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Abstract. We describe the current status of the HARMONI instrument design, which will 
form the basis for the first-light integral field spectrograph on the European Extremely Large 
Telescope. We review the phase A design, and highlight current on-going work to evolve the 
design in-line changing telescope requirements and lessons learned during the Phase A work. 
We also outline the key science drivers for the instrument, and describe briefly the 
requirements for the laser tomographic adaptive optics system which is expected to feed 
HARMONI.  

1. Introduction  
Integral field spectroscopy has matured as a technique during the last ten years, and now 
provides the primary medium resolution near-infrared and visible wavelength spectroscopic 
capability at 8–10 m class telescopes worldwide. Integral field spectrographs (IFS) are best 
suited for spatially resolved studies of extended objects, where they provide homogenous data 
cubes in a time-efficient manner, and they are at least as good as slit spectrographs in 
obtaining spectra of point sources. The latter capability came about when dedicated 
instruments were built to exploit the advantages of integral field spectroscopy, rather than as 
add-ons to slit spectrographs. Integral field instruments provide a point-and-shoot capability 
that minimizes difficulties in acquisition and maximizes telescope operating efficiency, as 
there is no need for pre-imaging. 
The first spectrograph on the European Extremely Large Telescope (E-ELT) will be an 
integral field spectrograph. The instrument will be based on the HARMONI design developed 
during the E-ELT’s Phase A instrument studies in 2008-2010. HARMONI is a visible and 
near-infrared (0.47 to 2.45 µm) integral field spectrograph, providing the E-ELT's core 
spectroscopic capability, over a range of resolving powers from R (≡λ/∆λ) ~4000 to R~20000. 
The instrument provides simultaneous spectra of ~32000 spatial pixels (spaxels) in the near-IR 
(~8000 in the visible) arranged in a 2:1 aspect ratio contiguous field (up-to 10”x5”). 
HARMONI provides a range of spaxel scales, which permit the user to optimally configure the 
instrument for a wide range of science programs. HARMONI can also easily adapt to any 
flavour of adaptive optics (AO) at the E-ELT, ranging from the modest correction of Ground 
Layer AO (GLAO), to the full diffraction limited capabilities of Single Conjugate AO (SCAO) 
and Laser Tomographic AO (LTAO), where it will capitalise on the D4 sensitivity gains of the 
E-ELT.  
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HARMONI is conceptually simple (for a 40-m class telescope instrument), and will be easy to 
calibrate and operate, providing the E-ELT with a “point and shoot” spectroscopic capability. 
It is based on a proven concept, and requires no significant R&D before it can be built.   

2. Science Drivers 
The key goal of HARMONI is to provide a work-horse spectrograph for the E-ELT which can 
address a wide range of core early-life science objectives of the telescope. To provide input to 
the instrument design, the HARMONI science team have studied several key cases in detail to 
identify science drivers for the instrument. To give an idea of the varied science cases studied, 
they include; 

• Planetary science 
• Circumstellar discs 
• Extra-solar planets 
• Star forming regions 
• Stellar populations, IMF and galactic archaeology 
• Intermediate mass black holes 
• Super-massive black holes, galaxy cores and the MBH-Mbulge relationship 
• Supernovae and GRBs 
• Ultra-luminous galaxies 
• QSO host galaxies 
• The physics of high-redshift galaxies 
• First light from the earliest galaxies 

For more details on these, see [1,2,3,4]. Below we expand on just a few to show the wide 
applicability of HARMONI to E-ELT science.  

2.1. Key Science Cases 

2.1.1. Galaxies at the peak of the star formation e poch (z ~2–3) 
The most actively star forming galaxies (ULIRGs) are rare and spectacular objects in the local 
universe, but we know that at high redshifts such objects are increasingly common. 
Understanding where these objects fit in the evolutionary history of active and quiescent 
galaxies remains a mystery that will be addressed by HARMONI’s combination of sensitivity 
and resolution together with its ability to penetrate into these highly extincted nuclei. 
HARMONI will also reveal the structure of star forming and emission line regions, make mass 
estimates based on kinematics and identify the recent merger history of these objects to 
identify where they fit in the assembly history of normal galaxies. A detailed description of 
this science case, including simulated observations, is presented in Arribas et al [2]. 

2.1.2. Supernovae and dark energy at z=4 
If E-ELT can be operated contemporaneously with JWST, a survey of high redshift 
supernovae with HARMONI offers the prospect of measuring the evolution of the equation of 
state of Dark Energy (MICADO could also provide an input catalogue). A positive detection 
of a changing value of w(z) will rule out models based on the Cosmological Constant and open 
the way for models of space time based on new physics. 
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2.1.3. First light 
The Lyman-alpha emitters that are the very first galaxies are also amenable to analysis with 
HARMONI. It should be possible to detect these objects out to redshifts z~10-11 (if they 
exist), well beyond the reach of MUSE at the VLT. In so doing HARMONI will probe the 
epoch of re-ionisation and elucidate how the very first heavy elements were created (we know 
they are in place at z~6). Finally for galaxy evolution a mosaicked ‘HDF’ (HARMONI Deep 
Field) will detect tens of extremely high z galaxies. 

2.1.4. Extra-solar planets:  
Although HARMONI is not optimized for the direct detection (and simultaneous 
spectroscopy) of extra-solar planets (EPICS is the dedicated Planet Finding instrument at the 
E-ELT [6]), it will be extremely well suited for follow-up spectroscopy of exo-planets found 
by the upcoming generation of planet finders (e.g. VLT/SPHERE, Gemini/GPI). These are 
expected to be typically too faint (H~25) to be observed at moderate (R~4000) and high 
(R~20000) spectroscopic resolution with 8–10 m class telescopes. HARMONI will answer the 
key question: What are the physical properties of exo-planets? HARMONI data will 
unambiguously allow us to determine the spectral type, surface gravity, effective temperature 
and atmospheric composition of the planets.  These four parameters, combined with the age, 
luminosity and metallicity (derived from analysis of the parent star), can provide stringent 
constraints to models, where huge uncertainties exist at present. Gladysz et al. [4] present 
simulations of the high contrast performance of HARMONI. 

2.2. Object sizes and Fields of View 
Experience with the ESO-VLT instrument SINFONI [5] has shown that the most reliable sky 
background subtraction can be obtained by nodding-on-IFU, i.e. alternately placing the object 
at two non-overlapping locations within the IFS field of view in sequential exposures, akin to 
nodding-on-slit for long slit spectrographs. This is likely due to the limitations arising from 
flat-fielding errors. For this reason, the HARMONI FoV has a 2:1 aspect ratio, as illustrated in 
Figure 1. In addition, it allows larger source extents to be accommodated along one axis, as 
required for probing jet physics of AGN, or studying the circumstellar environments of young 
massive stars.  
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Figure 1: Comparison of field of view and spaxel scales for HARMONI (on a 42-meter 
telescope). Shaded area represents the field of view (with 40mas spaxels) in the visible. 

The field size and spaxel scales are chosen to match the typical source extents and sizes of 
structures probed, respectively. At a typical redshift of z~2, an HII region complex with an 
approximate size of 100–200 pc has an angular extent of 10 to 20 mas, making these spaxel 
scales ideally suited to the studies of galaxies (and their progenitors) at high redshift. The 
corresponding FoV size (for 128 spaxels, the short axis of the HARMONI field) is 1.25”– 
2.5”, which covers almost the entire range of targets of interest beyond z~1. Note that the full 
extent of the object is significantly larger than the half-light diameter DHL, we adopted a value 
of 2.5•DHL as the source extent for our computations. 
HARMONI provides a range of spaxel sizes to optimize sensitivity and resolution depending 
on the object under study. The maximum spaxel scale achieved in the Phase A design is 40 
milli-arcseconds per spaxel, which is limited by the feasibility of f/ratios in the camera. Scales 
of 20 and 10 mas/spaxel provide the greatest sensitivity for AO observations of small/point 
sources, whilst the smallest scale of 4mas/spaxel samples the diffraction limit of the telescope 
in the H band. Note, the spaxel scales given here are for a 42-meter telescope design. They will 
scale relatively for a smaller telescope design, but the exact spaxel scales will be determined 
once the telescope design is fixed. 
 

2.3. Spectral resolution and wavelength coverage 
HARMONI has been designed to provide long wavelength coverage (0.47-2.45µm) and a 
range of spectral resolutions. The extension of the wavelength range into the visible opens up 
many science cases within our galaxy (i.e. rest-frame hydrogen-alpha) and is particularly 
important for stellar population work where key spectral features exist in the optical. The long 
wavelength limit is set by detector technology and thermal background considerations. The 
standard spectral resolution of R~4000 resolves the majority of the bright sky lines in the near-
infrared, whilst still allowing two full bands (i.e. H+K) to fit onto a 4k2 detector. It became 
clear from analysing science cases that higher spectral resolutions are also important. In 
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particular, as one increases spatial resolution to study smaller and smaller objects (at 
cosmological distances, the angular-physical size relationship is essentially flat), the 
characteristic dynamical masses (and hence velocities) also decrease, implying higher spectral 
resolution. Of course, increasing spectral resolution decreases sensitivity to faint objects, so 
HARMONI therefore provides spectral resolutions of ~4000, ~10,000 and ~20,000 allowing 
the astronomer to best match the instrument configuration to their target. 

3. Instrument design 

3.1. Phase A design 
Based on the top-level requirements from ESO, and the science drivers discussed above, we 
produced a Phase A instrument concept. The instrument is contained within a large (~4m 
diameter) cryostat, which sits stationary on the telescope Nasmyth focus. All the instrument 
opto-mechanics are housed within the cryostat, with only electronics and other support 
systems outside. Figure 2 shows the block diagram of the instrument. 

 
Figure 2: Block diagram of the HARMONI Phase A instrument design. 

The first subsystem inside the cryostat is a K-mirror, which de-rotates an AO corrected field of 
19-arcsec diameter from the telescope. A controllable mechanism after this can feed in 
calibration light (generated outside the instrument) and, potentially, split visible light off to an 
SCAO wavefront sensor. Note that HARMONI does not include an atmospheric dispersion 
corrector (ADC). The bulk of atmospheric dispersion in an IFS can be corrected in software at 
the data reduction stage. Only second order effects degrade the image quality, and this is only 
an issue in a limited number of cases for HARMONI. A mask wheel in the focal plane 
provides a set of masks to help calibrate the instrument. A sub-field (~10”x10”) of the de-
rotated focal plane is picked off and sent to a secondary guiding detector, which is used to 
sense flexure between the instrument and the AO wavefront sensors (upstream of the cryostat). 
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A scale changer unit provides the four spaxel scales by reimaging the de-rotated science field 
(10”x5”) onto the field-splitter at four different magnifications. 
The field splitter divides the science field into four channels, each of which is transferred via 
an anamorphic reimager onto an image slicer. Each image slicer (four in total) has 64 slices, 
each 128 spaxels long. These are rearranged into two exit slits, each 32x128=4096 pixels long 
(eight slits in total). 
The spectrograph sub-system (replicated eight times in the cryostat) uses a three mirror 
anastigmat (TMA) collimator to produce a pupil on the VPH gratings. The instrument is 
entirely reflective (hence achromatic) up to the VPG gratings followed by the spectrograph 
camera, which in Phase A is a refractive design feeding a 4k2 Hawaii-4 infrared detector (eight 
in total). Different visible light cameras (fed from a deployable fold mirror in the collimator) 
feed 4k2 CCDs for the visible channels (two in total). It is not possible to use the IR and visible 
cameras simultaneously. Each spectrograph contains 10 IR VPH gratings (and 5 visible) to 
provide the range of wavelengths and resolutions required. These are housed in a large (1.4m 
diameter) wheel, which also holds a set of angled fold mirrors to ensure each grating is used in 
Littrow configuration. This solution allows the camera to remain fixed for all settings.  
For further details on the instrument design, please see [1]. 

3.2. Interface with AO systems 
HARMONI has been designed to work with any flavour of AO (GLAO/LTAO/SCAO), but the 
primary facility considered for HARMONI is the ATLAS LTAO system (see Fusco et al in 
this volume). ATLAS should provide HARMONI with near-diffraction limited images over 
the entire sky. The concept architecture adopted for Phase A was that ATLAS would be 
physically attached to the telescope Nasmyth rotator, sitting between the telescope and 
HARMONI, with no physical link to the AO system. HARMONI would be a passive 
‘customer’ of the AO corrected focal plane. ATLAS would provide wavefront and tip-tilt 
sensing, and generate commands to the telescope to correct wavefront via M4. No additional 
optics were included in the science beam, which maximises throughput and minimises the 
chances of ghosting/scattered light. During the Phase A studies of both instruments used the 
same volume around the telescope focal plane. The physical clash was acknowledged but 
ignored for the purpose of the studies. Both teams have now started working together to 
resolve this issue 
It became clear during Phase A that the HARMONI+AO system needs to provide a 
mechanism for controlling vibration/drift at the instrument focal plane (past the image 
derotator). A method of determining the precise global (WCS) pointing (to <2mas) is also 
required, as the features of interest in the science target may not coincide with features at other 
wavelengths. Furthermore, even correcting tracking for atmospheric dispersion requires 
knowledge of the colour of the tip-tilt guide stars beyond most catalogues available today. 
Overall it became clear that to produce a successful instrument+AO combination, there must 
be substantial interaction between both parts of the system.  
The Phase A design for the instrument also includes a conceptual cryogenic SCAO wavefront 
sensor (Shack-Hartmann), which would be fed from a dichroic pick-off before the de-rotated 
focal plane. This would allow good correction for bright targets on axis (e.g. for exoplanet 
work), and make the instrument less dependent on the operation of the LTAO systems. 
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3.3. Updates from Phase A  
Since finishing the Phase A study, we have continued to evolve the instrument design. The 
largest change is the development of a new catadioptric camera which can feed an 8k x 4k 
focal plan. This halves the number of spectrographs required in the instrument (to four), and 
should reduce the overall volume of the cryostat. Figure 3 shows an optical layout of the new 
collimator/camera combination. Work is on-going to develop a mechanical layout for this 
optical design. 

The newer camera design provides good enough image over the entire wavelength range of the 
instrument and, presuming detector performance is good enough, we may no longer require 
separate cameras/detectors for the visible (0.47-0.8µm) channel. The new spectrograph 
requires an 8k long input slit, and this may imply a redesign of the image slicer subsystem. At 
the same time we will investigate a “MUSE-like” slicer architecture, which may simplify 
manufacture. We have also begun work on prototyping the cryogenic K-mirror technology and 
cryogenic fast-shutter technology. 

4. Summary 
HARMONI is a single integral field wide band spectrograph designed for the E-ELT. The 
Phase A design presented here will form the basis of the first light spectrograph for the 
telescope. It is designed to be a “work-horse” instrument with enough flexibility to address a 
wide range of key science cases early in the telescopes lifetime. The instrument is designed to 
work with a range of AO flavours, though primarily with LTAO correction provided by 

Figure 3: Early optical layout of new collimator-camera arrangement feeding an 8k x 4k 
focal plane 
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ATLAS.  The key top-level specifications of the instrument, as evolved during the Phase A 
study, are; 

• HARMONI has four spaxel scales of 40, 20, 10 and 4 milli-arcseconds/spaxel 
• HARMONI provides an instantaneous FoV of ≈128×256 = 32,768 spaxels. For the 

four spaxel scales, this corresponds to a FoV = 10.0″ × 5.0″, 5.0″ × 2.5″, 2.5″ ×1.25″, 
1.0″ × 0.5″. 

• HARMONI will cover the wavelength range from 0.47 to 2.45µm  
• HARMONI will operate at resolving powers of R(≡λ/∆λ) ≈4000, R≈10000, and 

R≈20000  
• Instantaneous wavelength coverage of at least one band at a time at R≈10000 

(V,R,I,zJ,H,K), two at R≈4000 (VR, IzJ, HK) 
• Instrument throughput > 35% average over 0.82 – 2.4µm. 

HARMONI successfully finished its Phase A study in early 2010. Since then, the consortium 
has worked on a number of issues raised during that study. The schedule for the whole E-ELT 
project is yet to be finalized, but we hope to start the next phase of HARMONI’s development 
early in 2012. 
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