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1.Abstract

The adaptive optics system of the 6.5m MMT withdéformable secondary has seen first light on kigars November
2002. Since then, it has logged over 30 nightheati¢lescope and has been used with several $ici@atmeras and a
dedicated IR infrared camera. Results so far atremely encouraging with Strehls of up to 20% ib&hd and 98% in
M limited in part by the control algorithm thatlging improved. Reliability of the deformable sedary mirror (DM)
has been remarkable with only one occurrence céléumction that required removing the secondarynfits hub.

In this paper, we review the milestones achievetitae performances obtained in the first year afrafion. We will
also address the operational constraints associetbdthe deformable secondary and the steps takemrlax these
constraints. We show that despite its apparent txitp, an adaptive secondary AO system can beabpérwith
modest effort from the telescope and AO staff
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2.System description

2.1. General

Please refer to the numerous previous communicationa detailed presentation of the MMT AO systime for

example 6, 9 and 11]. We will just point out thhistadaptive optics uses the secondary mirror eftéhescope as
wavefront corrector. This layout makes it particiylauitable for thermal infrared astronomy whee ttumber of warm
surfaces needs to be minimized while throughpuotagimized. It it also makes it very attractive foulti-conjugate AO

since the secondary is roughly conjugated to thengtground layer [5]. The price to pay is that %@ system is

delocalized on the telescope with the wavefrontsisgnpackage separated from the DM. This presergartécular

challenge on a telescope like the MMT where up thfférent secondaries can be used, requiring lagndhe DM and

the removal of all AO-related optics between eaddsion.

Technology for building large, fast deformable mig with comparatively low actuators density hasrbene of the
major undertakings of this project [see 7 and Ithk 640mm diameter f/15 deformable secondary miras been built
and characterized in the past couple of years asgarformed very satisfactorily in the laborati@ge also 6]

2.2. Deformable mirror breakdown

As a remainder, we review here the main elementhefdeformable mirror. In this article, we defitne DM as the
functional ensemble implementing the function oéfective surface controlled in position by 33@uators.

It is made of aupport frame, 3 boxes of electronics hosting the 168 digital signal processors that@mgnt the position
control of the deformable face sheetold plate in which the 336 actuators are clamped, a glefesence body and a
deformable glass face sheet callgidell” in short that has the optical surface of the seleoy mirror.



The cold plate holds the actuators and removes liegit.
A water circuit running through the cold plate atte
boxes of electronics removes the heat generatethdy
coil actuators and their drive circuit.

The reference body provides a stiff reference serfe
against which the 336 sensors associated with 86 .
actuators measure the local position of the shell
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2.3. Deployment

The installation of the AO secondary is th

most complex and risky part of the AO systel DM
deployment at the telescope. It involve hexapod  glectronics
removing the traditional solid secondary use
for seeing-limited observations and installin
the DM including its logistics like power,
signal, telemetry and cooling.

The IR-optimized design, using the seconda
as the telescope stop does generate constra
on the available space for installation. Th
secondary hub is designed to be in the shad
of the secondary and therefore is substancia
smaller than the secondary itself, creatir
though clearance constraints. In additiol
since the secondary is the stop, all its surfa
is used and there is no mechanical protecti
around its edge, creating a safety hazard.
The installation of this unit is complex and - . L N ) cover

potentially risky but over the first 4 runs, we .
have developed procedures and tools to Figure 2.3-1 Deformable secondary attached to theerapod. A

shorten this operation to around 2 hours and cover protects the face sheet and the rather exteine cable wrap

make it safer for the hardware. can be seen hanging below. This complete ensemtdéristalled into
the telescope hub. On this picture, the DM is in th installation
position, which is with telescope horizon pointing.




2.4. Evolution

After the technical difficulties encountered durithg first mission at the MMT [see 6], a numbenafdifications were
implemented on the deformable mirror. The most irtgot two were
» To implement an external liquid cooling circuit: & briginal design embedded a cold plate in whieh th
coolant was circulated. Since the cold plate stideteking, it was decided to renounce to coolirggdbld plate
directly and instead, to clamp a liquid-cooled k&ak on the side of the cold plate and use ther kdlely to
conduct the heat from the actuators to the he#t-sin
* Toincrease the cleanliness in and around the miitneeaction to a number of occurrences when e g
between the face-sheet and the back plate wasmnaied by dust. The inside of the DM was thoroughl
cleaned and a protective shroud of clean room-gficuléc was tailored around the complete secondary
assembly, from the glass back-plate to the reag#af the support frame

Figure 2.4-1. The DM is now equipped with an exter liquid cooling circuit that can be seen clampea@gainst the
cooling body by the black bands (top half). The fatic shroud can be seen at the bottom, retracted ithe clean
room for accessibility.

3.Preliminary performance evaluation
At this point (summer 2003), the MMT-AO system Ipasformed 3 missions of 2 weeks each. While therfe was

entirely dedicated to engineering, the two follogvimes included a few night of science observimgtihat have been
spent mostly with the MIRAC M-band camera. We diggcbelow the performance obtained so far:

3.1. Set-up

Most of the system characterization was performitd &an off-the-shelf TE-cooled camera . This idBIGO Merlin
fitted with a InGaAs 320x256 array filtered to warkH-band (1.65um). Provided the light level is sufficient, this
camera has a level of performance adequate fagrayshgineering and offers functions rarely avadain science
instruments like the possibility to visualize aradjaire frames in real time and take short expo&loe/n to Lus). At the
Cassegrain focus of the telescope, a simple dotddkets the direct f/15 focus of the telescopeéntodamera.



The science camera used in so far is BLINC/MIRA€2[42 and 14], a M-band and L-band optimized imager
nulling interferometer. Thanks to the IR detectmhinology that allows non-destructive read-ouis,ittstrument has
also been convenient for the engineering team, limgateal-time diagnostic of the focal plane images

3.2.  System performance

3.2.1. Strehl ratio in H-band

The Strehl ratio achievable so far is
020% in H-band, which converts to
about 45% in K-band. This result is
achieved with a controller implementing
a pure integrator and correcting 52
mirror modes at a sampling frequency of
550 Hz. In these conditions, a FWHM of
0.065” is obtained (the diffraction limit

of the telescope is 0.060")

It is important to note that the PSF is free - ) B2

from the “waffle” diffraction patterns : : i
typically found in the traditional stacked 3 !‘ h0.178
PZT deformable mirrors. The image on

the right exemplifies the image quality
achieved today. The modest number of
modes used is due to the fact that we
have set conservative limits on the
amount of force we allow the actuators
to put in the face sheet. As software is
validated and experience is gained, the
limits will be relaxed.

ﬁ’—g'igure 3.2-1 Typical image obtained in good seeirgpnditions. Strehl is
15%. (Detail of the 8 Ori B group as imaged at 0.077” resolution in H
band. Logarithmic color scale [see 2]

3.2.2. Guide star magnitude

The guide star limit magnitude is in the
12-13 mag. with the system running at
200Hz and 52 modes. The parameter
space has not yet been fully explored 0.25 L
towards the faint objects and we expect — .
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Figure 3.2-2. Strehl versus GS magnitude graph meased (points) on
the sky and the analytical prediction (line). The 8ehl is somewhat
lower than expected but the limit magnitude correspnds to the
expectation at 200Hz .



3.2.3. Performance in M-band

Besides exhibiting a Strehl ratio of 98% at@8-which is consistent with the 20% measured inardes the M-band
PSF is extremely reproducible (to within the meament error). This feature has already been tatteardage off in
one scientific publication [see 1]

In a world premiére, nulling interferometry hasoateen performed during closed loop AO, using thlNE-MIRAC
instrument. The null depth achieved was 2%, contharé% in seeing-limited operation, an improvenfantor of 2.5.
Moreover, nulling in seeing-limited conditions istained by frame selection of interferograms moady the
turbulence-induced phase variations of the wavéfibypically only one in 500 frames is a good nalthis operating
mode. In the closed-loop AO mode, the null obtaiisestable and all frames are usable. This reptesetime
efficiency increase of almost 3 orders of magnitude

Figure 3.2-3 This image presents the M-band constative (center) and destructive (right) interferenceobtained
with the BLINC-MIRAC instrument. The null obtained is only 2% of the constructive image. The PSF is aV
because BLINC cuts the telescope pupil in two adjant pupils and combined them (left).

3.3. Present limitations

At the present time, the AO system cannot be censiloptimized. We do not take advantage of alktpabilities of
the system and certain parameters need to be tBe&ulyv is a non-exhaustive list of the aspectslihat the
performance of the AO

3.3.1. Vibrations

Wavefront residuals measured on the WFS show lileaetescope or the AO system vibrates at a frexyjuaround
20Hz and its harmonic at around 40 Hz. The WFS dsltibits a tip motion of1 20 milliarcsec rms over the entire
frequency spectrum.

Assuming this tip motion is produced by the rockafghe hub around is CoG, this should produceslireeceleration at
the external radius of the telescope hub of:

&, = % ACa’ cos(t) [,



Where A is the angular amplitude on the sky (inl]yaC the compression factor between the primad/the secondary,
wthe pulsation and,y, the radius of the hub. The % factor takes intmaotthe fact that the secondary influences the
wavefront in double pass. The numerical value isf éixpression is 2.3e-3 [Mfor 2.3e-4 [g]

During the most recent run of the AO system, 3-agielerometers where installed on the telescopg to locate the
source of the vibrations observed. One was ondberslary hub, one on one of the secondary spidgersvand the last
one on the azimuthal yoke of the telescope.

The sensor located on the hub shows a rich speatrutine z axis precisely in the 20Hz area wherevith@tions are
observed by the WFS. See figure below. In a typseak, the total amplitude in the 19-20 Hz rande4s-3 m/3 this is
in a £ approach consistent with the acceleration derixau the WFS residuals, since they show 2.3e-3 over the
entire range. Accelerations measured in the x adidegtions are nearly as large as the one in ztsr@fore excludes
that the whole top end of the telescope jitterewilys. However, having just one 3-axis sensor erthp does not
allow to fully describe its motion and therefores wannot draw definitive conclusions yet.
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Figure 3.3-1. The telescope secondary mirror hub isrobably rocking around its CoG as suggested on #hleft.
The measured vibration spectrum exhibits a set ofries in the 19-20Hz consistent to what we measuretkvthe
WFS.

Cleary more measurements are required to identifghvare the modes in which the secondary hub tébrand how
this vibration is possibly induced by other telgge@lements. This needs to be an iterative apprioashich the
measurements feed the FEA models and the FEA mddéfse the additional measurements required. Exé step
that we propose is to instrument the secondarywitib3 accelerometers so as to fully determineidgisl-body motion.

3.3.2. Controller

Up to now, the controller implements a pure intégranly, with gains settable individually for eactode. However,

no effort has been made to adjust the individuadgt the night conditions, nor to implement marsophisticated
algorithm. The controller architecture provides &d-tap FIR filter the input of which is the WH8r&al (no feedback
of the DM position). As soon as the workload pesmite intend to implement a 5-tap approximatioa &mith
predictor [see 13] on the system. This should allswio gain about 40 Hz of closed-loop bandwidtbres can see on
the figure below. The Smith predictor is not suéitt, however, to compensate for the vibratiort deés only
marginally affect the error rejection function (@B moves from 22.4Hz to 24.2Hz). This justifiegasting resources in
the elimination of the source of the vibration.
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Figure 3.3-2. The introduction of a Smith predictoris expected to enhance substantially the closedb|o
bandwidth of the AO loop (top graph). However, therejection function, which is the criterion for vibr ation
rejection, will hardly improve (bottom graph).

3.3.3. Non-common path

The influence of non-common path aberrations ha®een quantified yet. During closed-loop AO, tipe@tor
removed obvious aberrations observed in the scienage planes in semi-real time by biasing theesapeasured by
the WFS. However, the precision of this correci®limited by the number of modes that can be $8emhuman eye
and by the threshold level at which they can ba& .sé& are only now starting to reduce the real-tstience plane
images taken so far and are hoping that in the foéae, we can make tools available to extractaimplitude of low
order aberrations at the focal plane on-the-fly faedl it back into the Wavefront Computer for imnagel correction.

3.4. Extensions

Apart from improving the performance achieved o tfze group is also working to extend the capibdf the system.
In particular, the work is now focusing on 2 exuitifeatures:

* A procedure to permit the measurement of the iotema matrix on the sky has been developed aneiisgb
implemented. Only the weather at the end of last prevented test data to be acquired to validate th
technique. This is to our knowledge the only AOteys that features this capability, which is dedeatio
optimize the real-time reconstructor. Note that system requires this capability because, unlikedditional
AO system, an artificial star cannot be shone gasilo the adaptive secondary system to calibrhte t
interaction matrix. [see 4]



e Chopping will be introduced at the secondary mitewel. The AO system will perform both the atmosph
compensation and a 10 Hz chopping motion withiitgle deformable mirror, a perspective that is extely
promising for thermal infrared astronomy. The ogitioop will be closed on one of the 2 chop phasglete it
will stay open during the other phase. The choppénghased by the science camera so that any atgpppi
capable instrument can be interfaced to the AO.

Work is also proceeding in the area of sciencerinsént integration with the goal of controlling t&®© and the
telescope directly from the instrument user intefa

4.0Operational considerations

41. Lessons learned

The MMT-AO team at the Center for Astronomical Atieg Optics has been through a steep learning con2902-
2003. The system has had major upgrades at eattte & runs following the *1attempt and is entering a period of
consolidation. It has shown a great flexibility.

Below is a list of the major lessons that can lanarfrom the first year of operation at the telgmco

e Itis possible to a mount, operate and dismoun®dheptive Secondary without breaking it. Four mossi have
demonstrated however, that strict procedures dideeft tooling play an essential role in operatthg system
safely.

e Installation and alignment of the complete systermow well understood and cost slightly over a dagl a
night of telescope time. This figure is expectedtmp somewhat, as the crew gets more proficieahatyzing
alignment errors.

» The DM is able to operate for extended periodsnoé twithout gap contamination. Internal cleanlinesem to
play a more important role than air-borne particgle«keeping the DM operational over extended pexiofi
time. Keeping the inside of the DM assembly cleanird) assembly and maintenance and enclosing dt in
protective suit seems to be critical.

« The DM is operable even with a significant numbérfailed actuators. Unlike traditional piezo-stack
deformable mirrors, the technology used in the aeédle secondary allows failed actuators. Exceltéoded
optical loop results were obtained in the lab withctuators off, during the first MMT mission, wast another
9 (because of leaks) with minimal impact on theifeggand no impact on the response. It is wortmgdtiat no
actuator has failed during the last 3 operationasr

e Thanks to its stable calibration, the DM can beratssl as a traditional solid secondary for seeimiéd
observations

¢ In such a complicated and compact system, thdittlésspace for errors and we feel lucky that wergvable to
recover from the failure of the cooling system withtoo much of a penalty

5.Conclusion

The MMT-AO system has seen first light at the eh@@)2 and has quickly shown good performance teath several
astronomy publications. We are particularly pleaséiti the obvious lack of “waffle modes” in the sedary and the
effect this has on the smoothness of the PSF.

The system has shown to be rather easier to opthiateanticipated. In particular, the installatenmd alignment of the
system on the telescope is now well understooddacdmented. Steps are taken to allow the systemaeition from
its present experimental state to being a fadiisfrument largely taken in charge by the MMT ofieracrew.
Characteristics of the system limiting the perfonee have been identified and manpower is alloctiecbrrect the
system. Pushing the performance limits requireskwiar the mechanical/control area as well as workinrage
processing and real-time software development.

The academic year 2003-2004 will be a transiticar yer the MMT-AO were engineering will give way ssience and
the development crew will hand over the systenméodperation crew.
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