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I. INTRODUCTION

To increase the collecting power and to improveathgular imaging resolution, space telescopes\arieiag
towards larger primary mirrors. The aerial densityhe telescope mirrors needs to be kept low, vewdo be
compatible with the launch requirements. A lightigie (primary) mirror will introduce additional apal
aberrations to the system. These may be causeat lnystance manufacturing errors, gravity releask a
thermo-elastic effects. Active Optics (AO) is a leandidate technology to correct for the resulteante front
aberrations [1].

One important element in the adaptive optics coimechain is the deformable mirror, which correfoisthe
aberrations by manipulating the wave front. Whigdodmable mirror technology for ground based apidns
is already widely available and reasonably matiarespace applications several development stegd tebe
made to comply with the different set of requiremseihis is mostly due to the challenging environtnaigh
reliability requirements, and the specific natuf¢he adaptive optics correction loop.

Several groups are working on deformable mirrohtetogy for space applications. One example is the
Actuated Hybrid Mirrors (AHM), which is a joint delopment of JPL, LLNL and Xinetics [2]. This defoabie
mirror technology is based on electrostrictive Pipe actuators on the back-side of the mirror.

The ‘Unimorph deformable mirror for Space applioas’ has been developed by the University of Muamst
utilizing piezo-ceramic disks, oriented in a radiakey-stone pattern at the back of the mirroetheet [3].
The mirror by CNRS-LAM [4] is a 24-actuator, 90-ndiameter adaptive mirror which is based on piezo-
ceramic actuators in a peripheral lay-out. Theatotulay-out is dedicated to deal with a low orded known
set of Zernike modes.

Within the frame of an ESA research project (TRBQ is currently developing a deformable mirror (PM
designated to be used in an AO system on-boartleefapace mission, such as an earth observatieltitea
with a large monolithic primary mirror. The DM dgsisupports relatively large apertures, such tiatrhpact
of field dependent wavefront errors is limited whesing a single conjugate-plane wavefront corrector
TNO’s DM concept utilizes electromagnetic actuatehich has several important advantages, suchgés hi
reliability, highly linear actuator response, aod/Ipower consumption. In order to verify the penfance of
the newly designed electromagnetic actuators, e strip of three actuators has been builttested,
showing a highly linear actuator response. Inpiiger the design of the DM for space applicatisrfarither
described, and the results of the actuator testprasented.
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Fig. 1. First deformable mirror prototypes of TNO, contain61 (left), and 427 actuators right [5].

[I. DM TECHNOLOGY FOR SPACE APPLICATIONS

Over the last decade TNO, in collaboration withtéehnical universities of Eindhoven and Delft, eleyped a
deformable mirror concept using electromagnetiaatorrs [5]. Two prototype mirrors have been buithvél
and 427 actuators in a hexagonal grid with 6.3michpis is shown in Figure 1. These prototypes have
demonstrated the feasibility and potential of tdectromagnetic actuated DM design. TNO is curyentl
developing a new version of the DM actuators, whithbased on the variable reluctance principle [6]

A. Renewed electromagnetic actuation principle

Fig. 2 shows a strip of three of the renewed electromiagaetuators, designed for a minimal 18 mm actuato
pitch. The actuator consists of a soft magnetic @ore which is press-fitted into aluminum housiadever
with the moving plunger is cut out via wire EDM. & magnetic circuit is pre-energized via two permane
magnets, one above and one below the plunger. \Wiegplunger is in the middle position, the forcesf the
two permanent magnets cancel each other out. Bor@inagnetic coil mounted at the lower end of the
actuator generates an additional magnetic fluxutjinche magnetic core which results in a net forcéhe
plunger. The force on the plunger is transferrethéoface sheet via a lever and a thin metal sthg.actuation
principle is scalable for various actuator pitchstarting at about 4mm, and up to several centirpete

Fig. 2. A strip of 3 prototype electromagnetic actuatorbé used in a deformable mirror. This strip enahle
rectangular actuator grid with a minimal pitch &ndm
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To verify the actuator response, the strip of thmegtotype actuators is mounted in a test-rig ifclvleach
actuator is pushing against a lever, as showngn3-iThe stiffness of these levers is designed tolibeé same
order of magnitude as the stiffness of the facetsHée stiffness of the lever and actuator aribiekd via a
force probe. The motions of the levers are measuieed capacitive displacement sensor. Eighows the
measured force response of the 18mm pitch actt@mtorcurrent of £300mA. As can be seen, the actsitows
an almost perfectly linear response up to the ghattthe magnetic core material starts to satufatmear
region is selected between +150mAmps, which comedg to a force output of £8N which is far suffiti¢o
meet the required actuator strokes. The lineaxigr this range is measured to be within 99.5%. Mbeor
constant is measured to be 52 N/Amps, which witbibresistance of about ZX4gives an actuator efficiency

of agee = 38N /AW.

Cap sensor Lever Actuator strip

Fig. 3. Actuator test-rig. The actuators are pushingreda lever which stiffness is similar to the siifés of
the face sheet in the DM. The displacement ofékierlis measured by a cap-sensor. The stiffnefedévers
are calibrated via a force-probe
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Fig. 4. Actuator force response for a £300mA driving catréblue and red curve). The black solid line shows
the linear fit over the £150mA range over which thece output is +8N. The linearity over this rarig€9.5%,
and the hysteresis is less than 1%.
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B. Applicability for space applications
While the electromagnetic DM concept is developedvarious adaptive optics applications, it hassaikey
advantages which are making it highly suitablesfmaice applications:

High reliability

The electromagnetic actuators are inherently highliability due to the lack of wear, aging or depization.

On top of that, the drive electronics and actuatils can be duplicated for redundancy without mimgpact on
the overall systems complexity or mass. This redanog on active components significantly increases t
overall reliability and safety of the DM system,daiss typically required for such active componentspace
applications. Furthermore, the actuator stiffnems loe tuned to be relatively low which increasesabtuator
coupling in the DM response. Due to the high aciua&bupling the neighboring actuators are capalble o
compensating for a failed actuator to a large ektemnimizing the impact of a potential actuatafuige on the
optical performance. This is as opposed to thdivela stiff piezoelectric actuators which lock tface sheet in
case of failure.

Low drift

The update rate of the AO loop in space applicasorery slow as compared to most other AO appbicatdue
to the limited photon flux available for wave fra@nsing. Sampling period will range between sesadto
several months, depending on the application. Tkeidrequired to maintain its shape in betweengiaiods
of the AO update rate within dozens of nanomeiBhgs sets high requirements on the mechanicallijabf
the DM structure and the stability of the actuators

Shape drift of the mirror can have many sourcesh s1$ thermal elastic behavior of the mechaniestétal
drift, or creeping behavior in the mechanics ouatibn. Therefore, the full drift performance afystem
should be quantified at system level in a relemvironment. However, the electromagnetic actudtarisitate
a highly stable DM design due to the highly staisd constant force output of the actuators. Thikesto the
fact that the electromagnetic actuators do noestifbm creep behavior, as opposed to for instgnEzo-
electric actuators. Furthermore, these actuattre #or low complexity and statically determinedonting of
the face sheet which minimizes potential drift tuéhermal elastic behavior and potential strelesases and
micro slip in the mechanics.

Linearity

Due to the slow update rate of the AO control Idapt convergence of the AO loop is required ineottd keep
the up time as high as possible, and to effectigelyect for slowly varying aberrations. This regsihighly
predictable and linear behavior of the actuatosssiBown in Figure 4, the non-linearity of the alectagnetic
actuators is very low (<0.5%) which enables fastvengence of the AO control loop.

Scalable to large aperture DM

Since the aim of adaptive optics in space appbaatis to correct for the aberrations mainly stengnifom the
M1 mirror, the DM will be optically conjugated tbeé M1 mirror. One important benefit of relativelyde DM
dimensions is the reduced anisoplanatic errornitig for effective wave front corrections over lardields of
view with a single DM AO system. Furthermore, &isigntly large DM does not require additional relaptics
to project the M1 image on the DM which would othise reduce the throughput. TNO’s electromagnelt D
concept is highly scalable starting from an actupitch of 4mm up to several centimeters. Thisaluidity also
allows high flexibility in the optical design to timize the DM dimensions for optimal optical perfa@nce.

L ow power dissipation

The power dissipation of the DM must be low sirtoe dvailable power on board the satellite is lichi@nd
because heat dissipation on the DM may cause additthermal drift of the optical system. The power
dissipation of the electromagnetic actuators iy V@ due to the high actuator efficiency, and fiaet that the
inductive load of the coils can be driven by higéfficient Pulse Width Modulated Amplifiers. Thaabpower
dissipation for the 57 actuator DM depicted in Feg@ is estimated around 5Watts of which only about
0.3Watts is dissipated in the actuators of the B¥dli. Such low power dissipation fits well withtime
requirements for space applications.
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[ll. DESIGN CASE FOR EARTH OBSERVATION

In the framework of an ESA TRP study, TNO is furtlikeveloping the electromagnetic DM technology for
both space science and earth observation applisati€ig.5 andFig. 6 show an impression of a DM designed
for space applications using 57 electromagneticadots. The dimensions used here are based onna 3.5
aperture earth observation telescope, in whichDM is the ' mirror in the optical layout at a position
conjugated to the M1 mirror. In this configuratitihe DM is positioned on a 2%ngle with respect to the
optical axis, such that the optical beam diametethe DM is 430x475mm. The actuator grid is choseger
than the optical pupil to provide sufficient mirrsinape control at the boundaries of the opticall prgsulting

in an overall mirror size of an elliptical 610x6768m The design is based on the identical actua®shown in
Fig. 2, which are mounted on a supporting structure. mheor membrane is 3mm thick and interfaced with th
actuators via a whiffle tree structure to proviteexen distribution of the actuator forces, andimah gravity
quilting during on ground testing. Based on the imaxn actuator force levels and the mechanical n&$
within the system the achievable strokes of this &l >20um free stroke and >5um inter actuatokstro

"
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Fig. 5. Impression of the DM for space applications base87 electromagnetic actuators as shown in Figure
The mirror dimensions are an elliptical 610x670mm.
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Fig. 6. Backside view of the DM for space applications.
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IV. CONCLUSIONS &0OUTLOOK

TNO is developing electromagnetically actuated defible mirrors which are highly suited for space
applications, due to their high reliability, highéarity and low drift. A renewed actuator concispdeveloped
and tested with increased actuation efficiencerms of power and volume. The DM concept is scal&bl
relatively large dimensions which are a particaldvantage for space applications to minimize thgaich of
field dependent wave front errors when using alsingnjugate-plane wave front corrector.

Within the frame work of the ESA TRP study, TNGasgeting to build a 57 actuator DM prototype based
the renewed actuator technology as depicted in7ighis prototype design is a scaled down versiotheDM
depicted in Fig5 and Fig.6, with a mirror surface of @160mm. This prototypk! is designated for the
adaptive optics correction chain demonstrator, twiscaimed to demonstrate the potential of adatptecs in
space applications.

Fig. 7. Impression of the DM prototype designated fordtaptive optics correction chain breadboard.
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