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Abstract: We have developed and manufactured a unimorph deformable
mirror for space telescopes based on piezoelectric actuation. The mirror
features 44 actuators, has an aperture of 50 mm, and is designed to repro-
duce low-order Zernike modes with a stroke of several tens of um. We
assessed the space compliance by operating the mirror in thermal vacuum,
and exposing it to random and sinusoidal vibrations, as well as to ionizing
irradiation. Additionally, the operational life time and the laser power
handling capability were tested. The mirror was successfully operated in
thermal vacuum at 100 K. We report on the conducted tests and the methods
used to evaluate the mirror’s performance, and discuss the compliance with
the demanded requirements.
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1. Introduction

First proposed by Babcock in 1953 [1], systems for active wavefront control matured in the
1990 years. Mainly used in large ground-based telescopes to correct for atmospheric turbu-
lences [2], the potential of adaptive optics to improve image quality in microscopy and ophthal-
mology, and to control laser beam profiles, soon became apparent [3—5]. The term “adaptive
optics system” usually refers to systems having large correction bandwidths, sometimes up to
several kHz. To distinguish these from systems which operate with correction bandwidths of
1 Hz or less, the term “active optics system” is often used [6]. The wavefront corrector(s) in an
active or adaptive optics system are sometimes referred to as “the” active optics. Today, most
major ground based telescopes are equipped with an adaptive optics system for atmospheric
compensation. These systems are considered a key component of the telescope, rather than
merely an add-on. Telescopes having a segmented primary mirror, such as the W. M. Keck
Telescope, additionally employ active optics systems to align their mirror segments.

#252901 Received 1 Nov 2015; revised 18 Dec 2015; accepted 3 Jan 2016; published 20 Jan 2016
(C) 2016 OSA 25 Jan 2016 | Vol. 24, No. 2 | DOI:10.1364/0E.24.001528 | OPTICS EXPRESS 1529



Active optics for space telescopes faces different challenges than adaptive optics for ground-
based telescopes. In a space telescope, the main source of wavefront errors are distortions of the
primary mirror. The design of space telescopes with large primary mirrors requires structures
that are segmented and lightweight, since the primary mirror’s mass and size are limited by
the constraints imposed by the launch vehicle. Lightweight structures are prone to deformation
due to thermally induced stress, mounting stress, and stress due to gravitational release. Beside
the aberrations of a warped primary, deformations of the telescope structure may generate ad-
ditional aberrations. Active optics ease the requirements on the rigidity of the optical train, and
allow for on-site correction of aberrations.

On-site alignment is already considered a necessity, especially for space telescopes that op-
erate in unserviceable orbits such as the James Webb Space Telescope (JWST), which is sched-
uled to be launched in 2018 and will operate at the Lagrangian point L2. JWST will be equipped
with an active optics system to align each segment of its primary mirror and the secondary mir-
ror, and to adjust the curvature of the primary mirror segments [7]. A prominent example of the
necessity for active optics is the Hubble Space Telescope. Beside the well-known polishing er-
ror of its primary mirror, it was discovered that the alignment of Hubble’s Wide-Field/Planetary
Camera (WF/PC) was drifting over time. To tap Hubble’s full potential, a subsequent service
mission was scheduled to install a spare camera (WF/PC-2) which included optics to compen-
sate for the polishing error of the primary mirror, and an actively controlled tip/tilt mirror to
enable on-orbit alignment [8].

1.1. Active optics for space applications

The active optics used in the Hubble Space Telescope and the JWST only allow for few de-
grees of freedom, which may not be sufficient to correct for the aberrations of even larger
primary mirrors. Until now, active optics for space applications face an ongoing development.
Beside new concepts which aim for active primaries [9, 10], the approach presented here uses
deformable mirrors with many degrees of freedom for dedicated wavefront control at a plane
conjugate to the primary mirror.

The first study conducted by the European Space Agency (ESA) on the topic of deformable
mirrors for space applications was performed at the end of the 1990s in the course of the ”Adap-
tive Optics Technology” research program. In the scope of this activity, a membrane microma-
chined deformable mirror (MMDM) with a clear aperture of of 50 mm and a dedicated working
aperture of 35 mm was developed for the correction of low-order Zernike modes with a stroke
of several um [11]. The mirror is well suited for the correction of low-order aberrations, it is
lightweight, inexpensive, and exhibits only negligible hysteresis. However, it is difficult to scale
the membrane mirror technology to much larger apertures, limiting its use for the correction of
large primary mirrors. In [12], three MMDM:s have been tested in thermal vacuum at cryogenic
temperatures. The authors reported an increase of the non-spherical initial surface deviation
from flat at 78 K, which was strong for two, and moderate but correctable for one of the tested
mirrors. The mirrors were not specifically designed for cryogenic applications.

Another important technology is based on micro electrical mechanical system (MEMS) tech-
niques [13, 14]. MEMS mirrors are lightweight, have low power consumption, and can be man-
ufactured with a high actuator count. Their stroke is limited to a few micrometers. They enable
high spatial frequency wavefront correction with negligible hysteresis, which renders these
mirrors suitable for high precision wavefront correction in their regime. A MEMS deformable
mirror has been tested in thermal vacuum at cryogenic temperatures [15]. Only small changes
of the surface figure at 95 K were reported. MEMS deformable mirrors successfully underwent
vibration tests, and a 32x32 element mirror was launched on board a sounding rocket in 2011
as part of an imaging instrument [16], showing that the technology is space compliant.
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In 2003, a deformable mirror for space applications based on electrostrictive actuation
was presented [17]. This stacked-array deformable mirror with an aperture of approximately
160 mm should operate at cryogenic temperatures between 35 K and 65 K. The specifically de-
veloped actuators delivered a stroke of approximately 3 um over the full designated temperature
range. The drawbacks of this technology were the limited stroke of the mirror and the high mass
of approximately 5.9 kg. Due to the strong temperature dependence of the used electrostrictive
material, the actuation technology is limited to a rather small temperature range.

A more recent example is the MADRAS (Mirror Actively Deformed and Regulated for Ap-
plications in Space) deformable mirror [18]. Implementing a different design compared to pre-
vious deformable mirrors, MADRAS was specifically designed to correct for aberrations of
a 3m-class lightweight primary mirror in space environment. The mirror has an aperture of
90 mm and is able to create specific Zernike modes with a stroke up to 1 um with a high ac-
curacy of better than 10nm RMS deviation from the target surface. The actuator geometry
mitigates actuator print-through, still provides sufficient correction capability in case of ac-
tuator failure, and includes means to clamp the mirror during launch. Influence of the space
environment and the vibrations during launch have been assessed numerically, but no results
from conducted tests have been published so far.

In the course of a project funded by ESA, we have developed and manufactured a deformable
mirror based on piezoelectric actuation that is space compliant. This was a generic technology
development for a deformable mirror which can be used in an active optics system for a future
large space telescope. The mirror should deliver low order Zernike modes with surface peak-to-
valley strokes of 30 um (60 um wavefront) in defocus mode, 5 pm in trefoil mode, and diffrac-
tion limited surface quality over an aperture of 50 mm. It should operate in thermal vacuum at
temperatures between 100 K and 300 K. Furthermore, the mirror should be able to withstand
laser energy fluences up to 5 J/cm? at a wavelength of 1064 nm. To the best of our knowledge,
at present there is no mirror with similar specifications that is space qualified.

1.2.  Design considerations

For the required specifications, the unimorph design was identified as a suitable candidate.
Unimorph deformable mirrors are compatible with apertures of 50 mm, which are difficult to
achieve with membrane-based mirrors. They can be built from a small number of CTE-matched
components, rendering them insensitive to temperature fluctuations. The mirror’s stroke is de-
termined by its aperture and thickness. Thin mirrors allow for large strokes, but are prone to
stress-induced surface deformations, which have to be accounted for during the manufacturing
process.

Unimorph and bimorph mirrors are actuated by forces which lie in a plane parallel to the
mirror surface. Another actuation scheme is based on stiff actuators which facilitate actuation
by generating forces perpendicular to the mirror surface. This scheme uses, for example, arrays
of stacked actuators based on piezoelectric or electrostrictive materials. The achievable stroke
of these stacked-array mirrors is roughly proportional to the actuator spacing. For example, a
maximum surface peak-to-valley stroke of 7 um was achieved over an aperture of 49 mm with
an actuator spacing of approximately 3.2 mm [19]. A surface peak-to-valley stroke of 30 um
would require much larger apertures than 50 mm.

The unimorph design is compact and lightweight, since it does not rely on rigid support struc-
tures. Without such a structure on the other hand, the design is more prone to vibrations than
stacked-array mirrors [20]. The use of superpolished prefabricated glass substrates furnished
with a high-reflective dielectric coating also ensures high laser power handling capability.

A unimorph deformable mirror with specifications similar to the mirror we present here is
currently being developed by CILAS [19]. It features 63 actuators and shall deliver a surface
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peak-to-valley defocus stroke of 25 um (50 um wavefront) over an aperture of approximately
85 mm while providing diffraction-limited surface quality. The mirror’s front side is equipped
with a space qualified silver protected coating developed by CILAS. It already underwent op-
erational lifetime tests, results from environmental tests are expected at the end of 2016.

1.3.  Unimorph deformable mirror

Design and manufacturing of our mirror were published in [21]. The main component is the
unimorph mirror structure shown in Fig. 1. We refer to this as the “main mirror structure”. It
consists of a reflectively coated glass substrate which is bonded to a piezoelectric disc. The
overall diameter of the glass substrate is 64 mm. Due to the simple unimorph design, the main
mirror structures weighs only about 100 g. The area of the mirror that can be controlled with
high precision has a diameter of 50 mm and is equal to the clear aperture of the assembled
MirTor.

~~~~~
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Fig. 1. Main mirror structure. Left: back side of the piezoelectric disc in the spiral arm
design (top) and the bridge design (bottom). The difference between the two designs is
highlighted by the dashed red lines in the insets that trace the contour of the piezoelectric
disc. Mounting points are marked by the red dots. Right: schematic cross-section of the
main mirror structure.

We studied two different designs of the piezoelectric disc, shown on the left side of Fig. 1:
the spiral arm” design, featuring large tip/tilt amplitudes, and the “bridge” design, which is
mechanically stiffer at the cost of reduced tip and tilt. In the bridge design, the ends of the three
spiral arms are connected to the junction of the next arm. This increases the stiffness of the
arms, but restricts their bending capability. Since tip and tilt of the central disc is facilitated via
unimorph actuation of the arms, this modification leads to the reduced tip/tilt amplitudes. The
main mirror structure is glued to a mounting ring, which is fitted inside the mirror housing.
All mechanical parts are made of the Fe-Ni alloy Kovar, which has a coefficient of thermal
expansion similar to the piezoelectric material we use (PIC 151 from PI Ceramic) [22]. The
mounted main mirror structure and the assembled mirror are shown in Fig. 2.

This generic mirror had to be compliant with vacuum, large temperature variations, cosmic
radiation, high power laser irradiation, and vibrations imposed by the launch vehicle. ESA
further demanded an operational temperature range from 100K to 300 K. This paper reports
on the tests conducted to assess the mirror’s compliance with space environment and ESA’s
requirements.
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Fig. 2. Left: back side (top) and front side (bottom) of the main mirror structure in its
mounting ring. The area of the mirror that can be controlled with high precision has a
diameter of 50 mm and is marked by the dashed white circle. Right: fully assembled de-
formable mirror.

2. Environmental and performance tests

Three deformable mirrors, DM-1, -2, and -3 have been manufactured [21] and underwent dif-
ferent environmental and performance tests. Environmental tests were conducted according to
the standards defined by the European Cooperation for Space Standardization (ECSS) [23].

2.1. Thermal vacuum

To determine the mirror’s performance in vacuum at cryogenic temperatures, the first de-
formable mirror prototype (DM-1) was placed inside a vacuum chamber at EADS Astrium.
Temperatures down to 77 K can be created inside the chamber by using liquid (LN») or gaseous
Nitrogen (GN>). A photograph of the deformable mirror placed in the inner shroud of the vac-
uum chamber is shown in Fig. 3.

Temperature sensors g
Mirror surface
Mirror housing

Fig. 3. Deformable mirror DM-1 mounted in the inner shroud of the thermal vacuum test
chamber. Red dots indicate the positions of temperature sensors in proximity of the mirror.
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A schematic view of the experimental setup, along with an image of the optical bench located
in front of the vacuum chamber is shown in Fig. 4. The optical bench could be adjusted in 2
axes. All surface measurements were conducted at thermal equilibrium, using a high resolution
Shack-Hartmann wavefront sensor (Optocraft WFS SHS Lab 130-GE-UHR) with 116 x 116
lenslets, and a clear aperture of 15.1 mm in diameter. The wavefront sensor uses an internal
illumination module powered by a fibre-coupled diode laser with a wavelength of 635 nm. The
sensor’s absolute measurement accuracy is 22 nm RMS, the relative accuracy when calibrated
against a reference flat is 3nm RMS. A telescope consisting of two achromatic lenses with
focal lengths of 310.64 mm and 80.4 mm is used to adapt the wavefront sensor’s aperture to the
50 mm aperture of the deformable mirror. Image and object distances are chosen accordingly
as to relay the deformable mirror surface onto the lenslet array of the Shack-Hartmann sensor.
Astrium estimates the relative measurement accuracy of the whole setup with 8-10 nm RMS.

TV-chamber\ sh%er drives ?
: conjugated planes
Multi-layer insulator zf L e P
calibration|f chamber window
Inner LN2 shroud |Inner || outer ™Mo} )
Outer Bracl shuttell shutter Bea(\im ?xpan?mn Wavefront
khroudsy ’P .andrelay opties.  "coroor
electric L2 ] Light source~ "d’:I
CO0 00000 | N
heaters i -
00O Optical Bench
Ln2 Baseplate '

Baseplate

1:f = 80.4 mm |8 A WFS SHS Lab ||
1 =¥ 3 Esemme 130-GE-UHR ||

- | Light source: fibre-coupled
diode laser, L = 635 nm

Fig. 4. Top: Schematic of the thermal vacuum performance verification test setup, not to
scale. Bottom: Image of the optical bench located in front of the vacuum chamber. The
optical setup on the bench consists of a Shack-Hartmann wavefront sensor with integrated
illumination, and a beam expansion telescope consisting of lenses L1 and L2. The 6-axis
mount of lens L2 is fixed onto a translation stage to adjust the telescope.

We assessed the mirror’s performance at different temperatures by applying Zernike modes
Z3 (defocus) to Zjq (trefoil 30°) to the deformable mirror in closed-loop operation. Throughout
this paper, we use the Zernike notation of Wyant and Creath [24]. For each temperature, the
closed-loop operation of the mirror started at a surface peak-to-valley amplitude of 0.5 um for
each Zernike mode. Ten loop iterations were permitted to achieve a residual RMS-deviation
of the measured mirror surface from the target surface below 4 /14 (1 = 1064nm, Maréchal-

#252901 Received 1 Nov 2015; revised 18 Dec 2015; accepted 3 Jan 2016; published 20 Jan 2016
(C) 2016 OSA 25 Jan 2016 | Vol. 24, No. 2 | DOI:10.1364/0E.24.001528 | OPTICS EXPRESS 1534



criterion). Upon successful measurement, the Zernike amplitude was raised by 10 % of the
maximum Zernike amplitude of the respective mode (which was estimated prior to the tests) and
the next measurement was made. This procedure was repeated until one of the following criteria
arose: The residual RMS deviation from the targeted Zernike mode exceeded the Maréchal-
criterion, or the required voltage exceeded the maximum allowed voltage of =400V. In that
way, the maximum Zernike amplitudes that the mirror can produce within the Maréchal limit,
and the residual RMS-deviation from the targeted Zernike mode were determined.

300 T T T
M ) cycling

250 - .
X
= 2)
2 200+ =
2
o
8 150 - .
€
2 === Mirror Housing (3)

100 | — Mirror Foot 7

QO Performance Tests
50 I I 1 1 1
0 20 40 60 80 100 120
Time (h)

Fig. 5. Temperature profiles recorded by the temperature sensors indicated in Fig. 3 during
one cycle. The positions of the surface measurements are indicated by black circles.

The first measurement was conducted in the evacuated test chamber at ambient temperature
(approx. 294 K). Further measurements were conducted at 200K, 100K, and again at ambi-
ent temperature, after finishing one full thermal cycle. Figure 5 shows the temperature profile
recorded by sensors attached to the mirror housing and its mounting foot. Black circles indicate
that a measurement of maximum Zernike amplitudes as described above was performed. After
this first cycle, 8 cycles between 100 K and 300 K without intermediate surface measurements
were conducted. One final measurement was conducted after finishing the 8 cycles.

Figure 6 depicts the maximum Zernike amplitudes obtained during the first thermal cycle
and those after 8 thermal cycles. As can be seen, the mirror was operating successfully at all
temperatures. The maximum Zernike amplitudes decrease with decreasing temperature. Com-
pared to the amplitudes achieved at room temperature, the amplitudes decrease to 64 10 %
at 200K and 39+ 8 % at 100 K. This is expected, since the piezoelectric coefficients decrease
with decreasing temperature [25]. The decrease of the piezoelectric coefficient could poten-
tially be compensated by using higher voltages, since the dielectric breakdown threshold of the
piezoelectric ceramic increases with decreasing temperature [26]. For several Zernike modes,
the maximum obtained Zernike amplitudes after the cycling are larger than the ones obtained
before cycling. This is probably due to the fact that Zernike amplitudes were raised in steps of
10 % of the maximum amplitude. Finer steps may have resulted in smaller differences between
the amplitudes before and after thermal cycling.

In [27], the temperature dependent defocus stroke of a unimorph structure using the same
piezoelectric material that was used for our deformable mirror (PIC 151) is investigated. The
authors report a decrease in stroke with decreasing temperature to approximately 68 % at 200 K,
and 47.5 % at 86 K. The value at 200K is in good agreement with our observations, the stroke
at 86 K is slightly higher than what we observed. This can be explained by the different exper-
imental procedures. In [27], a voltage of 0.4kV mm~! was applied to the unsegmented back
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Fig. 6. Maximum Zernike amplitudes of DM-1 in thermal vacuum achieved at the perfor-
mance tests indicated in Fig. 5 (300K, 200K, and 300 K). The last performance test at
300K was conducted after eight thermal cycles between 300 K and 100 K.

side electrode of the unimorph structure at different temperatures. The surface figure of the
generated shape was evaluated for peak-to-valley deformation, and for the generated amount of
defocus. The contributions of additional Zernike modes to the total deformation was quantified
in [28], but these contributions were not corrected for since the unimorph structure is not fur-
nished with a segmented electrode. In our experiment, pure Zernike modes should be generated
by the deformable mirror. The quality of the modes was determined by the Maréchal-criterion
(RMS-deviation of the measured surface from the target surface has to be below A /14). If, to
achieve the demanded surface figure, a larger amount of the available voltage range must be
spent on the correction of thermally induced deformations at cryogenic temperatures, less volt-
age is available for the generation of the Zernike mode. In the following paragraphs, the amount
of the thermally induced deformations is quantified.

At low temperatures, the unpowered residual surface deviation from best sphere increased
by approximately 1 um (peak-to-valley) at 200 K and 5 um (peak-to-valley) at 100 K. The main
contribution is of similar appearance as electrode print-through, and thus on spatial frequencies
which cannot be corrected by actuation. This additional surface deviation originates from the
same root as the electrode print-through. It can be explained by the anisotropic thermal expan-
sion of the piezoelectric material PIC 151. The coefficient of thermal expansion (CTE) in the
direction of the piezoelectric polarization is positive, whereas the CTE in directions perpendic-
ular to the poling direction is negative. As was pointed out in [21], the first mirror prototypes
exhibited a different piezoelectric polarization in the gaps between the mirror’s electrodes com-
pared to the area underneath an electrode. This polarization inhomogeneity resulted in print-
through, and leads furthermore to an inhomogeneous CTE. Hence, a temperature change yields
different thermal expansion between these regions, thereby magnifying the already visible elec-
trode print-through. The newest manufactured mirror prototypes presented in [21] exhibit sig-
nificantly less print-through than the mirror tested here. We expect the temperature dependent
increase of the residual surface deviation from best sphere to be significantly reduced in the
newer mirrors, but these have not been tested at cryogenic temperatures yet.

The curvature of the mirror changed with temperature due to the small CTE mismatch be-
tween the piezoelectric disc and the glass substrate. The initial (concave) radius of curvature R
of approximately 9.1 m at 294 K changed to 6.7 m at 200K and 4.5 m at 100 K. After cycling,
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the mirror returned to its initial curvature. The corresponding defocus coefficients (Z3) can be
calculated from the radii of curvature R and the mirror aperture radius r via Z3 = r*>/4R. The
CTE difference Ao between the piezoelectric disc and the glass substrate can then be derived
from the defocus coefficient Z3 via

452 4 4.3 2 42 3 452
1 E, + At EpteEe + 61 Ept  Eg + 41, Egt £ 41, E,

Ao =273 -
: 3t,EpteEg (tp + 1) r2AT

ey

[29], where E, = 67GPa and E, = 71GPa are the Young’s moduli of the piezoelectric
material PIC 151 and the glass material (N-BK10 from Schott), ¢, = 700um and #, =
550um are the thicknesses of the piezoelectric disc and the glass substrate, and AT is the
temperature difference between the measurements. Equation (1) yields a CTE mismatch
of Atosk_200x = 0.35 % 107°K~! between 294K and 200K, and a CTE mismatch of
Aok —100k = 0.61 x 107 °K~! between 200K and 100K. In [22], the CTE mismatch at
room temperature (294 K) was measured to Adosg = —0.08 X 107 °K~!. Results from exten-
sive measurements of the CTE of the material PIC 151 between 293 K and 86 K are presented
in [27]. Care has to be taken when comparing CTE measurements of the used soft PZT material.
According to the vendor (PI Ceramic), the CTE may differ between different batches.

Deformation due to the remaining CTE mismatch between the piezoelectric disc and the
Kovar mounting ring onto which the disc is glued was not observed. This can be attributed to
our special three-arm design which averts mounting stress, see [21].

In summary, we have shown that our unimorph deformable mirror withstands thermal cy-
cling between 294 K and 100K, and successfully operates at all temperatures in that range.
When working with such large operation temperature ranges, careful design as well as CTE
matching both by material selection and material preparation is vital to mitigate unwanted sur-
face deformations.

2.2.  Vibration

Deformable mirrors with two different main mirror structures as described in [21] were tested
to assess the mirror’s behavior under vibration load: The spiral arm design with a 700 pm thick
piezoelectric disc, as well as the bridge design with two piezoelectric disc thicknesses (700 um
and 1000 pm).

Acoustic tests have been conducted to verify the frequency of the numerically obtained eigen-
modes of the two different main mirror structures. For this purpose, the mirror was subjected
to sinusoidal sound waves generated by a speaker. The frequency was increased from 50 Hz to
2000 Hz. The frequency response was measured by recording the voltage which was generated
by the vibrating mirror structure due to the piezoelectric effect. Figure 7 shows the response of
both mirror structures (spiral arm and bridge design, 700 um thick) to the sinusoidal acoustic
excitation. The experimental results are in good agreement with the numerical simulations. The
first eigenmode of both mirror designs is a piston-like movement perpendicular to the mirror
surface, with a frequency of 82 Hz and 226 Hz for the spiral arm design and the bridge design,
respectively. Thus, stiffening the mirror structure by using the bridge design was successful,
leading to an almost three times higher frequency of the first eigenmode.

Vibration tests have been carried out at the European Space Research and Technology Cen-
tre (ESTEC). Each mirror was subjected to sinusoidal and random vibrations with increasing
vibration levels. The final vibration test levels for each axis are listed in Table 1. Sinusoidal
vibration test levels were increased from 33 % to 100 % of the final vibration test levels in steps
of 33 %, random vibration test levels were increased from 25 % to 100 % in steps of 25 %. After
each step, the mirror was inspected for damage visually and by measuring the electrical capac-
itance of its actuators. A fracture in the mirror structure or a damage to the electric connections
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Fig. 7. Measured (red) and calculated (blue) response of the main mirror structure in the
spiral arm design (top) and in the bridge design (bottom) to acoustic sinusoidal excitation
normal to the mirror surface. The insets show the (calculated) shape of the first two dom-
inant eigenmodes of each design. For both designs, the first eigenmode corresponds to a
piston-like movement of the central disc.

is accompanied by a decrease of the actuator capacitance.

For each type of vibration, two vibration directions were tested. The z-direction corresponds
to the direction normal to the mirror surface. Due to the cylindrical symmetry of the mirror
assembly, the x,y-directions had an arbitrary orientation in the plane perpendicular to the z-
direction. The first mirror design (spiral arm design) failed at 100 % of the random vibration
in the x,y-direction after 110s. It was not tested in the z-direction. The fracture occurred at the
junction between the arms and the central disc, probably due to high stress caused by resonant
excitation of a low order eigenmode of the main mirror structure during the test. An image of
the fracture site, along with results from a numerical stress analysis is shown in Fig. 8.

Both mirrors which were manufactured in the bridge design passed the sinusoidal vibration
tests in both axes, as well as the random vibration test in the (x,y)-direction at full levels (14.1 g
RMS). Full random vibration levels in the z-direction were not reached, the mirror structure
withstood only up to 50 % (9.3 g RMS) of the final level. Random vibration levels of common
launcher vehicles are, for example, 4.94 ¢ RMS for the Soyuz launcher [30], and 7.3 g RMS
for the Ariane 4 [31]. Qualification and acceptance levels are higher, e.g. 11 g RMS for an
Ariane 5 auxiliary payload. Depending on the used launcher vehicle, the deformable mirrors
manufactured in the bridge design should be compliant with the required vibration loads.

The fact that the bridge design withstood much higher loads than the spiral arm design shows
that the mirror’s resistance towards vibration can be increased by simple structural modifica-
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Table 1. Vibration test levels

Frequency Final Level/
Type (Hz) Sweep rate | Vibration spectrum Duration
Sinusoidal 5-21 11 mm amplitude
vibration 21-60 2 Oct/min - 20¢g
(all directions) 60-100 6g
Random 20 - 100 3.0 dB/Oct 0.06 - 0.2 g>/Hz
vibration 100 - 400 | 0.0 dB/Oct 0.2g*/Hz 14.1g RMS, 120s
(x,y) 400 - 2000 | -3.0 dB/Oct 0.2-0.01g*Hz
Random 20 - 100 3.0 dB/Oct 0.06 - 0.35 g?/Hz
vibration 100-400 | 0.0 dB/Oct 0.35 g*/Hz 18.6 g RMS, 1205
(z) 400 - 2000 | 3.0 dB/Oct 0.35-0.01 g?/Hz

Direction ’z’ corresponds to the direction perpendicular to the mirror surface. Note that for
random vibrations, final levels are the integrated acceleration spectral densities.

tions. Thus, the prospects are good to make the bridge design resistant to the full 18.6 g RMS
random vibration in z-direction by further modifications. One such modification could be in-
creasing the thickness of the three arms. This would increase the eigenfrequencies of the whole
structure at the cost of tip/tilt amplitude. We have conducted finite element analysis to assess
the impact of increasing the arm thickness by 1 mm. The maximum amplitude for low order
Zernike modes would decrease by approximately 10 %. At the same time, the first eigenfre-
quency is shifted from 250 Hz to 600 Hz, which renders the main mirror structure much more
resistant towards vibration.

Fig. 8. (a) Fracture site of the spiral arm design after the random vibration test (DM-1). (b)
Numerical calculation of the van-Mises stress inside the main mirror structure induced by
the excitation of the first eigenmode.

The vibration tests during which the deformable mirror DM-1 was irreparably damaged were
performed after the performance tests in thermal vacuum. Hence, a different mirror had to be
used for the remaining tests. For most of the tests the deformable mirror DM-2 was used, except
for the proton irradiation tests. These tests required the radioactivity of the mirror to decay to
safe radiation levels afterwards, which took several weeks.

2.3. lonizing irradiation

The mirror was submitted to ionizing irradiation to assess its impact on the electromechanical
response of the PZT-ceramic. In [32], a high tolerance of PZT-ceramics towards y-radiation
and f-radiation is reported, only limited by excessive heating induced by high flux levels,
which lead to depolarization and thus loss of actuator stroke. Radiation-induced brittleness of
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the used adhesives may also lead to a loss of stroke, or entire failure of actuation. To assess the
impact on the mirror performance, the stroke of each actuator before and after the irradiation is
compared.

Gamma irradiation

The deformable mirror DM-2 was subjected to gamma irradiation at ESTEC’s Cobalt-60 facil-
ity. A total dose of 50 krad was applied to the mirror, the dose rate was 1 kradh~!. No shielding
was used, and the tests were conducted at atmospheric pressure and room temperature.

Proton irradiation

The deformable mirror DM-3 was subjected to proton irradiation at the Proton Irradiation Facil-
ity (PIF) of the Paul-Scherrer Institute (PSI, Switzerland). The proton beam at the position of the
deformable mirror was collimated and had a flat-top profile with a diameter of approximately
58 mm. The mirror was centered behind the collimator to irradiate the 50 mm optical aperture.
A proton energy of approximately 30 MeV was incident on the mirror surface. The proton flux
was kept constant around 7 x 10 s~!cm™2. The total integrated fluence was 1 x 10! cm™2. To
assess the influence of different fluences, half of the mirror aperture was covered by a 10 mm
thick aluminum plate to reduce the fluence to approximately 50 %.

Ratio of amplitudes
(after/before)

0.5 B
I Gamma irradiation
I Proton irradiation
0 R T
0 5 10 15 20 25 30 35 40

Actuator #

Fig. 9. Ratio of the peak-to-valley amplitudes of each actuator for a voltage of 100V prior
and after the gamma- and proton-irradiation tests.

Performance after irradiation

Figure 9 shows the ratio of the peak-to-valley amplitudes of the individual actuators prior and
after the irradiation. As can be seen, no actuator was damaged. The mean amplitude ratio is
106 % for the gamma irradiation test, with a standard deviation of 5.0 %, and 103 % for the
proton irradiation test, with a standard deviation of 3.8 %. The used material PIC 151 exhibits a
piezoelectric hysteresis of approximately 15 %, hence the scatter of the amplitude ratio is well
within the limits given by hysteresis. The mirror is thereby compliant with the tested levels of
ionizing irradiation.

3. Operational tests

3.1. Laser irradiation

ESA required testing the mirror’s laser power handling capability to assess its suitability for
high power applications, such as Light Detection and Ranging (LIDAR). The damage thresh-
old had to be larger than 5J/cm?, and the mirror had to withstand an average intensity up to
500 W/cm?. Two damage mechanisms are of interest: Laser-induced damage of the coating,

#252901 Received 1 Nov 2015; revised 18 Dec 2015; accepted 3 Jan 2016; published 20 Jan 2016
(C) 2016 OSA 25 Jan 2016 | Vol. 24, No. 2 | DOI:10.1364/0E.24.001528 | OPTICS EXPRESS 1540



and heating of the mirror. Excessive heat might degrade the adhesive layer between glass sub-
strate and piezoelectric disc. Additionally, as the temperature of the piezoelectric disc increases
towards the Curie temperature of the PZT ceramic (250 °C [33]), depolarization will occur.

To test for high energy fluence, we focused laser light from a Thales SAGA 220/10 laser
system on the surface of the deformable mirror DM-2. The system delivers pulse energies up
to 117 at a pulse duration of 6 ns and a repetition rate of 10 Hz. The spot diameter on the mirror
surface was changed to vary the energy fluence. The deformable mirror DM-2 was subjected to
pulses with an energy of 770 mJ, focused to a spot of approximately 4.1 mm in diameter, which
results in a fluence of 5.8 J/cm?. The beam profile exhibited hot spots, therefore local energy
fluences within the laser spot might have been much higher. To assess the damage threshold,
the test was repeated with one of the structural models which were previously manufactured
and are furnished with identical dielectric coatings. The spot size was reduced from 4.1 mm to
2.8 mm in diameter, where the coating was damaged. The calculated fluence at that spot size
was approximately 12.5 J/cm?.

To assess the high average power handling capability, we focused laser light from a TRUMPF
thin-disk laser upon the surface of the deformable mirror DM-2. The system delivered an av-
erage power of 100 W in continuous-wave operation, the mirror was exposed for 30s. We in-
creased the laser beam intensity by decreasing the spot size on the mirror from 6 mm down
to 3 mm, which corresponds to an intensity of 1415 W/cm?. Three different positions on the
mirror surface were irradiated.

I Pulsed operation
mm Continuous-wave operation

Ratio of amplitudes
(after/before)

0 5 10 15 20 25 30 35 40
Actuator #

Fig. 10. Ratio of the peak-to-valley amplitudes of each actuator for a voltage of 100 V prior
and after the laser irradiation tests.

The peak-to-valley amplitudes of each actuator before and after the tests was compared in
the same manner as for the ionizing irradiation test, the results are shown in Fig. 10. As can
be seen, no significant change in actuator response was detected. The mean amplitude ratio
is 105 % for the high energy fluence test, with a standard deviation of 4.0 %, and 110 % for
the high average power test, with a standard deviation of 4.5 %. The scatter of the amplitude
ratio is again well within the limits induced by piezoelectric hysteresis. The mirror surface was
inspected for damage or local deformation after the test, but none could be detected.

3.2.  Operational life time

We assessed the long-term functionality of the deformable mirror by applying a sinusoidal
voltage with a frequency of 15 Hz and an amplitude of 350 V. The voltage was applied to all
electrodes of DM-2 simultaneously. This voltage pattern represents the maximum electrome-
chanical load that the mirror can be driven with, and roughly corresponds to the Zernike mode
Z5 (defocus).

The control signal was applied for 8 days, which corresponds to approximately 11 million full
cycles. The peak-to-valley amplitudes of each actuator before and after the test was compared
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in the same manner as for the ionizing irradiation and laser irradiation tests, the results are
shown in Fig. 11. As can be seen, every electrode is still operating. The mean amplitude after

0
5

1
Fig. 11. Ratio of the peak-to-valley amplitudes of each actuator for a voltage of 100 V prior
and after the continuous operation test.

0 5 40
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Actuator #

I

Ratio of amplitudes
(after/before)

the test decreased to 94 % of the value prior to testing, with a standard deviation of 7.3 %.
Before the long-term functionality test, the standard deviation of the peak-to-valley amplitudes
of each actuator was 2.9 %. The increase in the deviation is mainly attributed to the amplitude
of actuator 43, which decreased to 55 % after the test, and remained at this level. The drop
in amplitude was accompanied by an increased electrical resistance of the actuator connection.
After reestablishing the connection, the amplitude increased to approximately 90 % of the initial
amplitude, yielding a standard deviation of the amplitude ratios of 4.3 %. The difference of
the deviations before and after the tests are again within the limits induced by piezoelectric
hysteresis.

4. Conclusion

We have presented environmental and performance tests of a unimorph deformable mirror. The
mirror had to deliver low order Zernike modes with an amplitude of several tens of um and high
surface fidelity, and be compliant with a space environment. Submission to ionizing gamma and
proton irradiation did not yield an observable degradation of the actuator stroke or the surface
quality. It was shown that the mirror is vacuum compatible and able to operate between room
temperature and 100 K. It successfully underwent 9 thermal cycles between 100 K and 294 K,
during which performance tests regarding stroke and surface fidelity were conducted. Laser ir-
radiation tests revealed that the mirror withstands intensities up to 1415 W/cm? in continuous-
wave operation and energy fluences larger than 5.8 J/cm? in pulsed operation. In conclusion, the
conducted tests have shown that the mirror is compliant with natural space environment. Hav-
ing demonstrated its operability in a relevant environment, we consider the mirror technology
matured to a technology readiness level (TRL) 5.

The mirror structure passed all but one vibration tests at qualification levels. The failure
occurred for random vibration in z-direction, at which 50 % of the final levels were reached. The
damage was caused by resonant excitation of the mirror’s first eigenmode at low frequency. This
could be overcome by a structural modification to shift the eigenfrequencies towards higher
values, thus rendering the mirror less sensitive to vibrations and further increasing its space
compliance.
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