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Abstract

This is a feasibility study of an optical /NIR high resolution spectrometer (HROS) for the TMT 30-m telescope. The goal was to design an efficient spectrometer that delivers high “throughput” (at least 40,000 arc-seconds) and wide spectral coverage in a single exposure, thereby allowing the TMT to deliver the full advantage of its larger aperture at first-light for high resolution optical spectroscopy.

The outcome of this HROS study is an instrument called MTHR (Moderate-To-High-Resolution Spectrometer), a large instrument situated at an f/15 Nasmyth focus. MTHR’s primary high-resolution mode incorporates a “UVES-style” dual-arm (red and blue) dual-white-pupil cross-dispersed echelle configuration combined with 1.2m-aperture “HIRES-style” catadioptric cameras. Each camera feeds a notional 8k by 8k mosaic of 15-um-pixel CCDs. In its high-resolution mode, MTHR provides typical spectral resolutions of 50,000 - 100,000 (unsliced) for point sources or for a small number of fiber feeds or multislits, and resolutions up to 500,000 with image-slicers of AO. The spectral range is from 300 to 1100 nm, with at least 450 nm coverage per observation. The high-resolution mode delivers a throughput of 46,000 arc-seconds (about 15% higher than the best current spectrometers) and could be further increased by yet another 20% if desired.

MTHR also includes provision for future incorporation of fiber-fed multi-object modes for intermediate resolutions (2,000-12,000) on up to a few hundred objects simultaneously over the full 20 arc-minute TMT field of view and/or from AO-corrected fields. This multi-object mode could be fed from a wide variety of fiber inputs and fiber-based d-IFU’s. Though not likely to be funded at first-light (it requires the equivalent of an entirely separate fiber-positioner instrument to feed it), the spectrometer design is being carried out so as not to preclude adding such an option later.

The present level of design shows that MTHR would be a very powerful workhorse instrument for TMT, enabling the telescope to achieve and even surpass its full “area-of-aperture” advantage for high-resolution optical/NIR spectroscopy, without the need for Adaptive Optics. Because of its strong design heritage, low technical risk, and ability to work under most any observing conditions without AO, MTHR seems a strong candidate for a 1st-light TMT instrument.

Table of Contents

1. Scientific Motivation


1.1 Extrasolar Planet Discovery and Characterization



1.1.1 Detecting Habitable Earth-mass planets



1.1.2 Transiting exoplanet studies



1.1.3 Reflected-light studies of CEGP’s



1.1.4 Transit-survey follow-up



1.1.5 Search for planets in clusters


1.2 Abundances, kinematics and conditions in the ISM and IGM to z=7



1.2.1 Chemical abundance evolution and nucleosynthesis in Damped 



Lyman Alpha systems



1.2.2 IGM metal abundances and ionization states 



1.2.3 IGM abundance evolution to the lowest densities and 



primordial abundances



1.2.4 IGM 3-D mapping as function of z (QSO pairs, feedback)


1.3 Cosmology

     

1.3.1 Cosmic D/H ratio



1.3.2 Direct measurement of cosmic acceleration (aka CODEX)



1.3.3 Measurements of fine-structure constant evolution



1.3.4 Evolution of CMBT with look-back time


1.4 Stellar abundance and evolution

        

1.4.1 Abundance variations and mixing in globular clusters



1.4.2 Direct age measurements of old, main-sequence field and GC 



stars



1.4.3 Stellar parameters vs. age in open clusters and 



star formation regions   



1.4.4 Nucleosysnthesis and abundance patterns of the most 



metal-poor stars


1.5 Stellar populations 



1.5.1 Milky Way assembly history through detailed abundance 



studies of kinematic and spatial over-densities in the halo



and thick-disk

        

1.5.2 Kinematics and chemical abundances of stars in Local Group 

        

1.5.3 Extragalactic globular clusters (Coma, Virgo)


1.6 Multi-object Modres science

        

1.6.1 MOM: Lots of multiplexing, R=2000 to 20000

        

1.6.2 Precision abundance and kinematics of stellar populations 



beyond the Local Group

2. Instrument Design Overview


2.1 High resolution mode


2.2 Moderate resolution multi-object mode

3. Description of system components


3.0 Fold flat mirror M4


3.1 Atmospheric dispersion corrector 


3.2 Calibration light source system


3.3 Iodine cell


3.4 F/15 focal plane



Image slicers



Tip/tilt CCD guider system



LGS WFS system


3.5 Image de-rotator


3.6 Fold flat mirror M5


3.7 Pellicle beamsplitter 


3.8 Pupil stop


3.9 Shack-Hartmann sensor


3.10 Dichroic beamsplitter


3.11 f/10 focal reducer lenses


3.12 Slit viewing acquisition/guider TVs


3.13 Slit plane


3.14 Shutter


3.15 Filter wheels


3.16 Exposure meter


3.17 Fold flat M6


3.18 Collimator mirrors


3.19 Echelle gratings


3.20 Transfer mirror M7


3.21 Cross Disperser gratings


3.22 Cameras


3.23 CCD and Dewar


3.24 Fiber collimator


3.25 Housing 


3.26 Support frame


3.27 Electronics bay

4. Summary of Operating modes


4.1 High resolution mode


4.2 Moderate resolution fiber-fed modes

5. Weight estimate

6. Cost estimate

7. Cooling and Power Requirements


4.5 kW power


4.5 kW cooling 

8. System efficiency estimate

9. References

10. Technical Design Studies


10.1 Under-platform mount


10.2 Grating mosaic


10.3 Lens support


10.4 Collimator mirror fabrication

Appendices


A- AO/GLAO discussion

1. Scientific Motivation
Scientifically, a high-resolution optical/NIR spectrometer is a very valuable instrument for a large telescope. Many astrophysical objects have most of their useful spectral information in the optical and Near-IR, and important astrophysical questions remain to be addressed through studies of this spectral region at high resolution. This fact was realized in the planning for the Keck 10-m telescope (which was therefore made to be predominantly a spectroscopic facility), and proven convincingly over the past eight years with HIRES, one of Keck’s most productive first-light instruments. 

At the NOAO-sponsored workshop First Workshop on the Ground-Based O/IR System1, held in Scottsdale, AZ. Oct 27-28, 2000, the summarizing panel concluded that for the next generation of ground-based optical/NIR facilities: “The ability to obtain optical and/or NIR spectra at resolutions greater than 20,000 was seen as a critical niche”. Multi-object moderate resolution optical/NIR spectroscopy also figured prominently in science driver studies of the workshop and was seen as another “workhorse” capability required for large telescopes. The MTHR concept is aimed at providing a high resolution capability at first-light and a path to adding moderate resolution multi-object capability in succeeding years.

High-resolution spectroscopy is a natural match to the unique light-gathering power of large telescopes because the amount of light available at any pixel diminishes proportionately as the dispersion is increased, becoming vanishingly small when working at the limits of the observable universe. Only the largest telescopes equipped with efficient high-resolution spectrometers can deliver the capability to study objects with the S/N and high spectral resolution demanded by forefront research efforts.

There are many obvious examples of potentially exciting scientific studies that would be greatly advanced by TMT’s “factor of 10” increase in light-gathering power over today’s most powerful facilities (Keck and VLT). The search for terrestrial-like (rocky rather than Jovian gas balls) extrasolar planets in habitable zones will push S/N and spectral precision to its technical limits as we endeavor to survey, at radial velocity precisions of 1 m/s or less, for earth-like planets around faint nearby stars2. Indeed, MTHR/TMT may well be the instrument that makes the first detection of a terrestrial-size planet in a habitable zone around a nearby M dwarf star. And detailed transmission studies of the atmospheres of transiting planets, and reflection spectral albedos of close-in exoplanets will only become possible with much higher light gathering power to permit higher S/N spectroscopy. Precision radial velocity follow-up observations will also be needed to derive masses for transiting earth-mass planets discovered by space missions KEPLER and COROT.

There is still much to be learned about the origin and evolution of the elements, and the chemical evolution history of the universe. Astrophysically important light-element species such as Deuterium and Lithium provide fundamental tests of the Big Bang theory, and are helping to determine the total amount of baryonic matter in the universe, which will reveal the ultimate fate of our expanding universe. The Sloan Digital Sky Survey is yielding growing samples of QSOs that can be used for various cosmology studies. The onset and formation of large scale structure (galaxies and clusters of galaxies) of matter in the early universe can be probed through detailed high resolution studies of QSO’s, particular lensed QSO’s, and close pairs of QSO’s. Galaxies at the very earliest stages of formation can be sensed though their spectral imprint on the spectra of background QSO’s, and their chemical abundances and kinematics studied in great detail, even though they remain completely undetectable to imagers. The temperature of the CMBR can be measured directly at high z using fine-structure lines of CII, allowing us to trace the cooling curve of the expanding universe with age. Detailed high resolution spectral studies of QSO’s also constrain the limits of known stability of some of the fundamental constants of Physics, and can reveal whether these “constants” are actually evolving with time. The acceleration of the expanding universe due to dark energy could be measured directly using cm/s radial velocity precision measurements of QSO Ly-alpha forest lines over decade-long baselines. Dark matter can be located and assayed using the unique radial velocity precision of a high-resolution spectrometer. The surfaces of stars can actually be imaged using Doppler Imaging tomographic techniques and high-resolution spectra. The cosmic history of star formation and chemical evolution of our own Galaxy and others can be probed in detail through abundance studies of stars. Many studies of planet formation and of protostars and their accreting circumstellar disks also require high-resolution optical/NIR spectroscopy. The list is almost endless. More importantly, experience with each new generation of telescopes has repeatedly shown that some of the most exciting scientific discoveries (which a dramatic improvement in sensitivity such as TMT provides) will come from things not yet imagined.

1.1 Extrasolar Planet Discovery and Characterization (Vogt)

The detection and characterization of extrasolar planets is a burgeoning field that connects deeply and effectively with the public, to an unprecedented degree. Few other subfields in Astronomy in recent history have generated so much press and public interest. Exoplanet research regularly makes the “Top 10 or Top 100” lists of the most important science discoveries of the year, of the past decade, and of the past century. Public outreach to the K-12 set is helping to inspire the next generation of scientists, and has ushered in new subfields of science that combine Astronomy, Biology, Chemistry, Geology, and Atmospheric Sciences into symbiotic fields of study aimed at understanding the origin and evolution of life in the universe.

The TMT will rely heavily on the broad support of the taxpayer and Congress. So aside from the native scientific importance of understanding the origin and evolution of solar systems, the search for extrasolar planets would provide an important public outreach cornerstone to support a compelling case to Congress and the National Science Foundation. The simple goal of detecting a habitable earth-mass planet around a nearby star is one that is instantly and easily embraced by the lay person (or the lay Congressman). The TMT, if instrumented with the MTHR spectrometer has the capability, within a few short years, to detect such planets around nearby stars, if they are there, or to determine with certainty that they are not there. Either way, such knowledge will be invaluable in setting our own Solar system into proper perspective, and elucidating the likelihood of intelligent life arising elsewhere in the universe.

In his recent overview of ELT projects, Carlberg11 underscores the importance of exoplanet research to ELT projects. He summarizes, in four bullets, the top science drivers common to all of the ELT projects. First among these bullets is “the physical characterization and formation mechanisms of extrasolar planets”. The GMT SWG Science Requirements Report14 also lists detection and characterization of extrasolar planets at the top of its list of high-level science goals. Indeed, the GMT made the cover of the most recent (Feb 2006) issue of Discover Magazine, with the subtitle “The New Planet Machine- Can it find another Earth?” Clearly, other ELT projects are already hard at work using the goal of planet finding to garner public support for their project.

Carlberg highlights the particularly interesting possibility of detecting very low-mass planets around nearby M stars with TMT via the radial velocity method using the NIRES instrument. M stars, by virtue of their lower masses, have larger reflex velocities, making detection of low-mass planets easiest. And because of their lower luminosities, M stars have habitable zones that are much closer in, allowing complete orbital characterization in months instead of years. Indeed, as I will show below, radial velocity observations of nearby M stars, at 1 m/s precision, could reveal rocky planets in 30-60d habitable-zone orbits within even a single observing season. This is not yet generally appreciated among the scientific or lay community.

The GMT SWG14 report correctly identifies their 1st-light HROS as the instrument of choice for extrasolar planet detection. Curiously however, the Carlberg11 report lists the NIRES instrument of TMT and the near-IR spectrometers of the GMT as the instruments of choice for this work on ELTs. Indeed, an HROS instrument is currently not slated for TMT first-light. The TMT Science Advisory Committee has apparently concluded that HROS would not be a serious contributor to exoplanet detection and characterization at first-light, and that a NIR spectrometer will better do this work. This is a persistent and serious misconception.

I am not sure why the TMT project management favors near-IR spectrometers for finding planets around M stars. Perhaps it is reasoned that, since M stars have more of their flux out in the near-IR, that is where detection of subtle reflex velocities of M dwarfs will be easiest. But history shows otherwise. A look at what is being accomplished with today's best technology on the world's largest telescopes provides an important reality check. Over 180 exoplanets have now been discovered, using precision radial velocities from the optical region of the spectrum. None of these exoplanets were detected, or have even been confirmed, using near-IR or IR spectroscopy. 

Among these known planetary discoveries are a Neptune-mass planet around an M2.5V star (GJ 436), and a system of 3 planets around a nearby M4V star (GJ 876). In fact, one of the planets around GJ 876 has a mass of only 7.5 earth-masses, and is thus far the lowest mass planet known2. Our California-Carnegie Exoplanet Team (G. Marcy, R.P. Butler, S. Vogt and D. Fischer) made all these M dwarf-host planet detections using the HIRES high resolution optical spectrometer at Keck. We currently have over 120 other M dwarfs, as late as M5.5V under survey.

Aside from the relatively large amounts of telescope time needed, these planet detections were not all that difficult and our team has other M dwarfs now with emerging planets, all done with precision radial velocities using optical spectroscopy. By contrast, to date not a single discovery (or even confirmation) has been made of any exoplanet, around M dwarfs or any other type of star, with any near-IR spectrometer. This is not for lack of trying. David Charbonneau (CIT/Harvard) has been using the state-of-the-art NIRSPEC on Keck for planet detection around Brown dwarfs and very low-mass stars in the near-IR, using molecular band heads and telluric comparison lines, thus far without success. Charbonneau’s radial velocity precision is only hundreds of m/s, huge by comparison with the typical 3-5 m/s precision of our California-Carnegie Exoplanet search on M stars, and 1-2 m/s on G and K stars.

There are a number of practical reasons why detection of planets around M dwarfs (or any star) has completely eluded near-IR spectrometers. While it is true that M stars are “flux-challenged” in the optical relative to the near-IR, this is partly because of heavy atomic line blanketing. The continuum of an M star doesn't even exist in the optical due to such heavy line blanketing. However, it is precisely this abundance of atomic lines that makes the optical region so rich in spectral line-slope information and hence Doppler velocity information. Atomic line density falls off rapidly into the IR. Molecular bands may be usable to some advantage, yet Charbonneau’s recent attempts to use radial velocities from near-IR molecular bands with Keck’s NIRSPEC falls a factor of 100 short in achieved velocity precision with respect to results from the optical. So, mere flux deficiency is not a sufficient reason for preferring the near-IR over the optical wavelength region, at least for M stars. The density of Doppler information per unit spectral interval must also be considered. (get and discuss Heacox and Swiss refs on Doppler info studies). I have yet to see any study that proves that the near-IR is richer in Doppler velocity information than the optical region for M stars.


Another serious problem in the near-IR is lack of a suitable wavelength fiducial. Iodine works exceedingly well in the optical, providing an exceptionally stable and easy-to-use reference in the 480-620 nm region, a region rich in radial velocity information for G thru M stars. Perhaps a similarly good substance exists for a gaseous absorption cell for the near-IR, but none has yet emerged. Indeed, Charbonneau’s recent precision radial velocity survey of brown dwarfs with Keck/NIRSPEC used telluric absorption lines. However, terrestrial absorption features from the earth’s atmosphere are severely limited at the tens-to-hundreds-of-meters precision level by wind currents, and no doubt contribute substantially to Charbonneau’s few-hundred-m/s precision.

A third serious problem concerns these terrestrial absorption features. Even in the relatively pristine I2 region between 480 and 620nm, weak terrestrial water features enter at the level of a few percent depth, and must be masked to avoid their noise contribution when working at sub-3 m/s precision. By dramatic contrast, the near-IR is heavily blanketed with water and other molecular bands, features so strong that they eat whole chunks out of the spectrum, carving it up into an alphabet soup of bands. Even in the very clearest of these regions, terrestrial features abound at depths of many percent. Such features vary unpredictably in both depth and radial velocity at scales of tens to hundreds of m/s, and on time scales similar to the observations, thus introducing significant radial velocity noise. It seems highly improbable that any large clear regions could be found that are free of velocity-noisy variable terrestrial lines.


A final problem involves difficulties in calibration of background-challenged IR spectrometers. In practice, calibrating spectra to the level of S/N = 300, and wavelength stability to 0.001 pixels, seems to be far beyond state-of-the-art for present-day near-IR spectrometers. But that level of stability and precision is what is required to reach the sub m/s levels of precision involved in detecting even super-Earth-mass planets around M dwarfs. I haven’t attempted to establish whether these are fundamental limitations imposed by laws of physics, or rather are temporary limitations that can be resolved through expected advances in instrument design and observing strategy. The onus of that analysis is on the IR proponents. Claims that near-IR spectrometers are (or will be) superior to optical spectrometers for planet searching must be backed up with detailed analyses of noise sources, achievable S/N and wavelength calibration stability. It must further be explained why such planet detection presently eludes, by orders of magnitude, the present state-of-the-art of near-IR spectroscopy, and how merely upgrading to the larger aperture of TMT will change this situation.

The fact remains that the optical region works exceedingly well for M dwarf planet detection and candidates as late as M5.5V are already on our survey lists. This work is presently limited in precision and target faintness only by telescope aperture and available observing time. The 10x larger photon flux of the TMT would allow us to use proven methods and technology (I2-cell calibrated optical high resolution spectroscopy) to straightforwardly plunge substantially deeper into planet discovery space. It would bring all of the nearby M dwarfs into reach for an unprecedentedly-sensitive search for habitable earth-mass planets.

Concern has been raised that, with the rapid pace of exoplanet discovery, by 2015 when the TMT comes on line, most of the exciting results will have been discovered. Furthermore, substantial progress (in the radial velocity method of exoplanet discovery) will be severely limited by the astrophysical noise sources (random photospheric motions of convections, granulation, spots, plages, surface p-mode oscillations, etc.) intrinsic to stars themselves. It has been further argued that much higher cadence is needed than is likely to be available on such a widely-shared resource as the TMT; that any single group just could not get the cadence and time coverage required to add significantly to the exoplanet field; that a smaller dedicated telescope could do just as well or better than a TMT with limited access. Finally, it has also been argued that NASA and ESA are planning an increasing number of ground-based and space-based transit searches, which are beginning to yield success, albeit with tremendous problems with sample contamination by various types of binaries, variables, etc. There are many space missions planned for planet detection which may be operating or about to be launched in that time frame.

The TMT will be facing stiff competition from these various exoplanet discovery engines.

These various negative impressions about the value of including exoplanet research as a first-light science driver for TMT first-light deserve a detailed response.

The argument that we are reaching the limit of precision has been given ever since Campbell & Walker reached 13 m/s. The truth is that nobody knows what the ultimate limit of precision is due to jitter from photospheric motions. We used to think it was 3 m/s, but we have already achieved 1.0 m/s on our most stable stars on the California-Carnegie search. For the quiet FGK stars, the jitter could be anywhere from 0.1 - 0.5 m/s after averaging over the 5-minute oscillations (as we now do). Indeed, the jitter is likely to be less than 0.5 m/s for late G and all K and M dwarfs. Taking a few exposures to average over convection will diminish this to ~0.5 m/s jitter. The Swiss exoplanet team (Mayor et al) is also studying noise sources attributable to stellar atmospheric motions, and also concludes13 that such noise sources can be overcome through choice of star and proper observing techniques, down to sub m/s levels.

The argument that smaller dedicated telescopes could be used more effectively to provide the cadence required for state-of-the-art exoplanet detection in 2015 is also unfair. By 2015, a large number of Jupiter-mass planets will be known. The cutting edge of the field by then will be the hunt for habitable earth-mass planets around very lowest-mass nearby M stars. Dedicated exoplanet facilities smaller than 8-10m class, will not have the light gathering power to reach the M stars sensibly. Stars just get too faint at the end of the main sequence for a 2.5m telescope in high dispersion spectroscopy at the required m/s precision levels. A totally-dedicated 8 to10-m telescope might be able to provide this capability, but does not seem likely to be available. The argument that Doppler velocity surveys are better carried out on a dedicated telescope may be reasonable if we have 2 or 3 dedicated 10-m telescopes. In all fairness though, one could make a similar argument for a lot of the proposed TMT science; many projects could be better done with a dedicated 10-m telescope. How many astronomers wouldn’t prefer 365 nights/year on their own 10-meter telescope over 3 nights/semester on a 30-meter telescope? For spectroscopy of faint objects, V = 20-23, you do want TMT, but you could use a dedicated Keck with longer exposures, especially for transient sources such as GRB, SN, and QSO variability.

Dedicated facilities such as the upcoming UCO/Lick 2.4-meter Automated Planet Finder (APF) telescope will require ~45-minute exposures at V ~ 6 to achieve 1 m/s. So, a 2.4-meter telescope can only survey the ~100 nearest stars, with a struggle. Moreover, it can't do better than 1 m/s because a 2.4 meter telescope just doesn't deliver enough photons. Covering a reasonable sample of nearby M stars, at 1 m/s precision is just far beyond the light gathering abilities of 2-4 meter class dedicated telescope, and even strains the capability of 8-10 meter class facilities. So, as regards exoplanets, the TMT/MTHR combo, by virtue of its factor of about 15 speed gain over KECK/HIRES, would have unique capabilities to search for habitable earth-mass planets around nearby stars later than M3, and brown dwarfs.

As regards NASA and ESA plans for space-based or ground-based missions that will be competing for market share of exoplanet discovery space in 2015, another reality check is in order. It is true that both Europe and America have been pouring literally hundreds of millions of dollars into huge space missions that will look for planets. Truly important science always draws major missions from space. These billion-dollar missions demonstrate the extraordinary value of this science. Curiously, the radial velocity (RV) method has never been high on the priority list of NASA’s roadmap to exoplanet discovery. Instead, the main thrust was always toward space-based astrometry, coronography, and interferometry. Despite this, the RV method has emerged as the only successful method for routine exoplanet detection, and has provided over 95% of the currently-known exoplanets. RV surveys continue to lead the field in discoveries, accounting for the first exoplanets, the first multiple-planet systems, the first transiting planets, the first sub-Saturn-mass planets, and recently the first super-Earth-mass rocky planet. RV surveys will soon also provide the first detections of True Jupiter Analogs, exoplanets in circular 5-10 AU orbits. All of this RV work has been done at minimal cost to the taxpayer, orders of magnitude less than the cost of even a single NASA space mission.

However, NASA’s science priorities have recently shifted dramatically. NASA is now closing down many of its Science Mission directorates and turning its attention to going back to the Moon and Mars. Rumors abound that NASA is abandoning their interferometry interests in Keck, and will soon give away the four expensive Keck outrigger telescopes. It is becoming increasingly doubtful that NASA can be relied upon as a partner in planet finding over the next decade, and even more doubtful that NASA will be major competition in 2015 at the forefront of exoplanet detection. SIM, TPF, and DARWIN are planned to find planets under 10 Mearth. But all three are technically unproven and suffering from severe budget cuts and possible cancellation. At this point in time, it seems a safe bet that none of those three missions will have yielded any planets before 2015, if indeed they launch at all.

Extreme AO from the ground has also been championed as a major upcoming contributor to the detection and characterization of exoplanets. But AO can only detect huge planets orbiting many tens of AU from the host star, and only if younger than ~100 Myr old. There aren't many such stars, and these giant companions at 50-100 AU may be more akin to brown dwarfs than Solar System planets. There is of course the allure of being the first to claim detection of a pixel or point of light from such a planet, and AO may eventually be able to get very low resolution spectra of these young, 500K "planets". But other than that, it is fairly limited in quantitative scientific return.

So SIM and TPF are now effectively moth-balled and the Keck interferometer project is on the ropes. NASA is going back to the Moon and Mars. In 2015 the only major game in detecting planets around nearby stars will be Doppler velocities. Not only will it be the only major game, it will likely be the only game, with perhaps a small contribution from a VLT-Interferometer. And even if the Keck Interferometer, VLT-Interferometer, and SIM were to all come on line by 2013, Doppler velocities would still continue to dominate well into the 2020s.

Figure TBD is a "discovery space" figure (kindly provided by R. Paul Butler) comparing Doppler velocities and astrometry for stars at 15 parsecs. (While the typical comparison is made at 5 pc, there are only 7 late F, G, and K stars within 5 pc -- and 2 of them are alpha Cen A and B. At 15 pc, there are about 150 target stars). The two upward slanting lines are Doppler semi-amplitudes of 3 and 10 m/s, corresponding to measurement precision of 1 and 3 m/s. The two downward slanting lines are astrometric semi-amplitudes of 3 and 50 micro-arcsec, corresponding to astrometric precision of 1 and 15 micro-arcsec. For orbital periods up to 10 years (a = 4-5 AU), 1 m/s Doppler velocities flat out beat 15 micro-arcsec astrometry. Even for a fully-working SIM, Doppler velocities win for orbits out to 0.6 AU. AND THIS IS THE BEST-POSSIBLE SIM CASE. For the nearest 1,000 stars out to 30 parsecs, Doppler velocities do much better than astrometry. The red symbol is our recent detection2 of a 7.5 earth-mass rocky planet around the dM4 star GJ 876 at 4.7 pc.


FIGURE TBD- Planet discovery space for stars at 15 pc

As regards the argument that astrophysical noise limitations due to the host stars themselves are an insurmountable barrier for pushing the RV technique to Earth-mass planets, for years now, our California-Carnegie Extrasolar Planet Search Team has been putting tremendous effort into pushing Doppler errors to below 1 m/s. We realized long ago that precision is everything in this business, crucial not only to detecting terrestrial-mass planets, but also in identifying true Jupiter analogs from but a single orbital cycle. We have therefore been striving for the past 3-5 years to break the 1 m/s precision level with HIRES. We recently succeeded by doing a major upgrade to the HIRES CCDs, and by extensive work on the software reduction codes. This work required looking deeply into the microscopic processes involved in detecting photons with the spectrometer. Arcane minutia such as spectrometer PSF, charge diffusion in the CCD, non-linearity in CTE, spectral sampling and spectral deconvolution stability are all relevant. We have been studying and optimizing all of these things and more.

Figure TBD demonstrates our team’s present precision with HIRES/Keck. Our 3-year effort to upgrade the HIRES focal plane has paid off, bringing us to a solid 1 m/s, unequivocably demonstrated on “constant” stars.
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FIGURE TBD - RV “constant” star from HIRES/Keck

Note that the 1.09 m/s rms shown above for HD 185144 is actually the quadrature sum of (1) noise intrinsic to the star, (2) shot noise, (3) instrumental noise, and (4) signals from any unseen planets. If HD 185144 has a 10 Earth-mass planet in the inner few AU, it is contributing significantly to the RMS. The main point is that our actual Doppler precision is certainly much better than 1.1 m/s. Assuming for simplicity that all four sources contribute equally, then this star is holding stable to 50 cm/s, over a full 1-year time scale. The Swiss Exoplanet Search group claims similar sub-m/s precision results in the OWL CODEX Concept Study15.

We are still learning about intrinsic stellar RV noise and have yet more tricks to play involving use of line profile information, systematic grouping of lines by excitation potential, and suitable averaging over p-modes thru proper choice of exposure times and multiple-shot exposure sequencing. In stellar seismology mode (times scales less than one night) we are already in the < 50 m/s precision regime. As regards resolved low-degree p-modes and their contribution to intrinsic stellar RV noise, this has been one of our major concerns. California-Carnegie Planet Search team member Paul Butler has been pursuing stellar seismology with UVES to better understand this issue.
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FIGURE TBD1- P-modes detected in Alpha Cen A.

Figures TBD1 and TBD2 show some of Paul’s results with UVES/VLT2 on Alpha Cen A and B. As can be seen in Figure TBD1, Alpha Cen A shows a very clear 7-minute oscillation with a semi-amplitude of 2 m/s.  By contrast, as shown in Figure TBD2, Al Cen B shows nothing above the 50 cm/s level, consistent with its later spectral type. We find that even for the earlier spectral types (late F/early G), seismology noise is not a problem. The resolved p-modes are clearly present but can be effectively averaged out by taking appropriate-length exposures, and/or multiple consecutive exposures. Further research on this is being done to understand how the periods and amplitudes of these low-degree p-modes vary and scale with spectral type and luminosity class. And as regards Doppler work at 0.1 m/s, only a TMT can deliver the photons required to get enough S/N to exploit line profile asymmetry variations, and take multiple such exposures to average over the jitter.
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FIGURE TBD2- No p-modes detected in Alpha Cen B above 50 cm/s.
The objection has been raised that, since there will be only one TMT, it will be very hard to get the necessary allocation to make an impact, particularly if NASA is not a participant. Any good observatory director knows that the way you get the best science out of an observatory is to not slice the pie too many ways. Unlike Keck science, TMT science is indeed in danger of suffering a “death of a thousand pie slices”. It will be worthwhile for the community to think long and hard about what projects are really worth doing, and then see to it that adequate observing time is allocated with this unique resource to make them successful. Such decisions will ultimately be driven by prioritized science-driver cases, set forth by the entire user community. So far, the detection and characterization of extrasolar planets stands at or near the top of every ELT’s list in this regard. 

For any project worthy of TMT time, it will almost certainly be necessary for consortia to form, where individuals from different institutions pool their time to get an adequate amount. The DEIMOS collaboration on Keck has been very effective in this regard. The present exoplanet work on Keck has also in fact been a consortium effort, with two PI’s (Vogt and Marcy) contributing their UC time and three PI’s (Butler, Fischer, and Marcy) contributing their NASA and NSF time. For exoplanet research on TMT, there is no reason why such a consortium could not be expanded as needed to garner the necessary amount of TMT observing time to make significant exoplanet discoveries. And, as I will now show, the amount of time required to make a huge impact is not that burdensome.

1.1.1 Detection of habitable earth-mass planets

Nearby M stars have emerged as a very interesting place to search for planets that may be like earth. We already now know for certain that M stars have rocky planets2. Habitable Zones of early M dwarfs are in the 30-100 day period range, and the reflex barycentric motions of low-mass M stars will be large enough for 1 m/s precision to reveal rocky planets. Noise sources also appear to be under control. Noise sources involving intrinsic stellar jitter are white and random, or are at short periods, typical of p-mode oscillations. Short period p-mode noise (5-15 minute time scales) is easy to distinguish from a planet signal and can be effectively attenuated by proper observing techniques. False signatures arising from stellar rotation will be harder, though not impossible to discriminate against using precision broadband photometric monitoring. Photospheric convection noise is also basically white and random. It can be suppressed by observing many cycles of a short-period orbit, in much the same way that a lock-in amplifier can dig extremely weak periodic signals out of random noise. Indeed, the real beauty of looking for planets in the habitable zones of M stars is that the periods are short enough (30-100 days) that many orbital cycles can be observed over only a few years, thereby gaining in S/N by the square root of the number of cycles.

With reasonable cadence over a single observing season, TMT + MTHR could, in fact, find earth-mass planets in habitable zones around nearby dM stars. Furthermore, it wouldn’t take a fully-appointed MTHR to do the job, and much of the work could be done in queue-schedule mode, and especially during the protracted initial commissioning phases. A single-armed bargain-basement version MTHR instrument should require no more than a few days to actually commission, and could be on the sky and productive (under virtually any observing conditions) almost immediately after 1st light. If funded for 1st light, one could easily imagine a window of 6 months to 1 year (as AO and other instruments are debugged) where enough TMT time could be allocated to MTHR to make a tremendous scientific impact on exoplanets. 

Queue-scheduled observing simulations (kindly provided by Geoff Marcy) illustrate what can be done. The simulations involve detecting a 5 Earth-mass planet in the habitable zone (p=50 days) around an M2 dwarf. Planets in the habitable zone around M dwarfs (0.5 M_Sun) have orbital periods of 30-100 d (close-in, due to low stellar luminosity). Precision was assumed to be 1.0 m/s. With the TMT/MTHR, one will get 1 m/s precision at V=10.5 in about 8 minutes (scaling from the fact that TMT + MTHR will be ~15 times faster than Keck + HIRES). Mock velocity curves (sinusoids) were generated for the desired orbital period (50 d) and the value of K (0.97 m/s) that corresponds to the planet mass. As regards sampling, one doesn’t want to sample every night because that over-samples a 50-day period. Sampling less often is better, for a given amount of observing time. Ideally one would employ logarithmic sampling, to capture short and modest periods, with minimal aliasing. Various samplings were explored. 


Suppose that only 3 nights (~30 hours total) were allocated for exoplanets on the TMT. Ideally, one would want to parcel the time in stints of ~30 min spread over 150 nights to get good time coverage for orbital periods of ~50 d in the HZ. We simulated such a parceling of telescope time, observing a star 50 times spread over 150 actual nights (one season), with uneven time sampling. Figure TBD shows the result. The periodogram (center panel) shows the 50 d period clearly, and it is also clearly visible in the phased velocity plot (bottom panel). Here, K = 0.97 m/s similar to the errors of 1 m/s. The equilibrium surface temperature for this planet is 79 C, i.e. in the HZ.
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FIGURE TBD - Detection of a 5 MEarth planet 

in the HZ of an M dwarf

Therefore, TMT + MTHR, is fast enough to deliver 1 m/s precision on M dwarfs. Stellar jitter won't be more than 1 m/s, we suspect, based on Keck velocities. And if one can queue-schedule, parceling the time over a duration greater than ~50 d, then even terrestrial-mass planets in the HZ of nearby M dwarfs will be detectable.

It is also worth reminding the reader that this kind of radial velocity work only requires the Iodine region of the spectrum, from 480 to 620 nm. Thus it can be done with a single-arm “white” version of MTHR. In the presently austere budget climate of TMT instrument development, it seems likely that first-light instruments may have to commission with reduced capability to save money. A one-arm white version of MTHR, as will be described below, works just as effectively for this type of research as the full dual-arm MTHR, and at a fraction of the cost.

One final point: since queue-scheduling looks to be the mode of choice for such work, it becomes very important that MTHR and the telescope be designed to allow rapid switchover (a few minutes at most) at anytime during the night. If this is done, since our targets are all-sky, it is likely we could pick up a lot of time from AO-based programs when the sky is hazy or other instruments are not working.

1.1.2 Transiting exoplanet studies

There are currently two know planets that transit their host stars and that are bright enough to study in detail. They are HD 209458 and HD 149026. Both were discovered by our group using the Keck/HIRES facility. Transiting planets are exceedingly useful for revealing the structure and formation histories of these planets, and their densities and radii are measurable by combining the radial velocity data with precision photometric light curves of the transit. Of perhaps even more interest, during transit one has the opportunity to obtain a spectrum of the atmosphere of the planet.  Differencing high S/N high resolution spectra in-transit and out-of-transit, can reveal spectral absorption features such as the Na D lines in the planet’s atmosphere. This is also very difficult work for 10-m class telescopes as one requires quite high S/N, and the time window for transits is only a few hours long. To date, a marginal detection of the Na D lines in HD 209458 has been claimed18, but has yet to be confirmed. The 15x larger speed gain of the TMT will allow a factor of 4 higher S/N per transit than presently available. And since transits are only 3-4 hours long, this type of observation can be queue-scheduled, taking modest fractions of nights here and there. Get S/N simulations, how long to do 4x better than previous with TMT?  

1.1.3 Reflected-light studies of CEGP’s

In cases where a Jovian-mass exoplanet is in a few-day orbit (a Close-in Extrasolar Giant Planet or CEGP), there is an opportunity to directly detect reflected light from the planet. Basically, a high resolution spectrum of a star hosting a CEGP consists of the spectrum of the star itself, plus a “ghost” spectrum of that same starlight reflected from the CEGP. The solid angle subtended by the planet, is large enough that a significant fraction (10E-4 to 10E-5) of the star’s light is scattered into the observer’s beam. The reflected spectrum is, to first order, identical to that of the star, but shifted 180 degrees in radial velocity phase, and much larger in RV amplitude. The planet’s spectrum is separated from that of the star by hundreds of km/s in velocity space and thus by dozens or even hundreds of pixels in a high resolution spectrum. By obtaining very high S/N spectra at superior and inferior conjunction, and at quadrature phases, the ghost spectrum can be picked up. Once it is detected, one instantly learns the inclination of the system as well. 

Charbonneau et al (1999) made a pioneering attempt17 to use this technique to detect the planet around Tau Boo. Using 3 nights of time on Keck’s HIRES spectrometer, they were able to place a firm upper limit of 0.3 on the albedo of the planet around Tau Boo at 480nm. This kind of work is very S/N intensive, and would gain hugely the 15x larger speed of the TMT + MTHR over present-day facilities. And there are presently only a few systems known that are even bright enough to consider reaching with a 10-m class telescope. A thirty-meter telescope would open up this field and bring many fainter CEGP’s into reach. A gain of at least 4 in S/N would be immediately realized for the same observing time investment, greatly improving detectivity. And once the reflected spectrum is detected, further observations can be noiselessly phased in, resulting in a high resolution reflected light spectrum of the planet itself that grows in S/N with each added night of observing. Eventually, one will be able to see spectral features from the planet itself, such as dust, Rayleigh scattering, and continuum opacity sources from its surface and/or atmosphere. TMT + MTHR will be unmatched in its ability to do this kind of high S/N work. Calculate how many hours to get S/N 4x better than that of Charbonneau.

1.1.4 Transit survey follow-up

Two NASA and ESA space missions (KEPLER and COROT respectively) are underway to detect earth-mass planets via the transit method, whereby the planet is detected through the diminution of light of the parent star by a periodically transiting planet. These missions, if successful, may bear fruit on or about the expected time of TMT commissioning. However, such transit searches will yield interesting information only for that handful of cases where precise velocities can also be obtained. Once the amplitude of the reflex barycentric motion of the host star is measured, through precision radial velocity measurements, the planet’s mass can be determined (since inclination is already known from the transit geometry). Then the known radius and mass of the planet can be combined to yield its density and even its density structure (through detailed modeling). Such information yields valuable insight into the formation history of the transiting planet.

KEPLER and COROT will need to survey tens of thousands of stars to find even a handful of interesting transiting planets. Their discoveries will be heavily polluted with false alarms from unresolved background stars, grazing transits of non-planetary companions, and a host of other false-positives (as present-day transit survey have learned). If completely successful, KEPLER and COROT may detect several dozen earth-mass candidates, typically as faint as V ~14-15 and located 0.5 - 1.0 kpc away. Such work will give us the occurrence of such planets (maybe), but how will we know they are actually rocky planets, and not Neptune-mass (that have similar radii)? We will need follow-up Doppler observations at 0.1 m/s precision to measure their masses. A 15-day earth-mass planet produces a semi-amplitude of only 24 cm/s. Only an ELT equipped with sub-m/s precision radial velocity capability (such as TMT + MTHR) will be able to gather enough photons to follow-up the transits with precision radial velocities to distinguish transiting rocky planets from transiting ice-giants. In fact, this point is actually probably a strong science driver for having MTHR on TMT at first-light; it will be unmatched in its ability to do radial velocity follow-up and provide masses for transiting objects discovered from Space-based transit searches missions. In fact, the KEPLER target field is at +44 degrees declination. Thus is might be worthwhile to include that in the factors driving site selection, so that TMT can access that declination.

1.1.5 Search for planets in clusters

Having the ability to go 15 times fainter in precision radial velocity work opens up entirely new arenas for exoplanet hunting. Going fainter brings other environments for planet formation into reach: open clusters of varying age/metallicity, and globular clusters. Paulson et al. have made a first attempt at planet detection in the Hyades19 using data from Keck/HIRES. These cluster members are typical V = 10-11 and require a 10-m class telescope to reach reasonable RV precision. Unfortunately, no planets were found, but such search work is just beginning. At only 155 light-years, the Hyades is also one of the very closest open clusters. Other clusters of differing age and metallicity, such as the Pleiades, Alpha Per, Praesepe, IC 2391, and Zeta Scl are typically 3-4 times farther, and thus 9-16 times fainter, well beyond the reach of today’s 10-m class telescopes. The much greater reach of TMT would allow the Hyades and many other more distant clusters of different ages and metallicities to be thoroughly mined for exoplanets. How about some S/N simulations here…

1.2 Abundances, kinematics and conditions in the ISM and IGM to z=7 (Ellingson, Prochaska, Sargent, Tytler)

1.2.1 Chemical abundance evolution and nucleosynthesis in Damped Lyman Alpha systems

1.2.2 IGM metal abundances and ionization states 

1.2.3 IGM abundance evolution to the lowest densities and primordial abundances

1.2.4 IGM 3-D mapping as function of z  (QSO pairs, feedback)

1.3 Cosmology

1.3.1 Cosmic D/H ratio

1.3.2 Direct measurement of cosmic acceleration (aka CODEX)

Use frequency shifts of QSO Ly-alpha forest and metal lines to directly sense the acceleration of the expanding universe duwe to dark energy.

1 cm/s precision on QAL’s over 10-yr baseline…OWL CODEX key science project

z = 1.5 – 4?

Requirements: R=60,000 and S/N=300 --> 1 m/s, 


So S/N= 3,000 reaches 10 cm/s


And thus 100 objects reaches 1 cm/s?

OWL says 30 QSO’s at S/N=2000 per 0.0125A pixel

Observing time: OWL says 500 nights on 40 QSO’s of V~16.5 over >15-yr baseline?

1.3.3 Measurements of fine-structure constant evolution

1.3.4 Evolution of CMBT with look-back time

1.4 Stellar abundance and evolution (Bolte, Brodie, Cohen,Venn, Hanes)

1.4.1 Abundance variations and mixing in globular clusters

1.4.2 Direct age measurements of old, main-sequence field and GC stars

1.4.3 Stellar parameters vs. age in open clusters and star formation regions   

1.4.4 Nucleosysnthesis and abundance patterns of the most metal-poor stars

1.5 Stellar populations (Brodie, Cohen, Hanes, Rockosi, Venn)
1.5.1 Milky Way assembly history through detailed abundance studies of kinematic and spatial over-densities in the halo and thick-disk

1.5.2 Kinematics and chemical abundances of stars in Local Group 

1.5.3 Extragalactic globular clusters (Coma, Virgo)

1.6 Multi-object Modres science (Brodie, Cohen, Hanes, Rockosi, Venn)
1.6.1 MOM: Lots of multiplexing, R=2000 to 20000

1.6.2 Precision abundance and kinematics of stellar populations beyond the Local Group

2. Instrument Design
High-resolution optical spectrometers on ground-based telescopes are always “seeing-limited”. Simply put, the higher the desired spectral resolution, the narrower is the slit, thereby blocking more light from a finite-width seeing disk passing through that slit. This factor becomes increasingly harder to deal with as the telescope is scaled up in size. If the spectrometer doesn’t scale proportionately with telescope aperture, more light gets lost at the slit. There are several ways around this; image slicing and the use of AO. But image slicing introduces other limitations and sacrifices. And efficient AO for the optical seems technically impossible, both for the present and for the near term. So the present design study was undertaken, to see if it is possible to come up with an efficient high-resolution spectrometer for TMT that did not need AO and that would not rely on the use of image slicers for most work.

One commonly used measure of a high-resolution spectrometer’s prowess (or speed of information gathering) is a factor called “throughput”. Throughput is simply the product of the angular slit width (as projected on the sky) times the spectral resolving power. One wants this number to be as large as possible for any telescope/spectrometer combination. Today’s highest-throughput high-resolution grating spectrometers (VLT’s UVES3 and Keck’s HIRES10) achieve throughputs of ~40,000 arc-seconds, i.e. they provide a spectral resolving power of 40,000 using a slit width of 1 arcsec. This defines the present state-of-the-art. To realize the full “area of aperture” advantage of TMT (about a factor of 9-15 over today’s 8-10m class telescopes), assuming the same average seeing, one must achieve at least 40,000 arcsecs of throughput with TMT’s high-resolution spectrometer. The TMT is a factor of 3 larger than today’s largest telescope (the Keck 10m) and therefore the spectrometer optics should also scale up by a factor of ~3 to maintain throughput. The optical elements in the scaled-up-spectrometer (gratings, lenses, camera mirrors) quickly become enormous and prohibitively expensive (or completely impractical to manufacture).

Bernard Delabre at ESO developed the optical design for the VLT’s UVES3 in which he synthesized elements of the Baranne “Pupille Blanche” mounting with elements of the Czerny-Turner and Ebert-Fastie grating mountings. This design concept was also adopted for the VELUX spectrometer at the Nordic Optical Telescope, FOCES at Calar Alto, FEROS at ESO’s 1.5m, Bob Tull’s HRS at the Hobby-Eberly Telescope, SARG at the Italian 3.5m TNG, and HARPS. It is a very mature spectrometer concept that is in wide use around the astronomical community. A very attractive feature of Delabre’s UVES design is that it created two white pupils, one near the echelle, and the other near the cross-disperser/camera mouth. These white pupils kept the UVES camera apertures manageable (about 0.22m lens diameters) and also make a quite compact instrument, with high throughput, even for a telescope as large as the 8-m VLT. The Delabre design requires at least 3 more reflections than traditional configurations, but any potential losses introduced by these extra reflections were largely overcome by using modern high-efficiency AR and reflection coatings, and also by splitting the system into red and blue arms to further optimize coating performance. Such a dual-white pupil design would seem attractive for TMT. However, scaling Delabre’s highly-successful UVES concept from the 8-m VLT up to the 30-m TMT would require camera lenses ~0.83m in diameter, far beyond anything that is currently feasible in glass manufacture, especially for some of the required exotic glasses such as CaF. 

Keck’s HIRES10 took a different approach. Budget constraints did not permit a full dual spectrometer like UVES, and yet the science drivers demanded that HIRES span the full 300 to 1100 nm range at first light. To meet this need, Epps and Vogt (1993)4 developed a new type of extremely achromatic large-aperture (~0.76m diameter lenses) catadioptric camera (hereafter called a “HIRES-style” camera) that requires only 3 spherical lenses of fused-silica and a single spherical mirror. This camera allowed HIRES to access the entire 300 to 1100 nm region with a single set of optics. Fused silica lens blanks can be obtained in diameters up to ~1.5m, so it would be possible to simply scale up HIRES’s 0.76m-diameter camera lenses by about a factor of 2 for TMT, but even that would not be enough. A full factor of 3 is required to maintain the same throughput as HIRES/Keck, resulting in 2.3m diameter camera lenses. Again, this is well-beyond existing technology. 

The MTHR concept presented here combines the best advantages of both UVES and HIRES: the dual-white-pupil/dual-arm configuration of UVES (to limit the sizes of the echelle, cross disperser, and camera), and a HIRES-style camera (to allow for a much larger camera as the spectrometer is scaled up to match TMT). The resulting MTHR design works very efficiently on TMT, already exceeding the throughput of any existing spectrometer by about 15%  (46,000” vs. 40,000”), with even higher throughput possible upon further scaling. Furthermore, it does this without the need for AO or image slicing. MTHR also allows one to input fiber feeds which take good advantage of its large gratings, cameras, and two large CCD arrays for multi-object moderate-resolution spectroscopy. As such, it leaves open the possibility of later adding a full-field moderate-resolution multi-object fiber-fed spectrometer mode to the TMT instrument suite.

Here: need a paragraph or two pointing out how putting all the flux on a few pixels is much better than spreading it out over many cameras like the Colorado design does.

Figure 1 shows a CAD rendering of MTHR on the TMT. Here, we have integrated the CAD output files of the Zemax optical design program with the ALEXIS CAD model of the TMT. The present concept shows MTHR situated underneath the (ghosted) left nasmyth platform at an f/15 Nasmyth focus. It occupies a footprint of about 10 by 11 meters (almost exactly half of a tennis court). It could as easily be mounted up on the Nasmyth platform, probably in the “shadow” region not accessible to all telescope elevations due to occulting by the primary mirror edge. However, one of the main goals of this study was to see if it was possible to site MTHR permanently below the nasmyth platform, thereby freeing up precious platform area for future instruments. So we have pursued the under-platform location, integrating the optical design into the Nasmyth deck support structure of the ALEXIS CAD model. This looks quite feasible.
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Fig 1. – CAD rendering of MTHR at an f/15 focus, under the left Nasmyth platform of the TMT

Figure 2 shows a side view of MTHR. Here, the f/15 beam is folded 90o by a flat mirror M4 to a plane some TBD meters below the platform. Also shown in Figure 2 is the fiber-positioner mechanism (FP), the f/15 Nasmyth focus (NF) and the image de-rotator (IR). Zoom in figure more and ghost out strut blocking M5…
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Fig 2. – Side view of TMT/MTHR (alexis-and-mthr53-2.jpg)
2.1 The High Resolution Mode
Figure 3 shows a detailed top view of the high-resolution mode. MTHR, like UVES, is a dual-beam instrument consisting of two parallel (and functionally identical) red and blue arms. Each arm is a grating-cross-dispersed echelle spectrometer in Delabre’s dual-white-pupil configuration, with a scaled-up HIRES-style camera feeding a focal CCD array of 8k by 8k by 15-um pixels. The blue arm is coating-optimized for 0.3 to about 0.55um, while the red arm is optimized for the 0.45 – 1.1 um region. However, since the HIRES-style cameras and mirror-collimators are almost totally achromatic, both arms can work over much larger wavelength regions. A dichroic mirror splits the beam into red/blue arms, and multiple dichroics can be provided to fine-tune the crossover wavelength.
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Fig. 3 – Top view of MTHR’s high resolution mode (view2.jpg)

The converging f/15 beam from the TMT is directed under the platform by M4, through an atmospheric dispersion compensator (ADC) prism pair (not shown) and then through an I2 cell (also not shown) on its way to the nominal f/15 focus (NF in Figure 2). For very high-resolution (R >> 100,000) work, image-slicers could be placed at this focus if desired, but normally the f/15 focal plane is empty. An imaging camera could also be deployed at this location to provide a wider field for target acquisition than allowed by the post-focus optical train. This camera could also function as an effective tip/tilt sensor for eventual use with a laser guide star AO system (see Appendix D discussion). Pickoff mirrors for Laser Guide Star Wavefront Sensors could also be mounted at this plane.
Following the f/15 focus is a fused-silica total-internal-reflection (TIR) image de-rotator prism, and then another small flat (M5) which folds the vertical beam back to the horizontal plane. Mirror M5 could also serve as an effective fast tip/tilt corrector, providing a fast steering mirror to remove tip/tilt guiding errors due to windshake. A CaF/fused-silica doublet cemented to the output face of the image de-rotator prism collimates the beam and produces a 109-mm diameter pupil (location P in Figure 3) ~1.7m downstream. A stop is located at this pupil to baffle stray light. Other optical components such as polarizers, filters, ADC’s, etc. could also be placed here. Another very useful component that could go here is a Shack-Hartmann wavefront sensor. This location offers an image of the telescope primary mirror, so a beamsplitter just ahead of the pupil could pick off 1-2% of the beam and relay the image of the primary onto a set of micro-lenses for the wavefront sensing.

Just behind this pupil, a dichroic “cold mirror” (DBS) splits the beam, reflecting the blue and transmitting the red. Separate red-side/blue-side CaF/fused-silica doublets (FRD) focus each beam, presenting an f/10 beam into each arm’s slit (red slit RS and blue slit BS). Each slit will have a TV camera for image acquisition and guiding. For extremely high precision radial velocity precision work, the stellar image could be further stabilized using the tip/tilt CCD sensor at the f/15 focal plane and fast steering mirror M5.

Each slit has a usable length of about 20”, and a small number of fibers (<10) or a multi-slit plate could be input at the slit if desired. Immediately behind each slit (not shown here) is a shutter for exposure control, a filter wheel, and an exposure meter system. Up near the ADC (but also not shown here) is the usual calibration lamp facility.

Following the light path now through the red side only (both sides are identical), the f/10 beam diverging from the red slit (RS) passes under a steeply-tilted face-down echelle grating, off a small fold mirror (M6), and then into an off-axis (5o) parabolic mirror (C1) which collimates the beam and sends it into the echelle. This collimator also produces a white-pupil near the echelle, keeping the echelle as small as possible. The echelle is an R-4, used in quasi-littrow mode with a ~2o out-of-plane angle. This echelle is quite large by present standards, 1.0 by 3.5-meters in size, and would be at least a 3 by 8 mosaic of the largest presently available echelles. The quasi-littrow-diffracted beam from this echelle passes back to the collimator C1 and then back towards the first fold-flat, narrowly missing the flat and thence to a flat transfer mirror M7. At this M7 transfer mirror, all the echelle orders are stacked on top of one and other and the imagery is not particularly good due to aberrations from the collimator C1. The transfer mirror relays the beam to a second off-axis parabolic collimator C2 which is an identical match to (and co-linear with) the first collimator, but slightly pistoned with respect to C1. This second collimator largely corrects the aberrations from the first, and forms a second white-pupil in the system near the grating cross-disperser XD. The cross-disperser then diffracts the light into a HIRES-style catadioptric camera, which uses two large fused-silica corrector lenses L1 and L2, a large fast spherical mirror CM, and a singlet fused-silica “field flattener” L3, with a CCD array and its LN2 dewar at the internal focus.

Figures 4A and 4B show the echelle-style spectral formats for the blue and red arms of MTHR. In this example, the blue coverage runs from 3000A to 5000A, while the red format runs from 4700A to about 8000A. Here, MTHR captures ~5000A in a single shot, with only minor gaps appearing in the red. Both regions can be finely tuned by rotating either cross-disperser or echelle. The order separation runs from about 7” – 20”in this setup. The 9 small boxes on each format show the locations used for ray trace optimization.

[image: image8.emf]
Fig. 4A – Blue-arm spectral format for MTHR (remove CELT ref)

[image: image9.emf]

Fig. 4B – Red-arm spectral format for MTHR (remove CELT ref)

Figures 5A and 5B show spot diagrams ray traced at the 9 points in each format of Figure 4A,B. Here, the box width of 100 microns corresponds to ~0.41 arc-seconds on the sky, and R ~ 106,000 in spectral resolution. Even at this very preliminary optimization stage, the images are reasonably balanced across each format with no need to refocus.
[image: image10.emf]
Fig. 5A – Optical ray trace spot diagrams for the blue format (remove CELT ref)

Further improvement is almost certainly possible. But already, most of the spots fit quite easily into a 100-micron box, so resolutions of at least 100,000 are achievable with this system. The best spots (e.g. the 23-micron rms diameter images of configuration #5) correspond to resolutions of R = 480,000. Thus, MTHR equipped with image-slicers (or AO) is also capable of ultra-high resolution work. The throughput here is T = 45,600”, so 0.5” slits will provide resolutions of R = 91,000. CCD pixels of 15-um size will over-sample the resolution element, and some on-chip CCD pixel binning will be desirable in many cases. A 2-pixel bin in the dispersion direction would provide a comfortable 3 samples per resolution element at R=100,000.

[image: image11.emf]
Fig. 5B – Optical ray trace spot diagrams for the red format (remove CELT ref)

2.2 The Moderate Resolution Multi-Object Fiber-fed Mode
The large and expensive cameras, gratings, and (two) large CCD arrays in MTHR could also be leveraged to good advantage for moderate resolution fiber-fed multi-object spectroscopy, providing resolutions of R = 2,300-11,000 over several thousands of Angstroms on up to several hundred objects at a time over the full 20 arc-minute TMT field of view. Though this moderate resolution mode is not the main focus of the present HROS concept, and requires a front-end fiber positioner (that is in its own right an expensive separate instrument!), it is an interesting future enhancement option that should be carefully investigated at this stage so as not to preclude its adoption at any later stage. It offers a relatively straightforward upgrade path to a spectrometer that helps to bridge the large resolution gap between WFOS and HROS. 

The idea is to have a large array of fibers, patrolling the full 20-arc-minute field of view at the Nasmyth up on the platform. This fiber positioner is shown notionally in Figure 2 as the large black rectangular box with convex surface marked “FP” to the right of the Lego-person. The convex surface represents the curved 20-arc-minute field of view at the f/15 Nasmyth focus. Fibers from this positioner would be bundled and terminated inside MTHR, with their own dedicated collimator. The existing cross dispersers and cameras could then be fiber-fed for low-moderate resolution spectroscopy over the full TMT field of view. 

One reason in fact for locating MTHR directly under the Nasmyth platform was to keep the fiber run from the full-field on-axis fiber postioner as short as possible. In Figure 2, the fiber positioner sits at the nominal Nasmyth focus on the platform, and the fibers run directly down through the platform to fiber collimators located only ~6m below in MTHR. The fiber positioner would be a large and expensive instrument of its own, probably like the OzPoz 6 concept. Fibers could also be brought in from other foci, from the AO-corrected field, for example.

Figure 6a and 6b shows the details of the fiber input scheme. For a telescope of this extreme size, a rather large diameter fiber is required to capture all the light from a 1 arcsec nominal seeing disk. Such a large fiber significantly degrades the resolution obtainable by the existing cameras at the echelle dispersion used by the high resolution mode. So some degree of image slicing is required, either at the output of the fiber, or by using multiple fibers packed into a hexpack arrangement. The present concept assumes the latter. Figure 6a shows the fiber input scheme. This is a mid-plane cross-section of an array of 7 microlenses assembled as a hexpack. The smallest possible fiber core is fed at the fastest numerical aperture, up to, but not exceeding the numerical aperture of the fiber. Experience has shown that feeding a fiber by using a rod lens to create an image of the telescope primary on the fiber end is probably the most effective way to get light cleanly into a fiber, and makes the alignment procedure easiest and most robust. 

An array of 7 microlenses is created in a hex-pack geometry (find ref for ARGUS as cited in OWL CODEX report). Here, each microlens is 727 um in diameter such that the 7-hexpack covers a 1 arcsec diameter seeing disk at the f/15 focus of the TMT. Most of the light from the central 0.333 arcsecs (blue, green, and yellow rays) is captured by the central microlens in Fig 6a, and imaged at f/3.28 (inside the glass) onto the end of a 150 um core diameter fiber. This f/ratio equates to the maximum N.A. (0.22 in air) of conventional astronomical fibers, and corresponds to a maximum input angle of 8.679 degrees. Some of the light at the largest field angles (yellow/green rays) misses the central hexpack lens but spills into the adjacent lens and is faithfully imaged into the adjacent fiber. For this transition to be clean and to not lose light, the boundaries between microlenses must be sharp and narrow, but this seems to be within the capabilities of present microlens technology. It is at this transition that one encounters the steepest input angles to the fiber. The present design has constrained this to just below than the fiber’s N.A. The red ray bundles in Figure 6a represent on-axis rays to the flanking microlenses. The suite of 3 microlenses spans a field of 1 arcsec diameter. 

One possible microlens vendor is Suss MicroOptics in Switzerland (www.suss-microoptics.com). They offer hexagonally-packed microlens arrays of the style shown in Figure 6a, but in a large (5m x 5mm) format. The lenses actually have parabolic (cc=-1) surfaces, though spherical surfaces work just as well and were assumed for this design. The lens length is customizable to provide the proper location for the fiber butt (3.18mm here). Fibers can be mated to an array of such microlenses by assembling an array of 7 fibers, properly positioned in x and y, and then simply butting this array as a unit to the rear of the microlens array. A single x,y adjustment then brings all fibers into proper alignment. An optical contact grease would also be used to index-match the gap, and thereby also removes any loss due to reflections at either air/glass surface when entering the fiber. The Suss arrays are not true hexpacks, but are close. Packing fraction losses should be minimal, but could be reduced even further by manufacturing true hexagonal-section microlenses into arrays. No attempt has been made here to find vendors who can provide such. Arrays of square lenses, commonly used in Shack-Hartmann sensors, are also now available in diffraction limited quality. With such square cell arrays, 9 lens groups would be required (rather than 7) to encompass the seeing disk. Another approach (used by the SPIRAL IFU5 is to use crossed arrays of cylindrical microlenses. These are also commercially available (a.k.a. beam homogenizers). No doubt some R&D would be required to optimize this fiber input scheme, but similar schemes have already been successfully implemented in astronomy.

[image: image12.emf]
FIGURE 6a- Fiber input scheme

The 7-hexpack fiber bundles drop straight down about 6 meters and terminate in a long vertical line of fiber ends at the focus of a fast spherical fiber-collimator mirror (FC) in Figure 6b. Here, what is essentially a HIRES-style camera (used in reverse) serves as a fiber-collimator, accepting light cones from the line of fibers. The f/3.28 (in glass) input beam to the fibers get focal-ratio-degraded by multiple bounces along the fiber. Zemax modeling using NSC (non-sequential components) ray tracing shows that 90% of the fiber output beam can be captured in an f/2.78 (in air) output beam, corresponding to an object cone angle of 10.20o. So full allowance for realistic focal ratio degradation has already been built into this design (assuming straight, stress-free fibers- approximated here as perfect light pipes).

The stacked fibers are probably held in micro-machined v-grooves with their ends arranged on a slightly curved arc, and their outputs pointing at the vertex of the collimator mirror FC. The collimated beams pass through two large fused-silica corrector lenses (FCL1, FCL2), off the nominal cross-disperser and into the same MTHR camera as used for the high resolution mode. The fiber collimator in each arm stows above the plane of MTHR when in high resolution mode, and simply drops down in line with the collimated beam to the cross-disperser for the moderate resolution mode. Either or both arms of MTHR could have such a fiber feed. Fig. 6b shows fiber feeds in both arms, with the light path from the high resolution mode removed for clarity.

The nominal gratings for this mode would be the cross disperser gratings used for the high-resolution mode (see Figure 3). These cross-dispersers yield resolutions of about 2300 for both red and blue sides. Resolutions of up to 11,000 could be obtained be adding additional cross-dispersers. Hence, the cross-dispersers are shown as mounted on rotating turntables to allow multiple CD’s to be rapidly switched.

There is room in the present design for a 200 mm long fiber stack. The 150 um core fibers assumed here have another 15 um of cladding thickness and 15 um of buffer thickness, bringing their overall diameter to 210 um. The 200 mm fiber line allows for a maximum of 952 of these fibers (if touching). At 7 fibers per object, that means up to 136 objects could be captured at a time. If full spectral coverage is desired, both arms could be used to capture 272 objects in two exposures. 

[image: image13.jpg]



Fig. 6b – Moderate resolution multi-object mode (view5.jpg)

Figure 7 shows ray trace spot diagrams from the red-arm MTHR camera, using a 250 gr/mm grating in 1st order. Six configurations were traced, from 4600A to 8000A, covering the full fiber stack length, so this grid of spots covers the entire 8k by 8k CCD format, representing spectra running crosswise (from 4600A at the left edge of the CCD to 8000A at the right edge) and fibers running up/down over the full 8k pixels of the CCD format. The boxes are 200 microns. No attempt was made here to optimize the camera as part of the overall fiber-fed scheme; only the collimator parameters were allowed to vary. As can be seen in Figure 7, the imagery, while fair, is not yet fully optimized. The fiber outputs here have been approximated by point sources emitting f/2.78 cones. Thus, true image sizes will be the quadrature sum of these blur spots with the projected fiber images. The 150 um fiber outputs project to 87 um at the CCD, thus the resultant spot sizes will be approximately 98 um rms diameter. The dispersion using the 250 gr/mm cross-disperser will thus yield a resolution of about 2,250 at 6600A.
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Figure 7: Red-arm fiber-mode spots

Spots for the blue arm fiber system are shown in Figure 8. Here, a 400 gr/mm cross-disperser was assumed, providing spectral coverage from 3400A to 5500A. The projected fiber size at the CCD is 78 um, which, when added in quadrature to the blur spots, yields a resolution of about 2300 at 4700A.
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Figure 8: Blue arm fiber mode spots

Further optimization of the fiber mode images is certainly possible, and no attempt was made to do this at the present design stage. Higher resolutions, up to about 11,000 are obtainable by switching to finer-pitch cross-dispersers (albeit at the expense of spectral coverage). For the red arm, stock 600 gr/mm CD gratings blazed at 6200A provide a resolution of about 5,400 over 1400A, while stock 623 gr/mm rulings blazed at 1.2 um (and used in 2nd order) provide a resolution of 11,380 and spectral coverage of 672A. For the blue arm, stock 600 gr/mm gratings blazed at 6200A provide a resolution of 3,450 over 1400A, while stock 632 gr/m gratings blazed at 1.2 um (and used in 3rd order) yield a resolution of 10,900 over 443A. With the nominal cross-dispersers selected for the high-resolution echelle mode, resolutions of ~2300 are available.

The MTHR fiber-feed concept naturally makes for an extremely flexible design, and there are many possibilities involving different cross dispersers, different configurations of fibers (e.g. multiple deployable single fibers, SPIRAL5 7-, 19-, and 37-hex IFUs), fiber feeds from a ground-layer-corrected AO focus, etc. 

Historically, there are well-known difficulties in doing accurate flat-fielding and sky subtraction with fibers, and there will likely be critics who will argue that such fiber-fed spectroscopy cannot be competitive with multi-slits for threshold work. It is true that fibers have yet to realize their full potential at the faint end. But, like many other areas in observational astronomy (for example, the dramatic 2-3 orders of magnitude improvement in radial velocity precision by extrasolar planet researchers in recent years) this is probably only because not enough effort yet has gone into developing the necessary observing and calibration techniques. Baudrand and Walker7 identified modal noise as a fundamental limitation in high-resolution fiber-fed spectroscopy. They were able to overcome modal noise for S/N levels in excess of 4000 and spectral resolutions of 120,000 in sliced-fiber spectra obtained on stars with the CFHT 3.6m and Gecko spectrograph by continuous low-amplitude agitation of the fibers close to their output ends. Promising results are also being obtained by the AAO group with a “Nod & Shuffle” (N&S) technique8 whereby pairs of fibers are used for each object, and the source is alternated between fibers by nodding the telescope, in concert with shuffling the charge on the CCD. No doubt within 5-8 years, fiber flat-fielding will be a much better understood art, likely becoming competitive with multi-slits, and more flexible than multi-slits in also being able to accommodate d-IFU’s. However, N&S techniques will require that some of the detector real estate will be needed for background measurements, thus reducing the number of objects per exposure. In such a scheme, one may get only 1/2 to 1/4 the total number of objects if space is left on the CCD for N&S. However, both arms of MTHR could have such a fiber feed, thereby effectively doubling either the wavelength coverage or the number of objects. Either fiber-fed arm could be used at almost any wavelength (within the limitations of their respective AR and reflective coatings) since the HIRES-style cameras (and collimators) in both arms are almost completely achromatic and highly transmissive over a much broader wavelength region. Thus, for example, the “blue” arm, equipped with the proper cross disperser, could easily work up into the “red” region, and both arms could be set up to deliver fiber-fed spectra from, say, 4000A to 7000A, accommodating up to 272 1-arcsec pointing fields, or 136 N&S fields.. 

The fiber positioner for TMT’s 20’ FoV should sit fairly near to MTHR to minimize fiber lengths. In the present MTHR concept, it sits directly above MTHR and fiber lengths are less than 7 meters. Fiber feeds from an optical/NIR “ground level AO-corrected” focus might also be desirable. 

Steve to resume his edit rewrite work here…

3. Description of System Components

3.0 Fold flat mirror M4

This flat intercepts the f/15 beam and directs it below the platform. The 20 arcsec field of view of the spectrometer slit requires a clear aperture on M4 of 310mm. If a larger field of view is required for dependable target acquisition, this mirror will have to be proportionately larger.

If M4 can be kept small, there is a possibility it can be coated with a super-broadband multi-layer dielectric, such as the MaxMirror coating sold by Semrock. Figure 9 shows the reflectivity of a MaxMirror sample we recently scanned in the UCO/Lick Labs. This is only a 1-inch diameter mirror, but the company has already made 3-4” diameter mirrors, and we are in discussions with them to see if the process can be scaled up to 12-20”. This coating is a patented 151-layer design that delivers > 99.5% reflectivity over the entire 0.35 – 1.2 um region. It is thus essentially a perfectly loss-free mirror over the present spectral region envisioned for MTHR. If the TMT telescope mirrors are pushed farther to the blue, it is probably straightforward to also shift the uv/blue cutoff of the MaxMirror coating another 400A. MTHR uses 4 small mirrors in its optical train. If each were MaxMirror coated, with ~5-10% efficiency gain over even today’s best (LLNL) mirror coatings, the total gain would be at least 20-40%. Such potential gains warrant a serious commitment from the TMT to develop this coating capability either in-house, or with a commercial vendor.
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Figure 9 MaxMirror multi-layer dielectric coating for mirrors M4, M5, and M6

3.1 Atmospheric Dispersion Compensator (ADC)

There will be the standard complement of calibration light sources: Thorium-Argon hollow-cathode lamps for wavelength calibration and Quartz-halogen lamps for flat fielding. The latter will be housed in integrating spheres, and multiple lamps with different filters may be combined in the same sphere to flatten the spectral output over the wide spectral range of MTHR. The light from the calibration lamps will be imaged on the slit so as to closely mimic TMT’s exit pupil. A selection of filters will also be provided for intensity and color balance control. The design of the calibration system is straightforward and was not deemed high priority at this phase.

3.2 Calibration Sources

An atmospheric dispersion compensator will be provided. A 2-prism trombone-style should work just fine, place under the platform, ahead of the Nasmyth focus. It should be stow-able as it may not be needed all the time. Need further discussion… how about a 1st order design?

3.3 Iodine Cell Precision wavelength reference

There will be an Iodine cell precision wavelength reference system9, primarily for extrasolar planet hunting and for asteroseismology. With appropriate expertise, this system allows spectrometers to achieve sub-1 m/s long-term radial velocity precision. The Iodine cell is a small glass bottle with ~0.001 ATM of gaseous iodine inside and optical quality windows at each end through which the f/15 beam can pass. A heater and temperature control system maintains the cell at a fixed temperature of 50C. The cell must also be stow-able.

3.4 Image Slicers

There could be a selection of image slicers, probably of the Modified Bowen-Walraven style, for very high resolution work (R > 100,000). The throughput of MTHR is ~46,000”, so resolutions up to R = 92,000 will be obtainable in reasonably good (0.5”) seeing without substantial light loss and without image slicing. However, for conditions of poor seeing, image slicing could be used to buy back light lost at the slit. Also, for resolutions well above100,000 image slicing will be desirable. For example, a 5-segment slicer with 1” input aperture would produce a 0.2” effective slit width, for a resolution of ~230,000. A set of 3-5 of such slicers (including one “open” position) would be provided on a selector slide at the nominal TMT f/15 focal plane.
3.5 Image de-Rotator

An image de-rotator will be provided. This rotator will be of a totally internally reflecting (TIR) design, as used both in HIRES and UVES. It is a large Abbe-Konig style prism of fused silica, with an aperture of about 150 x 150 mm, and a total glass path length of about 1.4m. This prism will have to be cemented up from smaller blocks. Its input face will be broadband AR coated, and a fused-silica/CaF doublet will be cemented to its exit face. This doublet collimates the f/15 beam. The image de-rotator will be used essentially all the time, though a stow-able mount may be useful for testing and alignment purposes.

3.6 Fold flat mirror M5

This small flat folds the beam plane back to horizontal. A clear aperture of 170mm is required on M5 to accommodate the 20 arcsec spectrometer field; and proportionately larger if a larger guider field is required. Like M4, this mirror may be small enough to be a candidate for a MaxMirror style coating. It seems desirable to have M5 also function as a fast steering mirror to remove windshake and guiding errors. This should be straightforward by mounting M5 on a tip/tilt mechanism and closing in a servo loop with the TV guider.

3.7 Pellicle beamsplitter

3.8 Pupil Stop-Stray light baffle

The doublet collimating lens on the output face of the image de-rotator produces a 109mm diameter pupil (an image of the telescope primary) about 1.7m downstream. A stop would be used here to help baffle the telescope beam. This would also be a good place for a pellicle beamsplitter that could intercept a small fraction of the beam and reimage it onto a Shack-Hartmann lens array for real-time wavefront monitoring. For many applications, even a few percent of the beam would be enough to do substantial wavefront monitoring.
3.9 Shack-Hartmann wavefront sensor

3.10 Dichroic Beamsplitter

There will be a selection of dichroic “cold mirrors” to divide the beam into blue and red sides. These dichroics will reflect blue light and transmit red, with a transition wavelength of ~ 5000A. A selection of several such dichroics, on a selector mount will allow this transition wavelength to be precisely tuned to the particular science project’s needs. A no-dichroic (blank) position will be available to provide maximum performance for the red side alone, and a super- blue-mirror position will be available to provide maximum performance for the blue side alone.
3.11 f/10 focal reducer lenses

Each arm will have a cemented CaF/fused-silica doublet lens that focuses the collimated beam at f/10 onto the slit of each arm. These lenses will be AR coating optimized and fixed in position.
3.12 Acquisition/Guider TV
Each slit plane will be highly reflective and slightly tilted so as to reflect an image to a TV camera for target acquisition and auto-guiding. A Photometrics (or equivalent) TV camera system, with low-light lens and dual filter-wheel (one for color filters, one for ND filters) will be provided for each of the two (red and blue) slit planes. For especially high precision radial velocity work (for detecting extrasolar planets), it would probably be desirable to also provide a TV guider mode than guides directly on a small fraction of the on-axis stellar image, relayed to the guider camera via a 2-4% beamsplitter. Guiding on the on-axis image, uncorrupted by slit jaw vignetting should provide as much more stable PSF, particularly if M5 is also used as a fast steering mirror.
3.13 Slit Plane

The “slit” will actually probably not be the traditional bi-parting reflective slit jaws, but rather a series of rectangular apertures in a reflective plate. A selection of apertures, in various key widths and lengths will be available. A decker tray will be provided which holds many decker plates, each with multiple apertures. Some positions of this decker tray could also hold devices such as fiber-feed units, image slicers, and calibration pinholes. For example, a small number of fibers could be brought in and mounted in such a decker plate. Or custom multi-aperture plates could be made for any particular small FOV project. So space must be left available in this decker tray for future slit components. The slit plane is slightly tilted and reflective so as to reflect the focal plane to the re-imaging optics of a slit-viewing TV camera.
3.14 Shutter

Directly behind each slit will be a shutter for exposure control. These will probably be standard ILEX shutters.
3.15 Filter wheels

There will be 2 filter wheels behind each slit for color and intensity control. These will be 8-12 position wheels.
3.16 Exposure Meter

An exposure meter will be provided for each arm, directly after the filter wheels. One option for this exposure meter (as was done in HIRES) consists of a small pickoff mirror at the end of a rotating arm (a propeller mirror) which interrupts the beam at a ~1 hz rate, directing ~2% of the beam to a photo-multiplier tube. Both the total exposure and the intensity-weighted time centroid of the observation will be computed from these data. Observations can then be terminated automatically upon reaching a preset S/N threshold.
3.17 Collimator Fold Mirror M6

This is a small fixed flat mirror that folds the beam for injection into a 5o off-axis parabolic collimator. It is a rectangular mirror of CA 200 x 120 mm, fixed in position on a mounting bracket. It is MaxMirror coated as per Figure 9.
Continue again here…

3.18 Collimators
There are 4 off-axis parabolic collimators. All are currently sections of the same 3.00m diameter f/2.76 parent parabola with Collimator #2 being the farthest off-axis. Collimator #1 is about 1.56-m in clear aperture (CA), while Collimator #2 is 1.63-m CA. Figure 9 shows the footprints of the beam for each of these collimators as mapped onto a 3-m parent. These beam footprints are presently too close to allow all 4 mirrors to be sectioned out of a single 3-m parent. The collimator’s off-axis angle of 5o could easily be increased to 7o to allow this, though the parent would then be about 4-m CA, which seemed rather large. The choice of 5o made here assumed these 4 collimators would be fabricated separately, and was intended to keep the sections as close to the axis as possible. Both collimators in each arm need to match in focal length, but the red arms’ collimators need not match the blue’s, easing fabrication if all are manufactured separately. A reasonable fabrication alternative for these collimators is stress-mirror polishing, as will be done for CELT’s primary mirror’s segments. The usual measure of the degree of difficulty of stress-mirror-polishing of an off-axis segment is the amount of astigmatism C22 (the coefficient of the Z22 Zernike polynomial term). For the Keck primary segments, C22 was typically 100 microns (tough, but possible). For the CELT primary segments, C22   is ~20 microns (relatively straightforward). For the MTHR Collimator #2 mirrors, C22   is ~24 microns, while for the Collimator #1 mirrors, C22 is only ~13 microns. Thus, these 1.6m diameter MTHR collimators should be relatively straightforward to stress-mirror-polish. Moreover, they do not need their edges cut after polishing, thereby avoiding problems with their figures changing upon cutting (which was a very difficult issue with the Keck primary segments). Scaling from the Keck primary segment aspect ratios, such stress-polished MTHR collimators could be quite thin, with an aspect ratio of 1:24, and thus a thickness of only 6.8 cm. 
[image: image17.emf]
Figure 9 - Collimator #1 and #2 beam footprints on a parent


Another approach that may be less technically challenging (and perhaps less expensive) is to increase the off-axis angle to about 7o and then harvest all four collimators out of a single ~4m-diameter parent parabola. This is a large mirror, though not unduly by today’s standards. The parent mirror blank would probably be Zerodur in a 6:1 aspect ratio, making for collimator mirrors which are ~ 0.7m thick, considerably heavier than the stress-mirror option, unless further light-weighting is done. Whatever the manufacturing option, it would probably be wise to make both collimator sections large enough in diameter to include the optical axis of the parent, for ease of spectrometer alignment.

3.19 Echelle Gratings
There will be two R-4 echelles. Each will be a 1.0m by 3.5m mosaic of smaller echelles. Richardson Grating Labs developed a 203x816mm replicated mosaic R-4 echelle for UVES3, in ruling densities of 31.6 and 41.59 gr/mm. This 203x816mm mosaic is currently not a stock item but may be available on a production basis if further R&D is done. But, following UVES’s lead, the red side of MTHR uses the 31.6 gr/mm R-4 echelle, while the blue uses the 41.59 gr/mm R-4 echelle. Both are still stock items from Richardson Grating Labs, but available only in a 203-mm by 408-mm ruled area for about $50k each Using these stock items, a 5 x 8 mosaic would be required for each echelle, and thus ~80 gratings, for a total echelle grating blank cost of about $4.0m (less some quantity discount). Other options involving a smaller number of larger custom-ruled gratings may also be possible.

[image: image18.emf]
Figure 10 – Echelle mosaic (5x8)

The echelle mount will be slightly rotatable to tune wavelength region on the CCD. It may also prove highly valuable to be able to toggle the gamma angle to zero (reverting to pure-littrow) for alignment and test purposes. For example, an interferometer could be located upstream in the optical train (i.e. feeding in at the red slit mirror or elsewhere), and could inspect the echelle directly for alignment, allowing the grating mosaic to be “stacked” as now is done regularly with the Keck primary.

3.20 Transfer mirror M7

3.21 Cross Disperser Gratings
Each arm of MTHR will have at least 1 cross-disperser (for the high-resolution mode), plus perhaps 2 others (at the same location but tilted toward the other side of the camera axis) for the fiber fed-mode. So each cross-disperser shown in Figure 3 will probably actually be a turret of ~3-4 gratings. A total of about 6 gratings may be needed to cover both modes in both arms. The current design uses a 250 gr/mm ruling for the red side, a 400 gr/mm for the blue side, and a 300 gr/mm for the fiber-fed mode (see Figure 6). These are conventional rulings and should be straightforward to fabricate in a 305mm by 406mm ruled area for about $59k each, as was done for HIRES. Each cross-disperser would then be about a 2 x 4 mosaic of such gratings, for a total of about $2.8m for 6 such cross-dispersers.

[image: image19.emf]
Figure 11 – Cross Disperser mosaic (2x3)

Clearly, between the two (5 x 8) echelle mosaics, and the six (2 x 4) cross-disperser mosaics, the builders of MTHR will have to develop a robust and cost-effective strategy method for mosaic fabrication and for the maintenance of grating alignment. MTHR’s grating mosaics will be similar to the Keck and CELT primary mirror systems in this regard: complex optical mosaic systems that must be kept finely tuned in a manner that is reliable and, more importantly, completely unobtrusive to the observer. For example, an alignment interferometer could be located inside MTHR pointing at the cross-disperser table, and any desired grating could be pointed at this interferometer for rapid mosaic alignment check. It may also be possible to perform the alignment using several monochromatic point sources (such as several laser wavelengths from a pinhole aperture) imaged through the spectrometer. The gratings could first be put into an “alignment mode” where small tip and tilt errors are introduced into all grating components. The image of each wavelength would then appear as 240 discrete spots, corresponding to misaligned 40 echelle gratings times 6 cross dispersers gratings. Each spot could then be identified through small moves (tip and tilt) of relevant echelle and cross disperser pairs, and brought to a common focus through a linear or low-order polynomial calibration.

3.22 Cameras
Each arm will have a HIRES-style camera. Each camera has two 1.28m CA fused-silica lenses, one 2.0m CA f/0.78 spherical mirror, and one 0.31m CA fused-silica field flattener. Figure 12 shows the camera design. This camera is essentially just a scaled-up version (by about 1.6) of the HIRES catadioptric camera. Its 3 lenses are all fused silica, and all optical surfaces are spherical. The present f/1.2 design is relatively conservative, and much faster designs have been investigated. Figure 13 shows an f/0.79 design that uses a challenging asphere on the rear surface of the 2nd corrector lens and a slightly curved focal plane. So it is possible to speed up the camera design (by quite a bit if necessary), perhaps buying more spectral coverage per exposure, or reducing the image scale to better match the small pixels. If a fiber-fed mode is to be considered, the cameras will have to be optimized simultaneously to also work with the fiber-collimator described in Figure 6. The large f/0.78 spherical mirror could probably be a light-weighted Hextek blank, though if weight is not a serious constraint, using a conventional 6:1 aspect ratio Zerodur blank would be fine. All lenses will be Sol-Gel AR coated. These large lenses and mirrors will sag under their own weight, and FEA will be needed to mitigate such deformations. It may be possible to keep the optical axis precisely horizontal, and thus all camera optics could be hanging vertically in sling-style mounts. The camera must also be passively athermalized.
[image: image20.emf]
Figure 12 - f/1.3 HIRES-style camera

The large blanks of fused silica for the corrector lenses will be expensive, but do not exceed present technology. The present optical design was constrained in the merit function to limit blank edge and/or center thickness to 125mm, but additional thickness could be used to advantage in the optical design if available. Presently, Corning can supply Blanchard-ground boules of type 7980 fused silica in diameters up to 1.5m, and thickness up to 150mm in B and C-grade material. Within 2-3 years, they expect to even be able to go up to 200mm thickness. In a C-grade material (2 ppm index homogeneity specification), a 1.28m-diameter blank 150mm thick would be about $565K. At present, with the deep recession in the semiconductor industry, blank delivery times of 1 month are being quoted. Normally, delivery time is 15-20 weeks. The blanks can also be slumped, as would be required for the camera’s meniscus corrector.

The field flattener lens is also of Corning 7980 fused silica. It is about 310mm CA and 100mm thick. It will be made of Grade-A material, and will also serve as the vacuum window for the dewar.

[image: image21.emf]
Figure 13 - f/0.79 HIRES-style camera

3.23 CCD and Dewar
At the focal plane of each camera will be a LN2 dewar housing a mosaic of CCDs in an 8k by 8k format of 15-micron pixels. These CCD’s can be red/blue optimized, with the total accessible spectral range running from 0.3 to 1.1 um. They may end up as a 2-by-2 mosaic of 4k-by-4k CCD’s, or whatever is the largest/best available CCD of the day. Such 8k-8k CCD mosaics have already been constructed for a number of existing instruments, so this CCD mosaic should be straightforward. Alternatively, it may be possible to push the format to larger areas, thereby increasing spectral coverage per exposure. The present design uses flat mosaics, though some advantage may be won by allowing some tip/tilt of CCD’s in the format, particularly if the design is pushed to larger field angles. Since the dewar vignets part of the incoming beam, care must be taken in the dewar design to keep its cross-section minimized, and to avoid scattered light off dewar surfaces. The dewar will have a hold-time of at least 15 hours and will be auto-fed from a larger LN2 reservoir outside of MTHR.

By the time MTHR nears commissioning, CCD’s with extended IR response may be available. Such CCD’s could extend the wavelength response of the detector form the nominal 1.1 um cut-off of silicon up to perhaps 1.6 um, where thermal background forces one to a different style (cryogenic) spectrometer. The optical design of the MTHR camera should will work quite well out to 1.6 um and there is nothing in the design to prohibit adding such extended IR response. Indeed, mating such extended near-IR response with AO-correction would be an exceedingly powerful tool for unraveling the complex history of the IGM out beyond Z=7.

3.24 Fiber Collimator
Figure 6 showed the collimator scheme for the fiber-fed mode. Each arm (red and blue) of MTHR could accept such a fiber-feed, doubling the number of fiber inputs. This collimator scheme is essentially a HIRES-style camera used in reverse. (It was not possible to find a design that gave adequate performance using only the spherical mirror alone, nor using the mirror with a single corrector lens). The design shown here consists of two 1.0m CA fused-silica corrector-lenses and a 1.1m CA f/4.4 spherical collimator mirror. A line of stacked fibers is mounted near the focus of the spherical mirror. This line is presently up to 332 mm long and the fiber ends lie along a slightly curved surface (about twice the radius of curvature of the mirror), with all fibers pointing at the vertex of the collimator mirror. It is assumed that light from CELT enters the fibers at f/5 and exits at f/4.5, thus allowing for the usual degree of focal ratio degradation. Both corrector-lenses of this collimator are of Corning 7980 fused-silica, with Sol-gel AR coatings and all-spherical surfaces. There should be no problem purchasing these blanks from Corning as they are well-within normal availability specs for such blanks, but they will probably cost about $0.5m each. The 1.1m f/4.4 spherical mirror is either a light-weighted Hextek blank, or a traditional thick Zerodur blank.

3.25 Housing

MTHR will be housed in a light tight, thermally insulated modular enclosure, similar to a walk-in refrigerator, but with strictly enforced clean-room conditions. All access doors will be buffered with clean-room antechambers for donning gowns and booties. The interior of the enclosure will be painted flat black to reduce scattered light, and draped with a labyrinth of black hanging cloths to further block any scattered light. The enclosure will be flushed with a slow flow of dried, filtered dome air to keep the inside at slightly higher pressure than the dome, thereby reducing any flow of dust into the enclosure. A clean overhead gantry system will be built into the enclosure to aid installing and servicing the large MTHR optical components.
3.26 Support frame

The spectrometer optics will be held together on a large frame. Since both red and blue sides are optically independent, they could probably sit on separate smaller (and thus stiffer) frames which are then supported kinematically either on a larger sub-frame, or else attached directly to support nodes of the Nasmth underweldment structure. Considerable care must be taken in the engineering of the support frame to avoid strains in the frame from stresses induced by thermal changes in the telescope’s steel structure. The many long-path reflections of MTHR will make the instrument particularly sensitive to any warping of the sub-frame. Efforts must therefore be made to kinematically attach (i.e. not over-constrain) the MTHR frame to the Nasmyth attachment nodes, and to avoid misalignments of the optics due to thermal warping of the spectrometer frame. A well-designed space frame would be much lighter than a simple steel optical bench, such as was done for HIRES. Probably some combination of low-expansion-material space frame, with passive thermal compensation and perhaps even active optical metrology will be desirable, as the research to be done with MTHR is likely to push the stability of the instrument to its farthest limits.
3.27 Electronics Bay

It is assumed that the waste heat produced by the system’s electronics cannot be dumped into the dome. Thus, an insulated electronics bay will be needed, with cooling provided by an internal heat exchanger coupled into the Observatory’s coolant system. This will probably be a separate room sitting next to the MTHR enclosure, with feed-throughs for all the wiring. It would be desirable to keep this room isolated from the actual spectrometer so that maintenance personnel can service MTHR’s main electronics systems in a well-lit environment, and without having to work in the clean-room conditions of MTHR’s interior.

4. Summary of MTHR Operating Modes
High- and Ultra-high resolution (single object or “few-object” multi-aperture/fiber)

· Slit length: 20 arc-seconds

· Order separation: 7 – 20”

· Throughput: 46,000 arc-seconds

· Efficiency: >10% (estimated from UVES as-built performance)

· Typical resolution: 40,000- 90,000 (unsliced); up to 500,000 (with image-slicers)

· Image scale at CCD: 4.1 arc-seconds/mm (0.06”/15-um pixel, or 17 pixels/arcsec)

· Dispersion: 0.58 A/mm (8.7 mA per 15-um pixel)

· Wavelength range: Blue Arm: 0.3 – 0.5 um  / Red Arm: 0.5 – 1.1 um

Multi-Object Fiber-fed mode 

· Maximum length of fiber stack: 332 mm

· Image scale at CCD: 3.12 “/mm (0.047” per 15-um pixel, or 21 pixels/arcsec)

	SLICER 

(0.75”)
	Fiber Diam.

(microns)
	Grating (gr/mm)
	# 0f objects

(single-arm)
	R
	Spectral range 

(Single-arm)

	7-hex
	175
	300
	220
	3000
	2800A

	7-hex
	175
	600
	220
	6000
	1400A

	7-hex
	175
	1200
	220
	12000
	700A

	
	
	
	
	
	

	37-hex
	87
	300
	70
	6000
	2800A

	37-hex
	87
	600
	70
	12000
	1400A

	37-hex
	87
	1200
	70
	24000
	700A





Table 1.  Examples of Fiber-mode Options

4.1 One-arm “white” mode

[image: image22.jpg]



Figure TBD- one arm “white” mode (view1whitebeam.jpg)

4.2 Dual-arm red/blue mode

[image: image23.jpg]



Figure TBD- Dual-arm red/blue mode (view2.jpg)

4.3 One-arm white plus fiber mode

[image: image24.jpg]



Figure TBD- One arm “white” plus fiber mode (view3whitebeam.jpg)

4.4 Dual-arm red/blue plus single-arm fiber mode
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Figure TBD- Dual-arm red/blue plus single-arm fiber mode (view4red.jpg)

4.5 Dual-arm red/blue plus dual-arm fiber mode

[image: image26.jpg]



Figure TBD- Dual-arm red/blue plus dual-arm fiber mode (view5.jpg)

5.  WEIGHT ESTIMATE
A very preliminary analysis has been carried out of the cost and weight of MTHR. Appendix 1 shows a spreadsheet that lays out the expected costs and weights of principal components. At present, the expected total cost for the MTHR project is $51 million (2001 dollars). The expected total weight is about 69 tons. Of course, both of these estimates will almost certainly change as more design work is done, and more specifics are known. No attempt has been made in the budget estimate to include strategies for reducing the overall weight. In particular, we assume at present a very heavy steel optical bench structure to support all the optics. No doubt substantial weight reduction could be achieved by moving to a more elegant space frame structure.

Options:

1) Single arm white mode

2) Two-arm red/blue mode

3) Two-arm plus single-arm fiber input mode

4) Two-arm plus dual-arm fiber input mode

Make crane lifts…

Special access req’s

6.  COST ESTIMATE

7. Cooling and Power
8. SYSTEM EFFICIENCY

Spreadsheet and plots… talk about D^4 gains…

This info was copied from mthr_eff.xls. Still having problems formatting it to fit across the page…

	
	
	
	
	
	Wavelength (microns)
	
	
	
	
	

	Surface
	0.32
	0.35
	0.4
	0.45
	0.5
	1
	0.65
	0.7
	0.8
	0.9
	0.95
	Comments
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Primary
	0.01
	0.8
	0.9
	0.91
	0.92
	1
	0.94
	0.95
	0.95
	0.96
	0.96
	TMT coatings group (Crampton's  9/16/05 email)
	

	Secondary
	0.01
	0.8
	0.9
	0.91
	0.92
	1
	0.94
	0.95
	0.95
	0.96
	0.96
	TMT coatings group (Crampton's  9/16/05 email)
	

	Tertiary
	0.01
	0.8
	0.9
	0.91
	0.92
	1
	0.94
	0.95
	0.95
	0.96
	0.96
	TMT coatings group (Crampton's  9/16/05 email)
	

	central obstruction vignetting
	0.99
	0.99
	0.99
	0.99
	0.99
	1
	0.99
	0.986
	0.99
	0.986
	0.986
	assumes 3600mm diam secondary
	

	#4 mirror
	0.8
	0.99
	0.99
	0.99
	0.99
	1
	0.99
	0.99
	0.99
	0.99
	0.99
	Semrock's MaxMirror coating (2" diam only)
	

	ADC Prism 1 front
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	ADC Prism 1 glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	perfect glass…
	

	ADC Prism 1 rear
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	ADC Prism 2 front
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	ADC Prism 2 glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	perfect glass…
	

	ADC Prism 2 rear
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	I2 cell entrance window front surface
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	dummy surface (benign)
	

	I2 cell entrance window transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	perfect glass…
	

	I2 cell entrance window rear surface
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	dummy surface (benign)
	

	I2 cell exit window front surface
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	dummy surface (benign)
	

	I2 cell exit window glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	perfect glass…
	

	I2 cell exit window rear surface
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	dummy surface (benign)
	

	Image rotator entrance surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	Image rotator TIR #1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	total internal reflection
	

	Image rotator TIR #2
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	total internal reflection
	

	image rotator TIR #3
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	total internal reflection
	

	Image rotator bulk glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	dummy surface (benign)
	

	Image rotator exit surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	#5 mirror
	0.8
	0.99
	0.99
	0.99
	0.99
	1
	0.99
	0.99
	0.99
	0.99
	0.99
	Semrock's MaxMirror coating (2" diam only)
	

	Pupil pick-off beamsplitter
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	
	

	Dichroic
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	
	

	Slit lens entrance surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	Slit lens glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	perfect glass…
	

	Slit lens exit surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	Slit
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	
	

	fold flat mirror
	0.8
	0.99
	0.99
	0.99
	0.99
	1
	0.99
	0.99
	0.99
	0.99
	0.99
	Semrock's MaxMirror coating (2" diam only)
	

	Collimator reflection #1
	0.98
	0.96
	0.95
	0.96
	0.96
	1
	0.96
	0.96
	0.97
	0.97
	0.98
	LRIS blue LLNL coating
	

	Echelle
	0.52
	0.55
	0.58
	0.62
	0.65
	1
	0.68
	0.68
	0.68
	0.68
	0.68
	UVES MR103-3 Echelle as-delivered
	

	theta=5 blaze eff. Correction1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	no hit in pure littrow…
	

	Collimator reflection #2
	0.98
	0.96
	0.95
	0.96
	0.96
	1
	0.96
	0.96
	0.97
	0.97
	0.98
	LRIS blue LLNL coating
	

	Transfer mirror
	0.8
	0.99
	0.99
	0.99
	0.99
	1
	0.99
	0.99
	0.99
	0.99
	0.99
	Semrock's MaxMirror coating (2" diam only)
	

	Collimator reflection #3
	0.98
	0.96
	0.95
	0.96
	0.96
	1
	0.96
	0.96
	0.97
	0.97
	0.98
	LRIS blue LLNL coating
	

	Cross-disperser (@theta=?)
	0.62
	0.65
	0.65
	0.58
	0.68
	1
	0.68
	0.63
	0.71
	0.74
	0.74
	UVES: max across all 3 CD's
	

	lens 1 front surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	lens 1 glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	
	

	lens 1 rear surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	lens 2 front surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	lens 2 glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	
	

	lens 2 rear surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	camera mirror
	0.98
	0.96
	0.95
	0.96
	0.96
	1
	0.96
	0.96
	0.97
	0.97
	0.98
	LRIS blue LLNL coating
	

	field flattener front surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	field flattener glass transmission
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	
	

	field flattener rear surface
	1
	1
	1
	1
	1
	1
	0.99
	0.992
	0.99
	0.986
	0.985
	Sol gel + MgF2 (from Drew Phillips, 9/21/05) 
	

	Dewar vignetting (on-axis)
	0.88
	0.88
	0.88
	0.88
	0.88
	1
	0.88
	0.88
	0.88
	0.88
	0.88
	12% dewar vignetting W.A.G
	

	CCD
	0.9
	0.8
	0.8
	0.8
	0.81
	1
	0.87
	0.89
	0.91
	0.63
	0.38
	From HIRES 3-CCD mosaic curves
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total
	0
	0.1
	0.15
	0.15
	0.19
	0
	0.21
	0.206
	0.24
	0.17
	0.104
	Total efficiency
	

	Total *  706.858 sq meters
	0
	71.5
	103
	105
	133
	##
	151
	145.3
	167
	120
	73.84
	Eff collecting area (TMT + MTHR); Totl eff * primary area
	


[image: image27.emf]Predicted Efficiency: MTHR + TMT Telescope



0

0.05

0.1

0.15

0.2

0.25

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

wavelength (microns)

Efficiency

TMT + MTHR System Efficiency

HIRES (2005)

UVES + KUEYEN (2005)


Figure TBD3- Predicted Efficiency of TMT + MTHR

Figure TBD3 shows the total expected system efficiency of the complete optical train consisting of the TMT and MTHR. Peak efficiencies are expected to exceed 20%, compared to values of 12-15% from present-day state-of-the-art (HIRES, UVES). The TMT + MTHR combination wins largely because of advances in mirror coatings. For many of the small flats in MTHR, we expect to be using MaxMirror-style 150+-layer coatings, that achieve > 99% reflectivity over the entire MTHR bandpass. Of perhaps more interest in comparing expected MTHR/TMT performance against today’s state-of-the-art is to compare the product of telescope collecting area (cm2) times total system efficiency. That comparison is plotted in Figure TBD4, and shows that MTHR on the TMT will realizes gains of D2.4 to D3.0 over today’s most powerful high resolution optical spectrometers on the world’s largest telescopes. While perhaps not quite as impressive as the oft-quoted D4 gains expected from AO-assisted IR, these are impressive gains nonetheless, and ensure that MTHR will allow TMT to reach and even exceed its full “area-of-aperture” advantage over present state-of-the-art facilities.
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0

5

10

15

20

25

30

35

40

45

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Wavelength (microns)

Ratio of effective collecting areas

MTHR / HIRES

MTHR / UVES

D

2.4

D

3.0

D

2.5

D

2.8


Figure TBD4- Relative Speed comparison of MTHR/TMT vs. HIRES and UVES
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Appendix D- AO/GLAO discussion

MTHR was designed to be largely independent of the AO systems planned for TMT. The throughput (product of slit width times resolution) of MTHR is ~46,000 arcsecs. So under typical operating conditions (R ~ 40,000-50,000), the slit width is equal to or greater than the average seeing FWHM, and light lost to a long-slit is minor. MTHR is thus designed to work reasonably efficiently in average seeing conditions. This conservative approach assures that there could be at least one highly reliable, fully functional instrument ready at first-light, able to do high-value science at first-light under virtually all atmospheric conditions, even through clouds. However, it is useful to consider what design impacts there would be on MTHR should AO become sophisticated enough to provide significant correction in the optical and near-IR.

GLAO (Ground-Layer AO) provides a moderate degree of turbulence compensation over a wide field of view, so it's not well-matched to MTHR’s narrow field (essentially on-axis) performance needs. The simplest forms of AO meeting MTHR’s needs would be:

1.  Classical “natural guide star” AO (NGS AO) with a V~10-12 magnitude star. This won't provide much in the way of sky coverage, as most targets will be much fainter.

2.  Laser guide star AO (LGS AO) with multiple laser guide stars. This is also sometimes referred to as Laser Tomography AO (LTAO).

An array of laser projectors is planned for TMT that will create an asterism of 5 sodium layer guide stars at 90 km altitude. To avoid the cone effect, multiple lasers will be provided, with tomographic reconstruction of the atmospheric wavefront disturbances. The most efficient system would involve adding a pick-off at the f/15 focal plane of MTHR to redirect laser light to a set of 5 laser-guide star wave-front sensors (LGS WFS). A laser guide star at 90 km subtends an angle of 68-arc-sec in the f/15 focal plane. So the asterism would need a radius of about 34-arc-sec. The pick-off mirrors would need to be at least 34-arc-sec out on the focal plane to avoid vignetting. Alternatively, the pick-off mirror could be a perforated flat with a 10 arc-sec hole to pass the MTHR science field.

Another convenient (albeit less efficient) place to access an LTAO-corrected field is at one of the output ports of NFIRAOS. Its 10” x 10” AO-corrected science field is about the same size as the MTHR field. The NFIRAOS system is intended to work to as blue a wavelength as 800nm (spec) and perhaps even to 600nm (goal). We note that MTHR is currently located on the opposite side of the telescope from NFIRAOS. But if it were located under NFIRAOS, the MTHR focal plane would be only a few meters below NFIRAOS’s bottom output port. At that location, a 10” fully-LTAO-corrected field of view could be easily relayed the required few meters over to MTHR. Due to the high-pass dichroic used for extracting laser guide star light in NFIRAOS, only light redward of 600nm would be available at this focal plane. So the system would be used for MTHR’s red-side, and working redward of 600nm. On the other hand, it seems wasteful to use a cut-on filter to separate the laser light from the NFIRAOS system, as that throws away all the blue science light. Much better, if practical, would be to have NFIRAOS use a narrow 589 nm notch dichroic, thus preserving both the blue and red science light.

Regardless of whether MTHR is used with AM2 and its own LGS WFS, or behind NFIRAOS, laser guide star systems do not sense tip/tilt. So there would still be a need to provide a visible-light NGS tip/tilt sensor. This could be added to MTHR by installing a fast-readout AODP-developed CCD camera patrolling just outside the NFIRAOS-corrected field. This camera, a 120x120 pixel CCD with 1-electron readout noise and kHz frame rates, would cost about $40K. It would be mounted on an X-Y or r-θ stage and could patrol the surrounding 2 arc-minute diameter “technical” field delivered by NFIRAOS, using stars down to V=16 for tip/tilt correction at ~100 Hz.

Whether or not AO is ever added to MTHR, this NGS tip/tilt CCD could also be used to great advantage in the normal mode of MTHR. It would be able to access a much larger FOV than seen by MTHR’s slit-viewing CCDs (which can only see ~10”), making target acquisition easier. Furthermore, this camera could be servo’d together with a fast tip/tilt mirror (M5) to provide ultra-stable PSF’s for radial velocity work. Such a system would also be useful insurance if telescope windshake or tracking is worse than expected, particularly during early commissioning phases.

We estimated gains from AO for MTHR using 1-d PSF cuts kindly provided by Brent Ellerbroek (1/5/06). These models assumed a 5 LGS system with 31x31 actuator system on AM2 and computed on-axis AO-compensated PSFs. 1-d cuts through these PSF’s at 0.75, 0.9, and 1.1um were then integrated through various width MTHR long-slits to estimate performance gains. (It was assumed that simple integration of these 1-d PSF cuts over a slit width was a reasonable approximation to the light which gets through a 2-d long-slit). The AO correction produced images with a very narrow central peak. These images lost less than 4% of the light thru 0.5” and larger slits. Thus the relative gain over a seeing-limited case, (64.5% light passed when the slit width equals the seeing FWHM) will be no more than 30-35%. 

If instead of using its own LGS WFS system with AM2, MTHR gets its AO-corrected field from NFIRAOS, there will be an additional performance hit. The NFIRAOS optical train is apparently only about 76% efficient16. Adding that factor reduces the relative speed gain to the difference between 65% and 76%, or about 11%. Alternatively, to avoid unnecessary expensive duplication of LGS WFS sensors, perhaps a way can be found in NFIRAOS to reduce its losses of visible science light. Perhaps a separate set of visible-light optimized optics could be switched in to mitigate losses.

To summarize, the typical gains offered for MTHR in average seeing by Laser Tomographic AO correction (using AM2 and a LGS WFS system) appear to be no more than about 35% at 0.75 um and decrease rapidly blueward of this. Larger gains could, of course, be realized in cases where much higher resolution is desired, and losses at the MTHR slit become more significant. However, in such cases, MTHR could also work with image slicers. For the workhorse resolution range of R = 40,000 – 60,000, MTHR has been designed to have a slit large enough to avoid significant light loss under typical seeing conditions, and gains from first-light AO systems will not be large. Furthermore, MTHR should be able to work under any conditions, and AO will only be available a small fraction of the time. And there is still that 20-30% of the time that GLAO doesn't improve the FWHM beyond the seeing-limited median, making MTHR's throughput crucial for TMT performance.

However, AO can and will improve over the coming decades as AO system actuator density and bandwidth increase, so it seems prudent to design MTHR to someday be able to take advantage of TMT’s AO systems. It is beyond the scope of the present feasibility study to design an AO-system interface for MTHR. But to keep all possibilities open, we suggest that the TMT project consider the following.

1) Locate MTHR underneath the platform holding NFIRAOS and provide a mode that increases the back-focal-distance (BFD) of the bottom port output beam, and/or devise a relay system for bringing light from the bottom port of NFIRAOS several meters down and over to the MTHR focal plane.

2) Use a notch filter (rather than a cold-mirror-style dichroic filter) in NFIRAOS for the 589 nm laser light extraction, thus preserving wavelengths blueward of 589 nm for science.

3) Consider trying to mitigate losses in the NFIRAOS optical system for the visible light science beam. Perhaps broader band coatings, or multiple-component turrets could be added.

4) Add or leave provisions in MTHR for a NGS tip/tilt sensor. This would patrol the 2 arc-minute diameter “technical” field surrounding the NFIRAOS AO-corrected field, and would pick up V=16 magnitude stars for visible-light tip/tilt control at 100Hz rates.

5)  Add or leave provisions in MTHR for LGS WFS’s. These would be fed by small pickoff mirrors just outside the science field. This would allow MTHR to enjoy LTAO without the need for, and losses of, NFIRAOS.
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