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ABSTRACT

Building on the technology developed to build defable secondary mirrors for large telescopes, wevghat a new
breed of tip-tilt and low order deformable mirraran be designed to satisfy the need of a large aumbtraditional
astronomical AO systems that rely on a high ordez@ deformable mirror compounded with a tip-tilirmor to
compensate for the large image motion presentdratmosphere. Using a new paradigm, we are devgj@rcompact
50mm deformable mirror which benefits from a laogenputer power used to implement powerful contigbathms
that allow speeding up the mirror response. Freath the space and geometrical constraints thatrihedole secondary
mirrors must respect, our mirror also displays afegimplicity and compactness.
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1. INTRODUCTION

For over a decade now, there has been a significaetest and much work done toward developing rheédble
secondary mirrors (DSM) for use on astronomicalpétiga optics (AO) system. This effort has alreadgduced a 336
actuator mirror working on the 6.5m MMT adaptiveiop systerh®*. This mirror is actually a full size prototype ds®
gather experience on all aspect of the complexni@olgy involved, but it is producing science-gradsults. See for
instance references 5 and 6. Today this technabdpeing pushed towards higher order deformableonsir(DM) for
use on the LBT (672 actuators)’ and the VLT (1170 actuator§) However, a niche for the use of these mirrors has
been neglected so far: the possibility to use #imaes mechatronic configuration as the DSM to prodsiogple and
compact tip-tilt mirrors of high speed and higlok# for various applications. Having identifiedsthmiche, the Applied
Optics lab of the West Switzerland University ofpipd Science has started the development of al §6Ghm) low
order (5 actuators) deformable mirror, to expldre design parameters offered by the more relaxenloement of an
optical bench.

2. SYSTEM CONSIDERATION

Commercial off-the-shelf solutions exist in theldi®f tip-tilt mirrors (also called “trackers” oteering mirrors); some
with remarkable throw and/or spé&dThese devices are not offered with position aletd systems and the system
integration is left to the customer, with the adege that it can be optimized for each applicatidowever, when
targeting AO systems with tight wavefront error (BjJFoudgets, one sees that the high speed of themsg not
sufficient to allow high speed closed loop opermatioth sub millisecond settling time. This is whyeattage industry has
developed in academia, offering custom solutiotheoastronomical AO user. To our knowledge, thedatisns are all
based on rather traditional piezo actuated gimbaRex structures, which guarantee stable opanatioder all but the
most aggressive conditions. They use various tgpeigh-end position sensdfs

On the other hand, the DSM’s make use a voiceamilator (i.e. a force actuator unlike the piezactvlis a position
actuator) where a magnet is attached to a glasssousnfloating over a mechanical reference. Sojphigtd multi-
variable control methods using a blend of feedtzauk feedforward have been developed to controlrakliendreds of
actuators in parallel. In this case, the complegityhe control architecture is both a drawback anolessing: It is a
drawback because it forces the designer to pravigisignificant amount of processing power justatd the mirror in
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place. But it is also an advantage because thisepsing power can be used to program powerful gbalgorithms that
are out of reach of regular analog controllers the ones customarily used on tip tilt mirrors.

Another consideration makes the use of voice-coilvated mirrors attractive: The closed loop baruttviof the

traditional flexure or gimbals design is intrindlgalimited by the resonant frequency of the ostidr made of the
flexure’s inertia (with the mounted mirror) and thiezo springiness. Even with FEA optimized desithis frequency
can hardly reach 1kHz. Systems complete with ctlatrand voltage amplifier will have closed-loop nolavidth

significantly lower than this. On voice—coil actigd DM’s the inertia is dramatically reduced beeatlsee meniscus
mirror is essentially free floating, with only tlaetuators’ magnet adding to its inertia. The “sgitiof the potential
oscillator is now made of the controller which pagders are largely in the hand of the designer.

ASM'’s must satisfy a large set of constraints du¢heir location: Variable gravity, wind, tempenawariation, form
factor. The DM we are building will not work in sua difficult environment and this frees severaige parameters:

The mirror is not meant to be installed in a cesried telescope system: It is possible to have thehanical
diameter of the mirror larger than the optical déen without vignetting the beam. This allows hodithe
meniscus by the external edge, simplifying theduil

The mirror is designed to work on a bench and thectmnic control can be dissociated from the
optomechanical part. This makes the electronicgydesd the packaging much simpler.

The mirror is designed to work in vertical positidrherefore, the gravity quilting is not a dimemsig factor
for the meniscus thickness. Its is dimensioned byufacturing considerations and the gravity induseading
caused by the weight of the magnets (see figurg xxx

Another factor that we can take advantage of idithiged diameters of our DM. This imposes a muaimner
reference body and allows shorter actuator lerigtls in turns decreases the thermal resistance.

3. OPTOMECHANICAL DESIGN
3.1 General concept
The general concept of our DM is the same as tleepomsented ify but we repeat it here for completeness:

A deformable glass meniscus (1.5mm thick) with negmglued to its back surface. A stop located extotlter
edge of the mirror hold the mirror when unpowered.

A copper platedold plate) that provides support and cooling for the acttsat@his plate forms the external
mechanical interface to the DM.

A thick (10 mm) glass platerdference plate) fixed to the cold plate. It is held in positiory three ball
bearings and an O-ring. This plate is consideradli@ body to which the thin deformable meniscus ba
referenced. The coil cold-fingers, pass througlesblored in the reference plate to reach the mesisc

The electromagnetic actuators. For each actuatamilais placed atop a copper cold finger facedtte
corresponding magnets bonded on the back of thentirror.

The meniscus position sensors. For each actuampdsition is sensed using the capacitive sensing the
variable capacitance between a electrode depamit¢lde back the meniscus and an annular electrepiesited
around the actuator hole in the reference platehB#gnal is conditioned and amplified by an anatoguit
placed in the immediate vicinity of the actuator.

A control electronics unit with the necessary cotiqgupower, electronic conditioning for the distarsensors
and power circuitry for the actuators.
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Figure 1:functional break-down of a voice-coil activatedatefiable mirror




3.2 Reference plate

Sine our target position resolution is a few thaamaeters, the reference plate must have a stabfligpout this order.
Other drivers are manufacturability, ease of moant| reliability.

Mechanical stability is reached by avoiding makinyperstatic system. The reference plate is helthage ball bearings
that define the plane of reference f the wholeesystRotation and translation are constrained byyapgpa light load

with an O-ring. This will of course cause a locatizstress and this is why having a reference phaté enough is
necessary.

Reference plate temperature expansion must be @sasrpossible. The material of choice for ASM<Zerodur® with
a coefficient of thermal expansion (CTE) of 0.1*¥0* for the lower grade. It is however rather diffictd machine and
to figure optically so the reference plate mustbesimple as possible. At the scale of our DM hawefused silica is
quite satisfactory, because the larger CTE camduied for better thermal conductivity

Figure 2: Cut through the reference body:
An O-ring presses the reference body on the
ball bearings which form the reference
plane. The large piece is the chassis of the
system

One important aspect of the design is that thetipossensors, in the form of annular capacitors,daposited directly at
the surface of the reference body. They can be seEigure 2. Thanks to the reduced number of dotakapacitors
pairs, we were able to route the connection lireeghe electrodes to the edges of the mirrors wihleeg can be
connected easily to the preamps. This elegantiyesabne of the severe problems that has hampeeeltiT 336 DM
since its early days, but unfortunately it is nzdlable to high order DM’s.

3.3 Deformable meniscus (Mirror)

For thermal expansion reasons, the deformable mgnmade of Zerodur®. Its mechanical constantsevimplemented
in an FEA study for evaluating the required thickmef the mirror. We must add here that we intenase the mirror to
correct more than just the image wander but toeobralso the lower atmospheric modes, in partictilarfocus and
astigmatism. Therefore, due to the meniscus rigidittompromise must be found between defocuses&ol thickness.

Figure 3 Effect of magnet torque due to gravity (arrow)wét  Figure 4 Deformation induced by pushing with 1 N on center
mirror of 0.5 mm of thickness. 45 nm peak to val(@9 ptv and -0.25 N on the other actuators. Peak to vaidgrmation is
WEFE). This value is 6nm ptv WFE with a thicknesd. &mm 1.2um peak to valley



We can see that the stroke of defocus is modesit Buabsolutely necessary to make that sacrdtberwise the bumps
due to magnets weight would be optically significan

3.4 Flex structure

To hold the meniscus mirror we are using a flemdtire. The flex structure must hold the menisetsrally without
impeding the tip-tilt motion. The thermal expansiointhe flex structure is not the same as the drie mirror and
therefore, care must be taken that this differefuses not translate into mirror deformations.

Figure 5Flex structure design. It
provides lateral support but only
minimally constrains tip, tilt and
piston. This design is
manufacturable on a conventional

machine tool (no laser or water  rigyre 6. A tip-tilt induces with 0.1 N pushing a@d. N pulling. At the limit of
dicing). entrance pupil (D = 50mm) we have a 200 um pealaliey tip-tilt. Stiffness of
flex structure is very low and will not make acratheat too much

Flex structure is made of aluminum alloy 1060. @f6E is quite different from CTE of Zerodur®. Theffdiential
expansion between mirror and flex structure mustrit@ely taken over by the flex structure. It'sythe first ring is cut
at middle part. The mirror is glued on two poiniardetrically opposites and near from the gaps erfitiat ring.

3.5 Modal behavior

Thorough analysis of modes is necessary for predantages on the mirror when he is used in resdnaauiencies.
With five actuators, five mechanical modes are gmes

piston tip Tilt

Fres = 28.4 Hz Fres =46.9 Hz Fres =49 Hz




Figure 7: There are modes that are in
useful bandwidth. But the analysis didn’t
includes squeeze-film air damping due to
the proximity of mirror too reference body.
Squeeze film air damping is really useful
to avoid damaging mirror at Fres.

defocus astigmatism

Fres = 2219 Hz Fres = 2028 Hz

4., CONTROL SYSTEM AND DYNAMIC SIMULATIONS
4.1 Context

Because time has elapsed since the present daywt&ve designed and the simplified system we arsidering , we
have revisited the architectural trade studies léthto the MMT and LBT designs. Originally, oneth& goals of our
study was the design an actuator with a bettecieffcy in terms of N/WP. In particular, we considered addin a
magnetic circuit to better guide the field. Howeviebecame quickly clear that the radially magredi magnet over a
axial coil was a best choice for our applicatiomeiiefore, the study has focused on the controliteatbre and the
choice of processor.

4.2 Models
We have used the following mirror configuration

The complete control architecture is representedhin
figure below. Let us review the building blocks:

Target: This is a multi-dimensional vector with
the target position of each actuator.

Controller: Implements the position control of
each actuator

Actuators: This block holds the current loops, the
model of the E-M circuit. The input is the current
target and the output is the actual current.
Meniscus: Model of the mirror. The input is the
actuators currents vector. Output is the actuators
position vector.Gap sensors

Feedforward : Generation of the feedforward
command. See below.

Figure 8: The following mirror parameters have been
assumed: Initial gap: 50 micron; meniscus thickness
1mm, Material: Zerodur (2530 KgAr91 GPa Young
modulus, 0.24 Poisson modulus.) The actuators B2vE
and 244nH

The controller implemented is a simple multiple SI&ith PID’s for each actuator. The actuators aredr L-R circuits
with current loop and voltage saturation. The dbkep bandwidth with the analogue controller cotepuis about
90 kHz. The gap sensors are modeled with a gally ab noise. The feed forward command is generstiitally: It



produces a command equal to the final values egdeafter the transient. It is derived from thefstfs matrix K,
giving the forces required to hold the deformabkniscus in any position.

fo =K Ugy

The only sophistication in our model is the squdeaie damping force: The coefficient of dampingc®for an annular
plate is obtained frort":

_3ma’A
ann 2h3
Where A= &, =b/a (outer and inner radius) and)gé:

C *g(h)

@- h*)*

In(h)
For tip and tilt modes, an area is defined arotnedactuator who pulls the mirror. Others areasargected because of
the K at denominator. The mirror is supposed to be at BOfrom reference plate. Resonant frequencies fotilti
modes are about 50 HgJ(/) is fixed by devices geometry. Finally we fifd,,,= 4.3. Stiffness of flex structure found
by simulation is K = 800 N/m. The system transferdtion model:

gh) =1- h* +

A
H(s) =
1.
1+ —s+-—s
W,
Z is proportional toC,,,,, W, = 2. .Fres
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Figure 9: Global control architecture. The commahthe 5 actuators is the sum of the feed forwantigonent and the
feedback through the controller. Our intent isxplere the possibilities offer by a fully multivalle control but the
simulations so far have assumed a localized cowdithla vectorized feed forwards.



4.3 Performace

After turning of the controllers to optimize thespenses (in the frame of the PID controllers) wd ap with two
different controllers: one for the central actusaad one for the ones on the mirror edge. The Eig0rshows the step
responses obtained using a static feed forward @mm

With the favorable hypothesis that the meniscuk @snm thick, the expected 10%-90% rise time is adolO0Ons and
the 10% stabilization is about 5@8. One also sees that the feed forward is pivetabtaining a fast response. To take
full advantage of the embedded computer power, axe lalso simulated the systems response when asitypamic
feed forward command: i.e. the force command vectonputed from the actual meniscus positions al saenpling
period.
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Figure 10: Step response of the central (top) amd a Figure 11: Step response of the central (top) and a
external actuator (bottom) at TO+3ms repectively external actuator (bottom) at TO+5ms repectively-ais.
TO+5ms. The blue and red curves are without antl wit The blue curve is with static feed forward and ted
feed forward repectively. The actuators are coupledi  curve is with dynamic feed forward. The couplingvizen
each actuator’'s response will disturb the otheFise actuators is significantly reduced and the trandiehavior
static downward feed forward force is applied befire is improved. Note that on both figures the horiabistale
upward force induced by neighbor actuator is felt. is given in milliseconds.

Hence the down-and-up motion on the bottom graph.

Note also the tremendous improvement in rise time

brought by the feedforward command

5. TESTS AND MEASUREMENTS

5.1 Project status

Different organizational and procurement problenasehdelayed the implementation phase of this proged the
present status is that

The opto-mechanics has been designed and built

The glass is being manufactured. For procuremersiores, both reference plate and deformable menisdes
in fused silica in a®lphase.

The electronic circuits have been prototyped aedittal design is being routed



The control software implementation is nearing #md at the time publication. The DSP chosen is a
TMS320C6727. The sampling frequency of the positiontrol, as measured using the final circuits) v
around 80kHz or somewhat below the targeted 100kHs essentially limited by peripheral and memory
access. Therefore, we expect that the test of saphisticated algorithms than the localized feetklvee have
baselines will be possible without major impactios sampling frequency.

5.2 Capacitive sensor

The capacitive sensors circuit has been prototypsidg a servoed x-y piezo stage from Physik Insémie, the
dedicated pre-amp and conditioning circuits foraste the final design and an off-the-shelf acdigsi board. The
capacitor electrodes were made off two circularmahized mirrors. Because the resolution of the »tage control is
only 100nm, we used a setup were the plates displant was lateral rather than axial and this altbveplicating the
effect of nanometer scale gap variations.

By comparing Figure 12 and Figure 13, one can lsatthe voltage measured at the arbitrary zerdiposiluring the
lateral displacement measurements correspondgap af 31nm.
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Figure 12: Calculated Output voltage versus gapecur  Figure 13. Measured output voltage versusdatisplacement.

Given the non-linearity of the capacitance resppose can compute that a sensitivity of S=189 n&¥/agap of 100m
is required to be able to discriminate 10nm witt6abit transducer. The gain of the circuit measunedrigure 13 is 1.37
V/pF, and the noise is 96V or s, = 0.66e-3 pF. Therefore the resolution possibie KS< 4nm

5.3 Thermal dissipation

A mock-up the opto-mechanical structure has beélh foutest the thermal behavior of the design e@msThe major
lesson is that the thermal conductivity betweendbié and the base plate is <2°K/W, a fourfold imm@ment over the
results reported if?.



Figure 14. Thermal mock-up of the DM

6. CONCLUSION

We are developing a tip-tilt and low order correntb-actuator deformable mirror to explore the fmlkitses offered by
the voice-coil actuators co-localized control tembgy pioneered at Osservatorio di Arcetri. Takattyantage of the
lesser constraints of a bench mirror, we were abttesign a much simplified opto-mechanical mouithwhorter
actuators and separate electronics. It has thengatya of having a full aperture which can makaetiaative for
applications outside the astronomical communitgniBations show that sufficient computing powemigplemented to
run the DM at 80kHz using a single DSP and higkes{@00nm ptv WF) high speed response is guaraigduk use
of high voltage current loop. We are impatientlyagtimg the delivery of the glass and the final &legics to start
imtegration and characterization of our DM.
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