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ABSTRACT

The adaptie optics system for the 6.5 m MMT a@msion telescope will be the pbrst to compensate the aberratettant at

the telescops@econdary mirrofhis approach has unique adtages in terms of optical simpligityigh throughput and Vo

emissvity. We report here the present state of construction, and the results of static and dynamic performance tests of the Cas-
segrain optical package.

1. INTRODUCTION

The MMT adaptie optics system is conged as an intgral part of the 6.5 m telescope. Compensation of atmospheric aberra-
tion will be done to high order at a deformable secondary nligiving a corrected f/15 Casgmin focus. Vevefront sensing

will be done in an opto-mechanical package bolted to the instrument rdta¢olaver side of the package presents a Range
centered on the corrected beam to whichréety of instruments may be mounted.

A number of technological challengessaahad to be addressed in the design and construction ofXttsygtem. Firstlywe
have had to learn oto male a lage, \ery thin piece of curd glass with 8&m of asphericity The polishing and bguring
of the asphere a nav been completed, and after correction ef-larder bxed aberration by the actuators, it ipected to
achieve 19 nm rms suace quality

Control of the shape of such adarpiece of glass at thevéd required to preseevthe near infrared difiction limit is non-tn-
ial. Using a sub-scale prototype, wevbaecently demonstrated the ability to track realisticulerice with &cellent accu-
ragy.® We rely on purely passg techniques to pvent ecitation of the glass membrane in its manatural resonant modes.

Tests of the deformable mirror are complicated by itw@oshape. In the lab, a frame holds the optics to simulate the tele-
scope optical path. By placing a full-size doublet lens immediately in front of the segdhddight path from the primary

can be mimickd. Using this assemblywe hae beun static and dynamic tests of the Shack-Hartmaarefront sensor
(WFS) and its fore-optics, which together reside in the @aaisepackage (the Otop boxO). By comparing the output of the
WEFS to a simultaneous measurement of theefvont &iting the system by an ingeal phase shifting interferometéne WFS

has beenery well calibrated. In addition, we Veused a prototype WFS at the prime focus of the telebtmpe Prst look at

the character of the tuikence which the @ system will encounter

In parallel, we are proceeding with the construction of a 50 cm refdetescope to launch a sodium laser guide beacon. The
beam will be routed up the side of the MMihd launched from behind the secondary miffbe main assemblies, including
the three lage glass elements, are currentlyabrication.

In the meantime, services and suppadilities such as cooling for the secondary and @assepackages and data routing at
the telescope are in progress, and a big soévefort is undervay to praide a single-user GUI through which all system
functions will be operated.

2. STATUS OF THE 6.5 m TELESCOPE

The naev 6.5 m telescope has been construtteside the hilding once occupied by the Multiple Mirroelescope (MMT).
Most of the old &cility has been recled, lut the nev telescope has signibcantly more light collectinggrpand better opti-
cal quality

At the present time, the primary mirror has been aluminized (a process done in sitWrlardundenay to characterize the



active primary mirror supports, and to implement thevactnirror cooling system. No secondary mirrorvenget been
installed, lnt preliminary data from the prime focus (®gure 1) indicate that the telescope and site@benit euality deliv-
ering images of 0.5 arcsec quality

Figure 1. Image of Saturn @k on October 28 1999 with thewn®IMT at prime focus, with coma correcting fore-
optics. The ®eld-of-wieis 42 = 412,

3. ADAPTIVE OPTICS SYSTEM DEVELOPMENT

After re3ection from the primary mirroaberrations in the avefront are corrected at the deformable secondaxy the com-
pensated beam is ref3ected to the Gaasefocus. Here, a dichroic beamsplitterwhanfrared light > 1 micron to pass into
the ARIES high-resolution infrared imager and echelle spectrodrsfsible light is reRected upavd into the top box for
wavefront sensing.

3.1. Lab Test System

In February 1999, a test-opticamer was huilt at the Mirror LaboratoryThis taver (otherwise knen as the shimmulator)
senes as a simulator einonment for the complete system with phase aberratiorided by spinning tunlence plates. The
tower, top box, and the cast optics bed are pictured in Figure 2.

The shimmulator consists of a 4 ton steel structure to support thevadsgtondarytwo lamge lenses, tevlarge fold-Rat mir-

rors, and the top box. It stands about 7 metdrshefground and is isolated from vibrations by air suspension. The entire
MMT telescope optics is simulated by empig two 70 cm diameter spherical lenses immediatelyvbéte adaptie sec-
ondary and a correcte computer generated hologram (CGH) near thewaHeNe laser source in the top box. The initial
optical alignment of the shimmulate@mplging suneying tools (a theodolite and alignment telescope)s wompleted in
April 1999.

In order to test the shimmulator prior to deliy of the adapte secondarya Odummy® secondary with a rigid sphericatsurf
was made at the Mirror Lal ®berfed phase-shifting interferometer (PSlasvinstalled as an irgeal part of the top box,
allowing precise characterization of the system@efront error The PSI is essential both for alignment of the rigid optics,
and to calibrate theavefront sensor camera an@wefront reconstructor algorithms. Final alignment of the entire systsn w
completed in July 1999, with residuabwefront aberration less than lawe rms (®gure 3), dominated by trefoil from the
dummy secondarg@hree-point support.



Figure 2. Shimmulator mechanical structure (left)wghg the lage fold "ats and the unmounted top box on its han-
dling cart. The top box (top right) is normally raised from its handling cart and mounted to the dummy rotator ring.
(Lower right) the cast aluminum optics bed which forms the “oor of the top box. The cutouts are designed to accom-
modate gisting instruments.

Figure 3. The optical aberration map for the Shimmulator optics and the solid dummy secmedaryed with a
®berfed phase-shifting interferometer



Top box optics and the WFS were installed in August 1999. Because of the need both to rotate the WFS camera (to track ®eld
rotation), and to translate it (to track changes in the distance to the sodium layenenth&n four optical and mechanical

axes must coincide to tight tolerances when installing the WW8 rdtating turiilence plates hva also been added (®gure 4).

These are placed in the light path asvedjes from a pinhole source. Barying the speed of rotation, and the position along

the z-axis, bothgrandt y can be in®nitelyaried awer the range>@ected at the telescope.

Figure 4. Arrangement of wspinning phase plates in the optical path of the shimmuléiey are machined acrylic
plates ®lled with indematching oil. At laver left is the computer generated hologram that vesiepherical aberra-
tion from the shimmulator optics.

At present, the shimmulator has been partially disassembled as the dummy secondameis tarits place, we are installing

the ®nal aspheric shell, still attached to the rigid blocking body used to support the piece during grinding and polishing. When
the shimmulator is reassembled, ®nal calibration measurements will be made for both the WFS and the electro-mechanical
alignment systems. The asphere will then be detached from its blocking bodydaatiotewith the adapte secondary sup-

port and control system wonearing completion in Italy

3.2. Wavefront Sensor

The WFS is Shack-Hartmann sensor with alIMBEV) CCD39a deice. The lenslet arrayvhich has lenslets on a pitch com-
mensurate with the CCD pals, is bonded directly to the CCD package. By chance, the CTE of gray alumina (the material of
the CCD package) and the CTE of the lenslet array substrate, BK7, match 16% There is therefore no problem with
bonding the tw materials together and then cooling the package BZ98s is done in the WFSthermoelectrically cooled

head.

The transfer cum of the camera has been measured (®gure 5), and has been found to match predictions based upon prior mea
surements of the intguixel cross-talk caused by clgardifusion. The gradient of thevarage transfer cuevat the origin (that

is, the WFSS closed-loop sensiity) is rather high, thanks to the intimate gluing of the lenslet array and the CCD chip. Read
noise is alsoxeellent, measured at 3.5 B 4.0 electrons at the full frame rate of 750 Hz.

3.2.1. Prime bcus measuements

Knowing the statistical bel#r of the optical vavefront as perturbed by the atmosphere is of importance in optimizing the
adaptve secondary control algorithmo That end, a program ofasefront measurements at the telescope has been initiated.
Since the telescope is not yet equipped with a secondary naisorall instrument has been constructed for gepot at the

prime focus. The instrument package contains an imaging camera for point-spread function analysis, a ®nder camera, and ¢
wavefront sensor almost identical to the production unit for tBesfistem. Results are reported in detailvetee in these
proceeding$;they indicate close correspondence with ttarKogoros spectrum.
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Figure 5. Measured transfer cas/for the WFS. The solid lines are the measured data, and the dashed lines are pre-
dictions made on the basis of measureeélpxross-talk.
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3.3. Adaptive Secondary

The design and inggation of the secondary mirror control system is under contract with Media Lario, Leccd healyptical
components, glass shell and reference plate, for both a sub-scale prototype and the full size unit were ale$igied ahd
polished by the Steard Obseratory Mirror Lab

3.3.1. Pototype status

The thin shell mirror and the reference plate for the prototype were completed aededeio Media Lario in early May

1999. The 36 actuator prototype, designated P36, has recently completed successful full speed dynamic tests atdhe Osserv
rio Astro®sco di Arcetri in Florendanarking the ®rst time that aday, cuned, continuousaicesheet mirror has traatka rap-

idly evolving Kolmogorosr wavefront. The error in the tracking, as measured by the camasinsors associated with each
actuatoris substantially smaller than the ®tting error thatld be &pected from the high-frequepatmospheric aberration.

In a closed-loop ® system therefore, mirror performanceuld not limit overall system performance.

3.3.2. The 336 actuator secondary

The reference plate (®gure 6) and a spheraraion of the full-scale thin shell mirror were completed andeleld to Media
Lario in September 1999. Imgeation of the mechanical support and cooling systemvisalmost complete. Addition of the
completed electronic assemblies and the actuators will then bevddllby dynamic testsevy similar to those carried out
already on P36. After dekry of the secondary tau€son, gpected in early summethe aspheric shell will be substituted for
the sphere.

3.3.3 Thermal management

The secondary will dissipate about 2 kéialue that is sonwehat seeing-dependent. Thigste heat must be rexeal, leep-

ing the entire assembly as close to ambient temperature as possible. The actuatorethanesgdected to generate about

250 W which will be carried along the aluminum body of each actuator to a common cold plate (®gure 7) and dumped into
recirculating "uid. The drer electronics dissipate thalk of the paver, and thg are contained in three insulated crates with
cooling pravided by the same uid w. Under normal seeing conditions, no part of the systenrhce area will daate from

ambient temperature by more theh°C.



