds. In addition to better detect some broad
spectral lines (CH4 , NH3 , H2 0, CO2 , . . . ), this higher spectral resolution is of particular interest to bring more
constraints on the atmospheric properties (metallicity, clouds and dust). This high level of characterization will
be devoted to bright exoplanets.
4

Conclusions

Thanks to the SCAO and the MCAO corrections provided by its internal module and later on by MAORY,
MICADO/ELT-CAM will be able to make major contributions to a large range of science cases. The kick-off
of the project is expected to be in mid 2014.
I would like to thank the MICADO and MAORY consortia, which provided the material for this presentation and article.
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