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Acronyms

AO	
 	
 adaptive optics

CW	
 	
 continuous wave

DM	
 	
 deformable mirror

ELT	
 	
 extremely-large telescope

ExAO	
	
 extreme adaptive optics

FOV	
 	
 field of view

GLAO	
 ground-layer adaptive optics

IFU	
 	
 integral-field unit

KBO	
 	
 Kuiper-belt object

LGAO	
 laser guide-star adaptive optics

LTAO	
	
 laser tomography adaptive optics

MCAO	
 multi-conjugate adaptive optics

MOAO	
 multi-object adaptive optics

PDR	
 	
 preliminary design review

SCAO	
 single-conjugate AO system

TMT	
 	
 Thirty Meter Telescope

TNO	
 	
 trans-Neptunian object
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Summary

This report compares and contrasts scientific and technical aspects of the TMT and E-ELT projects. The 
emphasis is on aspects in which the projects differ, in ways that impact performance. Both the TMT and 
the E-ELT are relatively mature projects: TMT is ready for construction and has started pre-construction 
activities. The E-ELT is in the final stages of detailed design and is expected to begin construction later 
this year (2010). Both projects involve large teams that have extensive experience in the design, 
construction and operation of major telescopes (eg. Keck, VLT), instruments and adaptive-optics (AO) 
systems. Both projects have defined ambitious science goals and suites of powerful instruments to address 
them. Both projects have selected sites, TMT in the northern hemisphere and E-ELT in the southern 
hemisphere. While there are many similarities between the two projects, there are clear differences, not the 
least of which is the difference in aperture size. In the final section of this report, I consider the impact of 
this and other differences on scientific capability and productivity. The impact depends on the assumed 
fraction of time spent on diffraction-limited observations and, to a lesser degree, the science targets. For 
small-field AO observations, the TMT has greater point-source sensitivity than E-ELT at wavelengths 
shorter than 1.4 um, as it achieves higher Strehl ratios. However, the MAORY MCAO system on the E-
ELT, provides correction over a wider field. For seeing-limited observations, the E-ELT should be about a 
factor of two more sensitive than the TMT, due to its larger aperture. If the CODEX instrument is built and 
performs according to its specifications, the E-ELT will have a unique and exciting scientific capability.

1. Science goals  

The broad science goals driving the design of the TMT and its instruments are detailed in the TMT 
Detailed Science Case: 2007 [1]. Similarly, the scientific aspirations driving the E-ELT are outlined in An 
Expanded View of the Universe [2]. The TMT Detailed Science Case is directed primarily to a scientific 
audience and the science programs are developed to quite a high degree. Specific programs have been 
analyzed or simulated in an attempt to to provide a realistic assessment of performance, and extensive 
references to the scientific literature is provided. The E-ELT Expanded View of the Universe is directed at 
a broader audience and is less technical in nature, however detailed studies and simulations have been 
undertaken in the context of developing a design reference mission for the E-ELT [3]. A synopsis of 
science with E-ELT instruments can be found in [4].

The principal science programs described in these documents are summarized in Table 1. Programs 
employing adaptive optics (at least in part) are highlighted in blue. One should keep in mind that these are 
just examples of what can be done with the telescopes. If a science program is not listed, that does not 
mean that it cannot or should not be done with the facility. It simply means that the science team did not 
choose to highlight that program. The main value of the table is to show those programs that have been 
highlighted by the the teams, and have presumably influenced the design of the telescopes and 
instruments.

As might be expected, the science programs have common themes including exoplanets, galaxy formation 
and evolution, star formation, stellar astrophysics, black holes and fundamental physics. However, there 
are difference. For example, the E-ELT science case contains no Solar System studies, while TMT 
includes characterization of the outer solar system (KBOs, TNOs and beyond) and spectrophotometry of 
satellites of the outer planets. On the other hand, the E-ELT has a unique science program - the aim of a 
direct measurement of cosmic expansion from temporal evolution of redshifts of QSO absorption lines, 
using a high-stability spectrometer, CODEX. 
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Table 1. Science programs highlighted by the TMT and E-ELT projects

ProgramProgram TMT E-ELT
Fundamental physicsFundamental physics

Fundamental constants QSO absorption lines QSO absorption lines

Dark energy
Ly-a forest power spectrum Ly-a forest expansion rate

Dark energy High-z supernovae & GRB High-z supernovae & GRB

Dark matter
Dwarf galaxy kinematics

Dark matter IGM tomography
Extreme objects GRBs, SN IIn

Early UniverseEarly Universe
First stars Emission line surveys Detect first UV emitters
First galaxies IFU  followup of JWST IFU  studies of first galaxies
Reionization High-z metal lines

Galaxy evolutionGalaxy evolution
High-z galaxies Optical to NIR spectroscopy
Dissecting galaxies Multi-object IFU studies Star formation evolution
IGM tomography Multislit optical spectroscopy
Galaxy-IGM connection Mulitobject IFU CIV absorption widths

Black holesBlack holes
SMBH in external galaxies AO IFU AO IFU 
The galactic centre MCAO imaging MCAO imaging
Intermediate mass black holes GC and DG kinematics

Nearby galaxiesNearby galaxies
Star-formation histories High-resolution spectroscopy resolved stellar spectroscopy
Chemical evolution AO CMDs AO CMDs
Stellar astrophysics High-resolution spectroscopy Nuclear cosmochronometry

Star and planet formationStar and planet formation
Physics of star formation NIR CMDs, MIR spectra Mass function, brown dwarfs
Protoplanetary disks NIR, MIR spectra NIR, MIR spectra

ExoplanetsExoplanets
Doppler surveys High-res opt & NIR spectra 1 cm/s spectrophotometry
Direct detection and characterization ExAO IFU ExAO IFU
Planetary atmospheres High-res optical & IR spectra High-res optical & IR spectra

Solar SystemSolar System
Outer Solar System AO imaging & IFU of KBOs
Atmospheres of planets and moons MIR spectra
Surfaces of planets and moons AO imaging & IFU
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2. Site characteristics

The TMT Board has chosen a site on Mauna Kea, designated 13N. ESO has selected Armazones for the E-
ELT. Both sites were extensively studied by the TMT site testing campaign so we have much data on both.  
Perhaps more important, the data were obtained using identical instruments so comparisons between the 
two sites should be accurate and reliable.

The TMT site-test results are summarized in a series of recent papers in PASP [5]. The data are also freely 
available at sitedata.tmt.org. The main results pertaining to the two sites are listed in Table 2, with some 
relevant distributions shown in Figure 1. Here DIMM seeing refers to the seeing measured by the DIMM 
instrument, from a height of 7 m above ground. It is a measure of the seeing resulting from turbulence in 
the entire atmosphere (referred to the zenith and a wavelength of 0.5 um). The MASS seeing is that 
measured by the MASS instrument, which is insensitive to turbulence below 500 m. Thus it estimates the 
contribution of the free atmosphere. The 5/3 power difference between the DIMM and the MASS seeing is 
a measure of the seeing contributed by ground-layer turbulence,

/ / /
GL DIMM MASS

5 3 5 3 5 3j j j= - (1)

Figure 1. Distribution of some relevant site parameters from the TMT site testing campaign. 

Technical Comparison of TMT and E-ELT	

                      6



Table 2. TMT and E-ELT site comparison

Parameter Units TMT E-ELT
Altitude m 4050 3064
Latitude deg N 19.8330 -24.5800
Longitude deg W 155.4810 70.1833
Clear sky fraction % 76 89
Median night temperature K 2.3 7.5
Median night 7 m wind speed m/s 5.7 7.2
Median night humidity % 30 21
Median DIMM 7 m seeing arcsec 0.75 0.64
Median 50 m seeing arcsec 0.60 0.52
Median MASS seeing arcsec 0.33 0.4
Median ground layer seeing arcsec 0.54 0.35
Isoplanatic angle arcsec 2.69 2.04
Coherence time ms 5.1 4.6
Precipitable water vapour (PWV) mm 1.9 2.9
Fraction of PWV < 2 % 54 29

There are some obvious, and significant, differences between the sites. The TMT site (Mauna Kea) is in 
the northern hemisphere. This provides synergy with other facilities such at CFHT, Gemini N, Keck and 
Subaru. On the other had, there is less overlap with ALMA and the galactic centre can be accessed only at 
high zenith angles (45 degrees or more). 

Mauna Kea is higher than Armazones, which results in lower precipitable water vapour (PWV). It is 
therefore a better site for mid-infrared observations. On the other hand, the weather is better at Armazones, 
which has 13% more clear nights per year than does Mauna Kea (a ratio of 1.17).

Because the 13N site is not located on the Mauna Kea summit cones, the ground layer is relatively strong 
and thick. Thus the total seeing is worse at Mauna Kea than at Armazones, even when measured from a 50 
m height (approximately the height of the top of the TMT dome). On the other hand, the free atmosphere 
seeing is better at Mauna Kea. This means that for observations in which AO is used to compensate the 
ground layer, the performance is likely to be better at Mauna Kea, due to the weaker high-altitude 
turbulence at that site.

The TMT SAC performed an extensive analysis of all TMT sites, using a merit function developed by 
Jerry Nelson. This function estimates the science impact as the reciprocal time required to reach a given 
signal-to-noise ratio, as a function of the relevant site characteristics, for a range of observing programs 
ranging from visible to mid infrared wavelengths. It was applied to a mix of science programs, both 
natural seeing and AO, judged to be realistic by the SAC. The result of this exercise was that Armazones 
was ranked as the best site overall, with Mauna Kea 13N ranked not far behind, after Armazones and 
Tolanchar (a high-altitude Chilean site). Of course the ultimate selection made by the TMT Board 
necessarily included other considerations, such as partner interests.
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3. Telescope optics

The principal optical parameters of the TMT and E-ELT telescopes are listed in Table 3. TMT is a three-
mirror system based on a Richey-Chretien design (Figure 2) [6]. An f/1 near-parabolic primary mirror, a 
convex hyperbolic secondary mirror and a flat tertiary mirror that directs the light to instruments on the 
Nasmyth platforms. The primary mirror consists of 492 hexagonal segments, each equipped with active 
supports, warping harnesses and edge sensors - technology similar to that employed by the Keck 
telescopes. None of these mirrors are adaptive (capable of motion on atmospheric time scales) however a 
possible future upgrade is to replace the secondary mirror with an adaptive mirror. This would simplify 
and/or improve the performance of future AO systems and provide a convenient way to implement 
ground-layer adaptive optics (GLAO). 

Figure 2. Optical layout of the TMT [6]. The optical prescription is a Richey-Chretien design that 
eliminates third-order spherical aberration and coma.

The E-ELT has a unique 5-mirror design (Figure 3) that provides a 10 arcmin diameter diffraction-limited 
field (Strehl ratio > 0.83 at 0.5 um) [7]. The focal surface is flat and telecentric. The primary mirror is a 
fast (f/1.0) focal ratio, which reduces the size of the dome, and consists of 984 segments. The final focal 
ratio is f/15.9, resulting in a 1.9 m diameter image delivered to the Nasmyth platforms. Two of the five 
mirrors are flat: M4 is fully adaptive and M5 is capable of fast tip-tilt motion (both are ~ 2.6 m diameter) 
[9]. The main advantages of this arrangement is the superb natural image quality over a relatively large 
field, and the built-in AO components. These AO elements may suffice for mid-infrared instruments and 
GLAO. Most near-infrared (NIR) instruments will require additional AO elements, but the built-in 
telescope AO will simplify the design and reduce instrument complexity.

One drawback of the E-ELT design is the relatively large central obstruction of 10%, which reduces the 
contrast of diffraction-limited images, compared to a filled aperture [8]. This is likely to be of most 
significance for high-contrast imaging of exoplanets. In comparison, the central obstruction of the TMT is 
1%.
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Figure 3. Optical layout of the E-ELT [8]

Table 3. Telescope optics comparison

Parameter Units TMT E-ELT
Maximum diameter m 30.0 42.0
Effective area m2 662.6 1343.8
Central obscuration % 1.0 10.0
Number of reflections 3 5
Focal length m 450.0 743.4
Image scale arcsec/mm 0.46 0.28
Field radius of curvature m -3.0 infinite
Unvignetted field diameter arcmin 15.0 10.0
Unobstructed field diameter arcmin 20.0 10.0
Baffling in instruments yes
Adaptive mirror future M2 upgrade yes, M4
Fast tip-tilt mirror in AO systems yes, M5
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4. Structure and enclosure

The TMT telescope is a conventional alt-azimuth structure employing two Nasmyth platforms (Figure 4) 
[6]. The enclosure is a calotte design that results in a compact and streamlined form having no exposed 
shutters. The structure has been extensively optimized for maximum performance/cost by means of a 
sophisticated integrated model that combines structural and thermal analysis with computational fluid 
dynamics to model airflow and turbulence. The relatively small enclosure results in significant cost 
savings without negatively impacting performance. A Canadian company, Dynamic Systems Ltd. (DSL) 
has played a major role in the development of the design and is well-placed to have a substantial share of 
the construction work.

Figure 4. TMT telescope and enclosure structure [6].

The E-ELT telescope structure resembles that of the TMT in that it is an alt-azimuth design with two 
Nasmyth platforms (Figure 5). The main differences are in the size and mass of the E-ELT, and the large 
central structure that holds the M4 and M5 mirrors in front of the primary mirror. The thermal inertia of 
this large mass in the centre of the optical path is a possible concern due to the potential for increased 
dome and mirror seeing. 

The E-ELT enclosure concept has not been finalized. The baseline seems to be the large shuttered structure 
shown in the right panel of Figure 5. This appears rather large and cumbersome compared to the TMT’s 
calotte. One cannot help but wonder whether the large shutters, exposed to the high winds at Armazones, 
might introduce significant turbulence and vibration. 
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Figure 5. E-ELT telescope structure and enclosure concept [7].Figure 5. E-ELT telescope structure and enclosure concept [7].

5. Adaptive optics systems

Adaptive optics will play a central role in all ELT projects. For diffraction limited imaging of point-like 
sources, the sensitivity grows with aperture as D4, so enormous gains can be realized by ELTs only with 
the use of AO. Equally important, ELTs can achieve resolution far greater than that of space telescopes, 
but only if AO is employed. The TMT and E-ELT will be the first major observatories designed from the 
start, with AO as an integral part of the facility. Their AO systems are extensive and complex, and will 
push the technologies of adaptive mirrors, lasers, wavefront sensors and computation to the limit. The cost 
of these systems is substantial, of order 10% of the total project construction budget.

Table 4 provides a summary of AO system currently planned, or being studied, for the TMT and E-ELT. 
The TMT will have one AO system at first light, the Narrow-Field InfraRed Adaptive Optics System 
(NFIRAOS). NFIRAOS is an dual-conjugate MCAO system that employs two deformable mirrors (DMs), 
optically conjugate to altitudes of 0 and 11.2 km (at zenith), and an asterism of 6 sodium laser guide stars 
(LGS).  It is capable of producing diffraction-limited images over a 30 arcsec diameter field of view, with 
partial AO correction extending to the edge of a 2.3 arcmin diameter field. This outer region is patrolled by 
three on-instrument wavefront sensors that used natural guide stars (NGS) to provide atmospheric tilt and 
focus information (not available from LGS). NFIRAOS transmits the wavelength range 0.8-2.5 um. It will 
have a high throughput (> 80%) and will be cooled to -30 C to reduce its contribution to the infrared 
background to less than 15% of that of the telescope alone. NFIRAOS has ports for three instruments. 
Initially, two of these will be occupied by IRIS and IRMOS.

Two post-focal-plane AO systems have been studied as part of the E-ELT instrument conceptual design 
phase [4]. ATLAS is a laser-tomography AO system (LTAO) [10]. Like NFIRAOS, it has a relatively 
small field of view of 30 arcsec diameter, with an NGS patrol field of 2 arcmin diameter. ATLAS will 
employ multiple LGS and NGS to achieve a wavefront error on 260 nm or less on axis. This is 
substantially worse performance than NFIRAOS, which will deliver 187 nm wavefront error on axis. Also, 
since ATLAS is single-conjugate AO system (SCAO, there is only one DM and that is the telescope’s M4) 
the performance degrades rapidly away from the optical axis.
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The second system being considered is MAORY, a triple-conjugate MCAO system [11]. It employs a total 
of 3 DMs, conjugate to 373 m (M4), 4 km and 12.7 km, and is expected to provide diffraction-limited 
images over a 2 arcmin diameter field of view over a wavelength range of 0.8-2.4 um, to a maximum of 
two instruments. Since MAORY is a 3-DM, triple conjugate, system, it allows a wider field of view than 
NFIRAOS, which is a dual-conjugate MCAO system. In median atmospheric conditions, the wavefront 
error for MAORY is estimated to be 250 nm on axis, increasing to 313 nm at the edge of a 2 arcmin FOV. 
The impact of these numbers will be discussed in Section 7. The sky coverage is similar to that of 
NFIRAOS - about a 50% chance of finding suitable NGS at the galactic pole.

Table 4. AO systems comparison. 

AO type Description TMT E-ELT

LTAO Laser-tomography AO. Diffraction-limited on axis, 
but small field of view MIRAO ATLAS

MCAO Multi-conjugate AO, Diffraction-limited over a 
wider field of view NFIRAOS MAORY

MOAO Multi-object AO - multiple small near diffraction-
limited fields distributed over several arcmin IRMOS EAGLE

GLAO Ground-layer AO: image sharpening over  the 
entire telescope field of view Future upgrade OPTIMOS?

The TMT will have a laser guide star facility providing 150 W of continuous wave (CW, i.e. not pulsed) 
laser power. The laser beams are transmitted to an asterism generator and launch telescope located behind 
the secondary mirror, and projected along the telescope’s optical axis. In contrast, E-ELT will four laser 
stations totaling 150 W. The laser beams will be “side-launched”, transmitted from launch telescopes 
located around the edge of the primary mirror. Although the TMT and E-ELT systems differ in detail and 
have advantages and disadvantages for LGS elongation, fratricide, and other effects, analysis suggests that 
overall there is little difference in performance between the two methods. 

Although much progress has been made with AO on smaller telescopes, the TMT and E-ELT AO systems 
will enter new, uncharted, territory. Problems such as the cone effect, LGS elongation, sodium layer 
variability, fratricide, and cloud backscatter all become more significant as aperture increases and AO 
systems become more sophisticated (eg. multiple LGS). Both projects make extensive use of modeling to 
assess these effects, but the results are only as good as the assumptions that go into the modeling. Canada 
has developed relevant expertise here, with the U.Vic AO-bench experiments and the UBC sodium lidar 
program. Both TMT and E-ELT are supporting these programs.

6. Instruments

Both TMT and E-ELT have defined powerful suites of instruments. These are listed in Table 5. 
Instruments employing adaptive optics are highlighted in blue. TMT has completed feasibility studies on  
eight instruments (all except WIRC) and brought three “early-light”  instruments through to conceptual 
design phase. These are indicated by italics in Table 2. ESO has completed Phase A studies of eight 
instruments (comparable to TMT’s “feasibility studies”) and expects to have two or three available at first 
light. It is important to keep in mind that these are instrument concepts, not actual instruments. With the 
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exception of the TMT early-light instruments (IRIS, IRMS and WFOS) that are advancing to PDR stage, 
they will likely evolve significantly and may or may not be built.

Table 5. TMT and E-ELT instruments

Capability TMT E-ELT
Diffraction-limited NIR Imager/IFU IRIS HARMONI
Diffraction-limited NIR imager & slit spectrometer MICADO
AO multislit NIR spectrometer IRMS
Multislit optical spectrometer WFOS OPTIMOS
MIR echelle spectrometer & imager MIRES METIS
NIR echelle spectrometer NIRES SIMPLE
Optical echelle spectrometer HROS CODEX, SIMPLE
ExAO imager & spectrometer PFI EPICS
NIR multi-IFU IRMOS EAGLE
Wide field MCAO imager WIRC MICADO

6.1. TMT Instruments

IRIS combines a diffraction-limited imaging camera with an integral-field unit (IFU) spectrometer. The 
instrument operates behind the NFIRAOS MCAO system, over the 0.8-2.5 um wavelength range. The 
imager has a 17 x 17 arcsec square field, centered on axis, with 4 mas sampling (Nyquist sampled at 1.16 
um). The IFU has 128 x 128 spatial pixels and a spectral resolution of R = 4000. Four image scales are 
provided, ranging from 4 to 50 mas per spatial pixel. Fibre-optic multiplexing is used for the finest 
sampling and an image slicer provides higher throughput for the courser sampling. IRIS is one of the three 
“early-light” instruments.

IRMS is a near-diffraction-limited multislit near-infrared spectrometer and imager. Like IRIS, it will 
operate behind NFIRAOS, over the 0.8 - 2.5 um wavelength range. Closely modeled after the Keck 
instrument MOSFIRE, IRMS will employ a cryogenic slit assembly with 46 individually-configurable 
slits. The slits can be positioned within a 2 arcmin field. The detector scale is 60 mas/pixel and the spectral 
resolution is R = 4660 for a 120 mas slit width (lower with wider slits). The imager covers a 2.27 arcmin 
diameter FOV with 60 mas sampling. IRMS will be an early-light instrument on the TMT.

WFOS is a wide-field multislit dual-barrel optical spectrometer. It will cover the wavelength range 0.3 - 
1.1 um with more than 40% throughput. The field of view is 40.3 arcmin2 and the total slit length is 576 
arcsec. The spectral resolution ranges from R =  1000 to 8000 and a unique echellete design allows 
wavelength coverage to be traded for sky coverage. Slit masks will be cut in near real time. WFOS is the 
third of the TMT early-light instrument suite, and the only natural seeing instrument that will be available 
for the first few years of operations.

IRMOS is an ambitious instrument employing 10 or more deployable IFUs, each with their own adaptive 
mirrors, patrolling a 5 arcmin diameter FOV. It will operate over an 0.8 - 2.5 um wavelength range and 
have 50 mas spatial sampling. Each IFU will have a spectral resolution R = 2000 - 10,000 and will cover 
the entire J, H, K band, one band at a time. Two instrument concepts were investigated in the TMT 
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instrument feasibility studies. The SAC ranked this instrument very highly, but it is not in the early-light 
instrument suite as it was judged that the technology required further development.

NIRES will be a conventional high-resolution echelle spectrometer operating in the 0.8 - 2.5 um range, 
fed by NFIRAOS. The slit length is 2 arcsec with 4 mas sampling and the spectral resolution is in the 
range R = 20,000 - 100,000. 

MIRES is a high-resolution spectrometer and imager for the mid infrared (5 - 28 um). It will combine an 
R = 5000 - 100,000 echelle spectrometer with a diffraction-limited imager. The spectrometer will have a 3-
arcsec slit length with a spatial sampling of 40 mas. An IFU is also being considered. The imager covers a 
10 x 10 arcsec FOV with 17 mas pixels (Nyquist sampled at 5 um). MIRES will operate behind a mid-
infrared LTAO system, MIRAO. 

HROS is a high-resolution optical spectrometer. The present requirements are for a resolution of R = 
50,000, a slit length of 5 arcsec, and a wavelength range of 0.3 - 1 um. The long-term stability of the 
instrument is required to be 1 m/s or better over 10 years. The project has also studied the feasibility of a 
front-end fibre-optic feed that would give HROS multiobject capability.

PFI is TMT’s planet formation instrument. It will employ an extreme AO (ExAO) system coupled with 
coronographic and nulling optics to provide high-contrast imaging and IFU spectrophotometry (R = 50 to 
1000) of faint planets close to bright stars. Its wavelength range is 1 - 2.5 um (goal 1 - 4 um) and it is 
expected to reach a contrast ratio of ~ 108. This is sufficient to detect and characterize newly-formed (hot) 
Jovian planets in nearby starforming regions,  and its spectroscopic capability will allow characterization 
of the atmospheres of these planets. PFI can potentially detect Jovian planets orbiting nearby stars in 
reflected light, but it is not expected to have sufficient contrast to image Earth-like planets.

WIRC is a concept for a wide-field diffraction-limited camera that would have at least a 30 x 30 arsec 
FOV. It was not part of the instrument feasibility studies and to a large degree has been superseded by the 
IRIS imager, which now has a 17 x 17 arcsec FOV. Nevertheless, diffraction-limited imaging over a wide 
field has broad scientific appeal, so this instrument may resurface, perhaps with a larger field behind an 
upgraded NFIRAOS MCAO system.

6.2. E-ELT instruments

In addition to the two adaptive optics modules, ATLAS and MAORY, ESO commissioned conceptual 
design studies for 8 instruments, described below The first-light instruments have not yet been chosen but 
it is expected that it will consist of two or three of these. The selection will be made this year as part of the 
E-ELT construction proposal, expected towards the end of 2010.

OPTIMOS is a wide-field multi-object optical/infrared spectrometer covering the range 0.37 - 1.7 um.  
Two concepts were studied: OPTIMOS-DIORAMAS is a multislit spectrometer and imager having 
spectral resolution of R = 300 - 3000. The field of view is 6.78 x 6.78 arcmin with 50 mas sampling. The 
field is divided into four quadrants, with eacy having a visible and NIR channel. Each visible channel 
would have a 4k x 12k detector. The instrument would be well-suited for GLAO, which could easily be 
implemented using the telescope’s M4 deformable mirror. OPTIMOS-EVE is a fibre-fed multiobject 
spectrometer having a resolving power of R = 6000 - 30000. As many as 240 objects can be 
simultaneously observed (at low resolution, 40 at high resolution). The wavelength coverages ranges from 
1/10 to 1/3 of the central wavelength, depending on resolution.

CODEX is a high-stability R = 120,000 fibre-fed optical spectrometer covering a 0.37 - 0.71 um 
wavelength range. The stability requirement is 2 cm/s over 30 years, more than an order of magnitude 
improvement over the current state of the art! This challenging long-term stability is driven primarily by 
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the aim of a direct measurement of the cosmological expansion rate variation, but it would also allow 
detection of Earth-like planets orbiting Sun-like stars (the reflex velocity of the Sun due to the Earth is 
about 2 cm/s). This is an exciting capability not matched by any proposed TMT instruments.

SIMPLE is a high-resolution NIR echelle spectrometer for the 0.84 - 2.5 um wavelength range. It is 
similar in concept to TMT’s NIRES, but with slightly higher resolution (R = 130,000). It has a long-slit 
mode with a spatial sampling of 9 mas or less. It is designed to be used with either the LTAO or MCAO 
module.

METIS is a MIR spectrometer covering the 2.9 - 14 um wavelength range. It includes an imager having a 
30”  FOV. The spectral resolution ranges from R = 100 to 100,000. It uses the M4 DM and laser 
tomography for adaptive correction. Functionally, this instrument is quite similar to TMT’s MIRES.

EAGLE is a multi-IFU MOAO spectrometer, similar to IRMOS. The specifications call for 20 arms 
patrolling a 5 arcmin FOV. The wavelength range is 0.8 - 2.5 um and the spectral resolution is R =  5000 
(goal 15,000).

HARMONI is a medium-resolution single-slit wide-band integral-field spectrometer covering the 
wavelength range 0.47 - 2.45 um with R ~ 4000 - 20,000.  Its is similar to the IFU channel of TMT’s IRIS, 
but provides shorter wavelength coverage and higher spectral resolution. HARMONI’s spatial pixel scale 
ranges from 4 to 40 mas. Note that for the E-ELT, 4 mas corresponds to Nyquist sampling at 1.6 um, so 
HARMONI will undersample point-like objects at wavelengths shorter than this.

MICADO is a diffraction-limited wide-field imager for the 0.8 - 2.4 um wavelength range. Designed to be 
deployed behind the MAORY MCAO system, it takes advantage of the superior image quality of triple-
conjugate MCAO. MICADO is similar in principle to TMT’s WIRC, but the MAORY AO system will 
provide a more uniform image quality and sharper images. The IRIS imager will be competitive, having a 
higher Strehl ratio over a smaller FOV, and will be available at first-light.

EPICS is the E-ELTs planet finder. Its specifications are similar to those of PFI but call for a higher 
contrast of ~ 109. It also benefits from a smaller inner working angle, due the the smaller diffraction limit 
of the E-ELT’s 42 m aperture.

7. Performance comparison

The key performance gains for ELTs will be in the diffraction-limited, or near diffraction-limited regimes. 
For observations of point sources, the sensitivity (the inverse of the time required to reach a given signal 
to noise ratio) is proportional to

Q = ηS2D4 (2)

where η is the throughput (including detector quantum efficiency), S is the Strehl ratio and D is the 
aperture diameter. In the near-diffraction limited regime, the Marechal approximation can be used to relate 
the Strehl ratio to the RMS wavefront error σ ,

S ≈ exp(−k2σ 2 ) (3)

where k = 2π / λ . The wavefront error generally varies little with wavelength λ , but the Strehl ratio 
varies strongly, becoming worse at shorter wavelengths. 

Technical Comparison of TMT and E-ELT	

                      15



In order to compare the relative sensitivity of the TMT and E-ELT telescope+AO systems, Figure 7 shows 
a plot of Q vs. wavelength λ , for the wavefront errors estimated for the NFIRAOS, ATLAS and MAORY 
AO systems. The adopted parameters are listed in Table 6.

Table 6. Adopted telescope+AO systems performance parameters.

Parameter TMT/NFIRAOS* E-ELT/ATLAS E-ELT/MAORY
Telescope throughput (incl. central obsc) 0.92 0.79 0.79
AO system throughput 0.80 0.90 0.80
RMS wavefront error, on axis (nm) 187 260 250
RMS wavefront error, 15 arcsec radius (nm) 210 365 260
RMS wavefront error, 30 arcsec radius (nm) 313
*Assumed mirror coating reflectivity of 0.975*Assumed mirror coating reflectivity of 0.975*Assumed mirror coating reflectivity of 0.975*Assumed mirror coating reflectivity of 0.975
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Figure 6. TMT and E-ELT AO sensitivity comparison.

It can be seen from Figure 6, that TMT/NFIRAOS has a higher sensitivity that the E-ELT, within a 30” 
FOV, for wavelengths shorter than ~ 1.3 um. In the J band, the gain over E-ELT is about 40%. One reason 
for this as that AO technology is not yet sufficiently advanced to fully compensate a 42 m aperture (or 
even a 30 m aperture) at these wavelengths. NFIRAOS, correcting the smaller TMT aperture, can achieve 
significantly higher Strehl ratios and at short wavelengths this overcomes the D4 advantage of the E-ELT. 
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The E-ELT wins at longer wavelengths - in the K band it’s sensitivity is about a factor of two greater than 
TMT’s. The E-ELT also wins for larger FOVs, as TMT presently has no triple-conjugate MCAO system 
like MAORY. One would expect the sensitivity of the E-ELT to grow as AO technology advances. In fact 
what this means is that the wavelength limit for good performance will decrease. Given the same 
resources, TMT should always do better the E-ELT at the shortest wavelengths.

In the seeing limited regime, the sensitivity Q = ηD2ε−2 , where ε  is the seeing fwhm. Here the E-ELT 
should have an advantage over TMT of about a factor of 2.5, due to its larger aperture and the better 
seeing at Armazones.

Of course sensitivity is only one element of performance. The higher λ / D  resolution of the E-ELT 
aperture will enable scientific results that cannot be done with the TMT. Programs that particularly benefit 
from higher resolution are photometry in crowded fields, resolution of galaxy nuclei, and detection/
characterization of exoplanets. In addition, the E-ELT offers a unique capability in the CODEX 
instrument, that will push beyond the capabilities of the TMT instrument suite.

In summary, both projects have advantages and disadvantages, but overall they are very similar in scope 
and in scientific capabilities.
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