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ABSTRA CT

The adaptive secondaryfor the MMT (called MMT336) is the �rst mirror of its kind. It was designedto allow
the application of wavefront corrections(including tip-tilt) directly at the secondarymirror location. Among the
advantagesof such a choice for adaptive optics operation are higher throughput, lower emissivity, and simpler
optical setup. The mirror also has capabilities that are not found in most correctors including internal position
feedback, large stroke (to allow chopping) and provision for absolute position calibration. The 336 actuator
adaptive secondaryfor MMT has beenuseddaily for over one year in our adaptive optics testing facilit y which
has built con�dence in the mirror operation and allowed us to interface it to the MMT adaptive optics system.
Here we present the most recent data acquired in the lab on the mirror performance. By using interferometer
measurements we wereable to achieve a residual surfaceerror of approximately 40nm rms. Coupling the mirror
with a Shack-Hartmann wavefront sensorwe obtained a stable closedloop operation with a -3dB closedloop
bandwidth of approximately 30Hz limited by the wavefront sensorframe rate. We alsopresent somepreliminary
results that show a 5Hz, 90% duty cycle, � 5 arcsecchopping of the mirror. Finally the experiencegained and
the problems encountered during the �rst light adaptive optics run at the telescope will be brie
y summarized.
A more extensive report can be found in another paper? also presented at this conference.

Keyw ords: adaptive optics, deformable mirrors, adaptive secondarymirrors, electromagnetic actuators, ca-
pacitive sensors

1. INTR ODUCTION

The development of an adaptive secondaryas a wavefront corrector was started approximately two yearsafter
a seminal paper? was describing its general structure and a practical implementation. Initially , very simple
protot ypesweredeveloped to check the soundnessof the idea.? Later a �rst convex protot ype wasdesignedand
tested in Arcetri (Italy), ? the promising results obtained prompted the development of an adaptive secondary
for the Multiple Mirror Telescope in 1998. Since then much work has been devoted to the realization of a
protot ype with 36 actuators (P36)?, ? and to the �nal unit (MM336)? that was ready for initial testing in July
2000. Two yearslater we are now at the �nal stageof development when a completecharacterization is possible
and improvements and upgradesare to be determined. This paper reports on last year's testing activit y of the
mirror at a specially designedoptical test tower? wherethe mirror was tested with the rest of the elements that
composethe AO system designedfor the MMT telescope.?, ? We will also brie
y report on the �rst attempt
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Figure 1. The MMT336 adaptiv e secondary installed at the Multiple Mirror Telescope. Most of the mirror structure
is inside the secondary hub (in white). Some of the plastic sheet used to protect the mirror during installation is still
in place as well as the four posts that hold the the mirror protection. Once these posts are removed no "w arm" part is
visible by the primary as the thin shell act as the telescope stop.

to operate the mirror at the telescope and the practical problemsencountered (see? for more details). The unit
(shown in Fig. 1 during installation at the telescope) can be thought of asa three layer structure. (1) The active
surfaceis a thin (2mm) Zerodur shell (TS) whosefront surfacematches the optical requirement for the MMT
telescope (Cassegrain)and whoseback surface is spherical. (2) A 50mm thick Zerodur referenceplate (RP)
above the TS used to measurethe position of the thin shell. 336 coil-magnet force actuators that are used to
shape the TS reach the active surfacethrough holesbored in the RP. (3) A separateplate (CP) usedto support
the actuators and provide cooling for their coils. The force actuator responsefunction is adjusted using both
open and closedloop compensation to convert it into a position actuator. This is obtained by using position
sensingvia capacitive measurements acrossthe thin (� 40�m ) air gap between TS and RP. Digital real-time
control of the actuators is obtained using custom-madeelectronicsbasedon DSPs,and is located above the CP.
This paper is divided in the following sections: Sec. 2 present the results obtained by "
attening the mirror"
which entails �nding the mirror electrical positions (initially not calibrated) that provide the shell front surface
shape required by the telescope optical design. Sec. 3 reports on the AO closedloop operation results obtained
coupling the adaptive secondarywith a Shack-Hartmann wavefront sensoroperating at a fast frame rate of
550Hz. In Sec. 4 we report on preliminary results obtained with mirror chopping. Finally in Sec. 5 we brie
y
report on the problems encountered at the �rst telescope run and on somemeasurements of the e�ect of wind
bu�eting on the mirror that were carried out.

2. MIRR OR FLA TTENING COMMANDS

To "
atten the mirror" means to set the actuator positions to the values that produce the mirror surface
speci�ed by the telescope optical design. Determining this command set is not a trivial task becauseinitially
the actuator position sensorsare not calibrated. In the caseof the mirror protot ype P36, this task was carried
out by measuring the mirror modes optical in
uence functions.? In the caseof the actual secondary, the
increaseof the number of modes (from 36 to 336) and the increaseof the optical path length (from 1.8m to



9m) made this approach much more di�cult and an iterativ e technique was used instead (seeSec. 2.1). This
procedure was applied with successto the two shells made for this mirror, namely: a shell with a spherical
front surface(SS), used for the initial tests, and a shell with an aspheric front surface(AS), to be usedat the
telescope. We were also able to test the stabilit y of the 
attening commands(seeSec. 2.2). This was tested
both in terms of abilit y to reach the 
at commandsand in terms of stabilit y of the �nal mirror �gure over a
long period of time (months).

2.1. Pro cedure used to 
atten the mirror

After the shell is supported against gravit y in closedloop, the determination of the 
attening commandscan
be summarizedas follows:

� an interferogram of the mirror surfaceis taken;

� from the interferogram, an average(around the actuators locations) of the surface deviation from that
requestedis computed and, assumingthe nominal calibration for the actuators, it is converted into a set
of delta commands;

� thesedelta commands,�ltered to only contain components up to an optimal number of feedforward matrix
modes (related to the mirror sti�ness matrix, seefor instance?) are applied to the mirror with opposite
sign.

This processis iterated until either the residual rms surfaceerror saturates or the maximum allowed force is
reached for one or more actuators. The determination of the 
attening commandsusing this procedure takes
only a few iterations. In Fig. 2 and 3 we show the results obtained during the intermediate steps for the

attening of the AS and the �nal surfaceerror.

Figure 2. Flattening iterations for the AS. Left: the residual rms surface error during the iterations with (dashed line)
and without (solid line) masking out some local defects (see text). Right: (solid line) peak force applied to the shell
during the 
attening process,(dashed line) rms force and (dash dot line) averageforce.



Figure 3. Final surface error for the aspheric shell after the �nal iteration, where we have used the �rst 200 modes.
The surface appears very good except for three local ripples at the outer edgewith a pk-pk of � 700 nm. The circular
structures at mid-radius are not in the shell (seetext).

As shown in Fig. 2 (left side) a saturation of the rms surface error around 40 nm rms is reached with a
relatively low order correction for the AS and if we exclude some localized defects where no 
attening was
attempted, we reached a level of approximately 30 nm rms using the �rst 100 modes of the 336 available. In
the �nal surface error (Fig. 3) the local defects are clearly visible, they are three ripples at the edgeand a
small circular spot halfway to the edge. While the latter is due to the optics used to produce the measuring
beam, the former are indeedcontributed by the mirror. The three defectswereproducedduring the fabrication
of the shell. Three spacers,inserted between the shell and a referencesurface to produce a layer of pitch of
appropriate thickness,produced a local variation of the substrate sti�ness that causedan uneven polishing of
the shell. The problem is not inherent in the polishing technique and in fact the sametechnique produced the
SSwithout edgedefectsand approximately 30 nm rms error over the entire surface(seeFig. 4).
Looking at Fig. 2 (right side) onecan seethat during the 
attening iterations the rms force increasedby a very
small amount, from 0.07N (gravit y load) to 0.09. However, the peak force more than tripled. This increasein
the peak force is substantially reduced when the recorded 
at is re-applied to the mirror with essentially no
degradation of the optical �gure (seenext section).

2.2. Application of the 
at commands

Several tests were performed to determine the optimal method for the application of the recorded 
at. All
methods start by setting the mirror to an initial position in which it is supported against gravit y. Next, an
appropriate delta position commandis applied to reach a position near the 
at position. This �nal position min-
imizesthe rms di�erence with the 
at position while keepingthe peak and rms forceswithin the required limits.
This results in �ltering out someof the high spatial frequencycomponents present in the delta commandthere-
fore producing a small residual di�erence betweenthe �nal and the 
at positions. The electrical measurements



Figure 4. Final interferograms for the SS(right) and AS (left). The �nal rms surface error for the SS is 28 nm and the
AS has an rms error of 42 (32 with the three local defects masked out).

of the shell position with respect to the referencebody shows that over a period of six months this di�erence
was always within 10-20nm rms surface. Given that this variation is essentially randomly distributed over the
actuators, we attribute this variation to spurious 
uctuation in the capacitive sensorreadings � . Assessingthe
mirror surfacedeviation directly from optical measurements is complicated by the the fact that the alignment
of the optical test tower changeswith time, intro ducing an unknown amount of low order aberrations (up to
6th Zernike order). If we analyze interferometric measurements of the same
at applied at di�eren t times (over
a period of six months) we �nd that the di�erence with the initial 
at only contains this type of low order
aberrations (in particular coma,astigmatism and sphericalof 3rd and 5th order) but essentially no higher order
aberrations.

3. OPTICAL CLOSED LOOP

After having achieved a good optical 
atness of the adaptive secondarywe turned our e�orts to incorporating
the mirror into the AO system for MMT. The activit y proceededas follows:

� data were acquired in order to build a deformable mirror to wavefront sensor(WFS) interaction matrix
by using a set of the mirror feedforward modesand acquiring slopeswith the 12x12sub-apertures Shack-
Hartmann? WFS;

� the loop dynamical parameterswere tuned in order to obtain a stable closedloop operation;

� modi�cations to the original control schemewere added to compensatefor numerical errors generatedby
the wavefront computer that prevented the loop from operating correctly for long periods of time (hours
vs. seconds).

After that a stable closedloop operation had been achieved we devoted sometime to characterizing the loop
performances,in particular in the compensation of turbulence-like distortions.

� The capacitive sensor signal is carried by spring tensioned leads that are in contact with a very thin layer of Cr
deposited inside the reference body holes. This was found to a�ect the capacitive sensor readings due to the poor
behavior of the contact resistance. We plan on depositing a layer of gold on top of the Cr to �x this problem



Figure 5. AO control loop block diagram. The main control loop is composed (starting from the node to the right)
by the wavefront sensor(WFS), the wavefront computer (WF C) that contains a slope calculator (SSC) a reconstructor
(RTR) and a mirror control unit and �nally the adaptiv e secondary. The part of the system that operates in a discrete
time spaceis modeled by using its contin uous time representation for simplicit y. A second(nested) loop is also shown.
This is used to compensate for numerical errors produced by the �xed point arithmetics of the RTR (seetext).

3.1. Dynamical characterization

As already pointed out,? the local position control gain used with MMT336 is much lower than the value
achieved with its protot ype P36.? While P36 would allow operation at 0.8N/ � m, MMT336 can only operate
up to 0.2N/ � m. This reduction in gain is required by the onset of a "dynamical instabilit y". While somee�ort
has beenspent characterizing this e�ect and its cause,? investigation of a possiblesolution has beendeferred
while we concentrate our e�orts to more vital aspects of the AO closed loop operation. In fact, even at this
reducedgain the mirror dynamical responsehas a limited e�ect on the overall AO loop performance.
The last point canbe understood by examination of the AO control loop, whosesimpli�ed block diagram is given
in Fig. 5. In this model the main loop contains a wavefront sensor(WFS) a wavefront computer (WF C) and
the adaptive secondary. The WFS performs an averageover the time interval T and (becauseof the read-out
time) intro ducesa delay T. The WFC intro ducesa gain G/T and integrates the signal. Since the operations
inside the WFC are performed in a discrete time domain a sample and hold (S/H) is intro duced. Finally, the
adaptive secondaryis modeled as a 2nd order �lter of parameters ! 0 and � . This is a conservative assumption
if for � 0 = ! 0

2� we take the lowest closedloop mirror resonancefrequencyand for � the highest damping value.
Moreover this is only correct for ! � ! 0. If we compute the overall loop delay � delay in the assumption ! � ! 0

and ! T � 1 we obtain:
� delay =

�
2

+ 2! (T +
�
! 0

) (1)

Setting � 0 = 800Hz, � = 2 y and T = 1.8 ms (the minimum WFS cameraintegration time) we have �
! 0

� 0:2T .
The performanceof the AO loop is thus essentially limited by the cameraread-out time.
If we imposea loop gain of 1 with 45� of phasemargin we can estimate the loop gain G � 0:3 and a closed

loop bandwidth at -3dB of approximately 30Hz. This control bandwidth wasachieved in the lab for low aswell
as high order modes and can be seenin Fig. 6 and 7 where examplesof both open and closedloop data are
reported.

yBoth � 0 and � can be derived from step response measurements.? � 0 can also be derived heuristically considering

that for rigid body modes � 0 � 1
2�

q
k c
m a

, where kc is the actuator position control gain and ma = mshell =336 is the

massassociated with a single actuator (mshell � 2.5 Kg).



Figure 6. E�ect of AO closedloop compensation of the tilt. Left: (solid line) power spectral density (PSD) of the open
loop disturbance ascomputed from both mirror position and WFS data. Dashed line: PSD of the closedloop disturbance
as computed from WFS data. SeeTable 1 for the parameters of the Kolmogorov-lik e input disturbance. The two peaks
at 12Hz and 24 Hz are intro duced by vibrations in the optical test tower. The peaks above 100 Hz were intro duced by
a mechanical problem in the spinning plates used to generate the disturbance. Right. Amplitude attenuation curve for
the samemode. An attenuation of 1 is shown for reference.

Figure 7. E�ect of AO closedloop compensation of the Zernike mode 31. Left. (solid line) power spectral density (PSD)
of the open loop disturbance as computed from both mirror position and WFS data. Dashed line: PSD of the closed
loop disturbance as computed from WFS data. SeeTable 1 for the parameters of the Kolmogorov-lik e input disturbance.
Right. Amplitude attenuation curve for the samemode. An attenuation of 1 is shown for reference.

Finally, we would like to brie
y describe the second (nested) loop shown in Fig. 5. This loop allows to
compensatefor numerical errors intro duced by the �x-p oint arithmetics of the real-time reconstructor (RTR).
This is obtained by calculating the vector � c di�erence betweenthe actual command c and the 
at command
c0 and then projecting it into the sub-spacecomplement to the onespannedby the reconstructed modes. Since
this operation is performed in 
oating point the numerical errors intro ducedby the RTR can be canceled.This
problem must be consideredbecausethe mirror is able to apply deformations that are either not sensedor only
partially sensedby the wavefront sensor. In fact of the 336 modes applicable by the adaptive secondaryonly
80 are used in the closedloop operation.



Layer 1 Layer 2 total
r0 [m] 0.45 0.2 0.17
v [m/s] 26 16 n.a.
� 0 [ms] 5 3.6 2.7
f G [Hz] 25 34 45

Table 1. Parameters used to generate the arti�cial seeing. The values are for a wavelength of 594nm and scaled to the
MMT 6.5m primary .

3.2. Turbulence comp ensation

In order to intro duce wavefront distortions in the optical path specially designedacrylic plates? were used.
These plates were characterized using interferometric measurements and were found to produce Kolmogorov-
like distortions with an r 0 � 1mm at 594nm. By using two counter rotating plates, appropriately positioned
in the optical path and spinning them at the appropriate speedwe are able to intro duce wavefront distortions
with spatial and temporal characteristics similar to those expected at the telescope. In Table 1 we report
the equivalent turbulence parameters used for our characterization. For the closed loop operation we used a
reconstructor built with 80 mirror modes. The data reported are for the minimum WFS integration time (1.8
ms). During the operation, data such as WFS cameraframes, mirror position and forcescan be saved at each
loop cycle. From these data the temporal responseof the AO loop can be evaluated as shown in Fig. 6 and
7 as well as the abilit y to compensatedi�eren t spatial modes as shown in Fig. 8. Many data were recorded
during the tests and the analysis is not yet completed but the generalconclusion is that the level of correction
achieved, both spatially and temporally, corresponds very closeto what is expected from the AO loop model
with the disturbance intro duced (Table 1).

Figure 8. Zernike decomposition of open loop (dashed line) and closed loop (dashed dot line) wavefront distortions as
computed using both mirror position and WFS data. For comparison a Kolmogorov turbulence with D/r0 of 38 at 594
nm is plotted (solid line). The total rms residual wavefront error as seenby the WFS and up to the �rst 78 modes is
130nm (seeTable 1 for the input seeingparameters and text for AO parameters).



Figure 9. Left. (solid line) Adaptiv e secondary chopping between two tilted positions that corresponds to +/-5 arcsec
angle on the sky for the MMT telescope and (dashed line) "p erfect chopper". The chopping frequency is � 5Hz and
the duty cycle is 90%. The mirror at the edgewas moving a total of 74 �m . Right. Residual error between a "p erfect
chopper' and the actual mirror displacement. Inside the duty cycle the residual error is quickly reduced to +/- 10mas.

4. PRELIMINAR Y CHOPPING TESTS

Chopping is oneof the capabilities that this adaptive secondarywill provide. At this stageof development only
a few days test has beenperformed but the results seemto be very promising. During the test the mirror was
driven betweentwo predetermined tilted positions corresponding to the requestedchopping angle of � 5 arcsec
on the sky. The command was given at 4:88H z with a duty cycle of 90 %. In between the two positions the
command followed a simple acceleration-decelerationcurve. In doing so the shell was driven around an average
TS to RB gap of 84�m with delta positions at the edgeof +38 �m and � 36�m and the gap at the edgewas
varying between 48�m and 122�m . In order to keep the mirror position control stable the loop proportional
control had to be reduced from 0:2N=�m (used for adaptive optics operation with 40�m gap) to 0:05N=�m .
Accordingly the mirror control bandwidth was reducedfrom 800Hz to 400Hz. In Fig. 9 the mirror responseis
shown together with the residual error with respect to a "p erfect chopper" (with zero responsetime). As can
be seenwithin the 90% duty cycle the error is always � 0.05 arcsecand is quickly reducedto � 10mas. During
the chopping somelow order bending modeswere also driven becauseno attempt was made to choosethe two
chopping positions free from these unwanted modes. However we seethat the dynamics of these unwanted
modesis also well controlled by the mirror internal control loop.

5. TELESCOPE RUN

The run lasted a total of 1(o� the telescope)+2(on the telescope) weeks,and several problemswereencountered.
Thesewere essentially all linked to implementation problems that were not detected in the lab but surfacedat
the telescope. Here we brie
y summarize their nature and the planned solutions:

� gap contamination: small particles were found to fall from the upper part of the mirror (seeFig. 10),
thru the cold plate actuator holes, into the gap. This problem causedseveral days of delay while we were
trying to clean the upper part of the mirror and to designa sealfor it. The short term solution was quite



Figure 10. Detail of the mirror. On the upper part the cold plate is shown, the two plates of which it is composedare
clearly visible. Below the cold plate several actuators are visible until they enter in the referencebody. Each actuator
has a key that allows to clock them. It is thru the slot made in the cold plate to insert the key that the dust was falling
down into the referencebody holes and directly into the gap between it and the thin shell (not present when the picture
was taken).

straightforward. We installed a dust cover fabricated from polyethylene �lm that sealedthe upper part
of the mirror. In the future we will usedust capsinstalled above each actuator location on the cold plate.

� Cold plate cooling water leak: the cold plate is made of an aluminum disk with channels milled for the
water distribution, a seconddisk is glued on the top surfaceto sealthe channels. Several leakswere found
at the interface betweenthe two disks. This problem was initially addressedby disconnectingsomeof the
water channelsbut, unfortunately, as more channelswere disconnected,more started leaking until all the
water 
o w to the cold plate had to be disconnected.The short term solution at the telescope was to run
without cooling. This causedthe mirror to be approximately 10� C warmer than ambient. The solution
for the next run will be to install an external cooling system that will reduce the � T with ambient to
only a few degrees.The long run solution will involve replacing the plate.

� Primary to secondaryseparation: the adaptive secondarywas found to be 12mm too closeto the primary
mirror. This causedthe focal plane to move almost 4m away from the nominal position. This problem
could not be addressedat the telescope since it would have involved major mechanical modi�cations.
The problem will be solved for the next run by thinning several interface plates, including the one that
connectsthe adaptive secondaryto the telescope's movable hexapod.

Despite all the problems encountered we were able to operate the mirror for one full night in the wind with
a variety of tracking and slewing conditions. Of course no object could be observed becauseof the large
displacement of the focal plane, but we were able to acquire very valuable data about the electro-mechanical
behavior of the mirror. In particular, with the mirror position command kept constant, we acquired mirror
position and forces while the telescope was slewing or tracking. Analysis of the data revealed that during
tracking the mirror is able to maintain its position within 5-10 nm rms surfaceerror without useof any optical
feedback (seeFig. 11) The sameresults seemto be valid during slewing, although on someoccasion(when the
telescope was moving in elevation) the error was somewhat larger. This test was performed at three elevations
(30, 45 and 75 deg) and three orientations with respect to the wind direction (0, 90 and 180 deg). The wind
speedwas always between20 and 30 Km/h.



Figure 11. Rms position error and rms force read back from the adaptiv e secondary when a constant command was
applied to all the actuators. The telescope was tracking an object at 75 deg elevation and pointing into the wind with a
speed of 25 Km/h.

6. CONCLUSIONS AND FUTURE DEVELOPMENTS

The adaptive secondaryfor the MMT is now in the �nal stagesof development. Although during the �rst AO
run problems related to the mirror prevented us from obtaining �rst light, we are con�dent that during the
next few months we will be able to operate the AO system and the adaptive secondaryat the telescope. The
result obtained during the last one and a half years in the lab show that the goal of obtaining the expected
performance(given the AO spatial and temporal resolution) is achievable.
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