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The two factors which influence the low temperature performance of deformable mirrors (DMs) are the piezoelectric
stroke of the actuators and the thermally induced surface deformation of the DM. A new theory was proposed to explain the
thermally induced surface deformation of the DM: because the thermal strain between the actuators and the base leads to
an additional moment according to the theory of plates, the base will be bent and the bowing base will result in an obvious
surface deformation of the facesheet. The finite element method (FEM) was used to prove the theory. The results showed
that the thermally induced surface deformation is mainly caused by the base deformation which is induced by the coefficient
of thermal expansion (CTE) mismatching; when the facesheet has similar CTE with the actuators, the surface deformation
of the DM would be smoother. Then an optimized DM design was adopted to reduce the surface deformation of the DMs
at low temperature. The low temperature tests of two 61-element discrete PZT actuator sample deformable mirrors and the
corresponding optimized DMs were conducted to verify the simulated results. The results showed that the optimized DMs

perform well.
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1. Introduction

Turbulence in the earth atmosphere deeply limits the res-
olution of optical observations.[!! Then adaptive optics (AO)
was developed from an original idea by American scientist
Babcock to compensate for the atmosphere distortions.[>3! As
shown in Fig. 1(a), in a conventional ground-based telescope,
lights from asters are converged on the primary mirror, then
reflected by the secondary mirror and a series of reflecting mir-
rors, finally reach the Coude room where the AO system and
the imaging system are working. But the lights from asters
passed through the earth atmosphere are very weak. After a
series of reflecting, the lights that we can capture may be only
counted by photons. Considering this, if the AO system and
the imaging system are moved out of the Coude room, the
deformable mirror (DM) and tip-tilt mirror (TM) can replace
some reflecting mirrors, as shown in Fig. 1(b), then the com-
plexity of the system can be decreased and better images will
be obtained. For ground-based telescopes located on the top
of mountains, the environment temperature at night when most
researches are taken is very low. So the out-of-door AO sys-
tem will work in a low temperature environment. According to
nature temperature data, in the worst situation, the minimum
environment temperature is —20 °C.

As the core component of the AO system, whether the
deformable mirror can work or not in a low temperature en-
vironment is an important question. Some researches have
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been done. In 2001, Dyson ef al. measured three 37-channel
micro-machined deformable mirrors (MMDMs) at cryogenic
temperatures (7 = 78 K) and found that the magnitude of the
surface deflection of the mirror could reach up to 10 waves. [
In 2003, Xinetics Inc. tested a 349-channel cryogenic dis-
crete electrostrictive actuator DM. The peak-to-valley (PV)
of the surface was 5 waves at 35 K.[>® In 2014, a light-
weight unimorph-type DM was examined by Matthias Goy et
al., which had a PV around 30 at 86 K.’ The above experi-
ments have shown that at cryogenic temperatures, DMs have
an obvious surface deformation and actuators have lost partial
capability. In 2009, Enya et al. manufactured a 32-channel
cryogenic deformable mirror based on micro electro mechan-
ical system (MEMS) technology (" = 95 K).18] The actuators
of this DM almost did not lose capability at cryogenic tem-
peratures because the operation of the MEMS DM is based on
Coulomb forces.

DMs for AO systems have been well developed since
the early 1970s.-141 Compared to other kinds of DMs, DMs
based on discrete PZT actuators are among the most popu-
lar ones: capability to deliver high force, high accuracy, fast
response time, and low power dissipation.!'>! So, in this pa-
per, two sample low temperature DMs based on discrete PZT
actuators are manufactured to evaluate the thermally induced

surface deformation.
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Fig. 1. Schematic diagrams of (a) conventional reflecting telescope and
(b) out-of-door reflecting telescope.

431 we know that the two

From the former researches,|
factors which influence the low temperature performance of
DMs are the stroke of the actuators and the thermally induced
surface deformation of the DM. So the present paper is ded-
icated to find out the cause of the thermally induced surface
deformation of the DMs and find a way to diminish the surface
deformation. And we conduct a measurement of surface de-
formation in low temperature to compare with the theoretical
analysis. The piezoelectric stroke of the actuators will be dis-
cussed in another paper. The optimized DMs are expected to
manifest a surface deformation less than 0.5 waves at —20 °C.
In this paper, we just discuss the surface deformation of the
DM in an even temperature field.

2. Discrete actuators sample DMs

Two tested sample DMs are room temperature designed
61-element discrete PZT actuators continuous facesheet de-
formable mirrors. The discrete actuators sample DMs contain
three parts: the PZT actuators, the thin facesheet, and the base
plate (Fig. 2(a)). They are bonded by epoxy. It is assumed that
the bonding is ideal. As shown in Fig. 2(a), PZT is selected to
be the actuators; the material of the 2.5-mm thick facesheet is
the same as that of the 25-mm thick base plate. The PZT actua-
tors are 10 mm in diameter and 25 mm in height. For the CTE
matching, the facesheet of one sample DM is chosen as K4
glass (K4 DM). On the other hand, if the CTE of the facesheet
is small enough, the thermally induced surface deformation
may be small enough too. So the other facesheet is chosen as
ULE (ULE DM). The diameter of the DMs is 150 mm. The
clear aperture is 120 mm. The distance between the actuators
of these 61-element DMs is 16.4 mm. Figure 2(b) shows the
hexagonal arrangement of the PZT actuators. The connection
between the DM and the package is flexible.

(a)
facesheet-ULE/K4 —(—

acmatorsm“‘ H H H H '

base-ULE/K4—1—

Fig. 2. (color online) Discrete actuators sample DM: (a) the schematic view
of DM (b) the hexagonal arrangement of actuators; (c) abricated DM.

3. Theoretical analysis
3.1. Analysis of the deformation of base

To the best of our previous knowledge, when the thin
facesheet and the base plate of DMs adopt the same material,
the surface deformation of DMs caused by mismatched CTE
between actuators and base should be approximated to zero.
In this paper, the CTE mismatching indicates that the CTE of
actuators and base is difference. However, an obvious surface
deformation of DMs is found during tests in Section 6. So we
propose a new theory: in the extreme, when the distance be-
tween actuators tends to be zero, then discrete actuators can be
seen as a disc. The base plate is stiffer than the thin facesheet,
so the discrete actuators DM can be regarded as a bimorph
DM. Then at low temperature, the base plate will manifest an
unexpected deformation and the facesheet will exhibit an obvi-
ous surface deformation. Without regard to the facesheet, be-
cause the thermal force caused by mismatched CTE between
the actuators and the base is shear force, so the deflection of
the base caused by one actuator can be viewed as the response
function of the bimorph DM.!%-18] Because the base is a thick
plate, so the additional moment caused by the thermal strain
cannot be ignored. Figure 3 shows the coordinates of the base.

According to the theory of plates,!'”! the additional mo-
ment of the base of the DM caused by thermal effects is given
by

MX(T) h/2 SX(T)
M= ) |- [, & |
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where M, (T') and M, (T') are the additional bending moments
per unit length of sections of a plate perpendicular to the x and
y axes, respectively; My, (T') is the additional twisting moment
per unit length of a section of a plate perpendicular to the x
axis; & (T') and g, (T') are the additional thermal strains in the
x and y directions caused by mismatched CTE; and T repre-
sents the temperature. [G] is given by

1 \%
_— —— 0
1-v2 1—v2
\% 1
G]=E T 12 0 ; 2
1
0 0 _—
2(1+4v)

where E is the elastics modulus, and v is the Poisson ratio.

The additional moments M, (T') and M, (T') will bend the
base of the DM. So, the base of the DM will show a shape of
hollow or bulge which results into the surface deformation of
the facesheet. When the CTE of the base and the facesheet
is similar to that of the actuators, the deformation of the base
caused by the thermal strain will be less.

In a word, the main cause of the surface deformation of
DM is the CTE mismatching induced deformation of the base.
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Fig. 3. Coordinates of the base.

3.2. Simulations

The thermally induced surface deformation results from
the deformation of the base caused by CTE mismatching. To
prove this, the finite element method (FEM) was used to an-
alyze the surface deformation of DMs. The properties of the
materials in DMs from —20 °C to 20 °C are listed in Table 1.
The CTE of K4, PZT, and ULE from —20 °C to 20 °C was
measured through a horizontal push-pod dilatometer. Figure 4
shows the measured length change at different temperatures.
The CTE used in simulations was calculated at each tempera-
ture point. Figure 5 shows the mesh of the 61-element DM in
Ansys workbench. The DM is elastic supported at the base. In
this paper, the surface deformation indicates the surface differ-
ence of DMs between actual temperature and reference tem-
perature which is 20 °C.

In order to evaluate the CTE mismatching induced upper
surface deformation of the base, ULE DM was chosen to be
the analysis object, of which the deformation is more obvious
than K4 DM. Figure 6 shows the surface deformation of the
base produced by actuator 1 and all actuators at —20 °C. We
can find out that the CTE mismatching between actuator 1 and
the base leads to a sharp deformation of the base in the diam-
eter of the actuator, and a mild deformation of the base out of
the diameter of the actuator. So, as shown in Fig. 6, the super-
position of 61 unit actuators induced deformation will result in
an obvious deformation of the base, which leads to the surface
deformation of the facesheet. The upper surface deformation
of the base plate contributes to the main part of the thermally
induced surface deformation.

Table 1. Material properties of DM from —20 °C to 20 °C.

M fficient of
Material p/kg:m~> E/GPa Poisson’s ratio ean coe c1.en © 1
thermal expansion/K~

ULE 2144 676 0.17 1.50x10-8*
K4 2530 71.4 0.21 4.42x1076*
PZT 7448 75 0.30 4.62x1076*

*The CTE of K4, ULE, and PZT at different temperatures were measured.
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Fig. 4. (color online) Measured length changes of the K4, PZT, and
ULE samples.
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Fig. 5. (color online) Mesh of DM and boundary conditions.

In simulations, the surface of the DMs in 120 mm diam-
eter at 20 °C is flat. So the surface deformation of the DMs is
equal to the surface of the DMs at the same temperature. Fig-
ures 7 and 8 show the surface deformation of ULE DM and K4
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DM from 10 °C to —20 °C in the 120 mm diameter. Compar-
ing the simulated surface deformation of K4 DM with that of
ULE DM from 10 °C to —20 °C (Fig. 9), the K4 DM shows an
obvious smaller surface deformation than the ULE DM. Ac-
cording to the theory, this is because the CTE mismatching
between K4 and PZT is less than that between ULE and PZT.
Comparing the surface deformation of the base of the ULE
DM at —20 °C in Fig. 6 with that of the facesheet in Fig. 7,
we can find that the surface deformation of the facesheet plate

Surface deformation/pm

00 50

Diameter/mm

Surface deformation/pm

=0 50

Diameter/mm

150

is smoother than the upper surface deformation of the base,
which is in accordance with the new theory we proposed. The
surface deformation of DMs increases as the temperature de-
creases. The initial PV of the ULE DM surface deformation is
0.142 pum and that of the K4 DM is nearly zero at 10 °C. At
—20, the PV of the ULE DM surface deformation is 0.488 um
and that of the K4 DM is 0.129 um. Because the PV of the
ULE DM at —20 °C is greater than 0.5 waves, so an optimiza-
tion is needed.
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Fig. 6. (color online) Surface deformation of base of ULE DM in 150 mm diameter at —20 °C produced by (a) actuator 1, PV = 0.294 um;

(b) all actuators, PV = 1.041 pum.
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Fig. 7. (color online) Simulated surface deformation of ULE DM in 120 mm diameter: (a) 10 °C PV =0.142 pm; (b) 0 °C PV =0.272 um;

(c) —10 °C PV =0.456 um; and (d) —20 °C PV = 0.488 pm.
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Fig. 8. (color online) Simulated surface deformation of K4 DM in 120 mm diameter: (a) 10 °C PV =0.008 pum; (b) 0 °C PV=0.011 pm;
(¢) =10 oC PV =0.054 um; and (d) —20 °C PV =0.129 um.
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2 = K4 In order to reduce the influence of the mismatched CTE,
s 0.4F —— ULE
g i the base plate of the DM should also adopt an optical head
37;’ 0.l that is the same as the one on the thin facesheet (Fig. 10(a)).
g [ The base and the facesheet are both integrated with corre-
e ok \'\——. sponding optical heads. Based on it, an optimized DM model
>O . . . ) (Fig. 10(b)) was built in finite element software to analyze the
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Temperature/°C surface deformation of the DMs at low temperature.

Fig. 9. (color online) PV of simulated surface deformation of
K4 DM and ULE DM from 10 °C to —20 °C.
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Fig. 10. (color online) (a) Schematic view of the new structure of DM. (b) Mesh of the optimized DM and boundary conditions.
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Fig. 11. (color online) (a) Thermal force in the base. (b) PV of base surface deformation of optimized ULE DM with optical head of
different heights in 150 mm diameter at different temperatures.
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The diameter of the optical head is slightly samller than
the diameter of the actuators to satisfy the needs of processing.
Therefore, the deformation of the base of the optimized DM is
mainly influenced by the height of the optical head. The base
surface deformation of the optimized DMs contains two parts:
the surface deformation in the diameter of the optical head and
the surface deformation out of the diameter of the optical head
(Fig. 11(a)). The surface deformation in the diameter of the
optical head is mainly caused by the thermal force Fr which is
radial inward for the optimized ULE DM at the contact plane
between the optical head and the actuator. The surface de-
formation out of the diameter of the optical head is mainly
caused by the reacting force F; and decreased thermal force Fjy.
Because the reacting force F; is on the other side of the neu-
tral plane, the reacting force F; which decreases as the height
increases is radial outward. According to the Saint Venant’s
principle, the thermal force Fr rapidly decreases along the
height direction. When the decreased thermal force Fy is equal
to the reacting force Fy, which decreases slower than the de-
creased thermal force Fy, the surface deformation out of the
diameter of the optical head is zero; the surface deformation
in the diameter of the optical head also decreases along the
height direction. Thus, firstly, the surface deformation of the
base will decrease, then increase, and finally decrease. The
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ULE DM which manifests an obvious surface deformation is
chosen to be the simulation objective. The base surface de-
formation of the optimized ULE DM with an optical head of
different heights in 150 mm diameter at different temperatures
is simulated, as shown in Fig. 11(b). The simulated results
accord with the analysis. The base surface deformation of the
optimized ULE DM becomes smoother after 3 mm and the PV
reaches the minimum at 6 mm. The height of the optical head
on the base is selected as 6 mm. Similarly, the optical head on
the facesheet is 6 mm in height. In addition, when the height of
the optical head is above 6 mm, the DM will become difficult
to manufacture.

Figure 12 shows the simulated upper surface deformation
of the base of the optimized ULE DM in 150 mm diameter
at —20 °C. Because the DMs have similar shape of surface
deformation at different temperatures, so we just plot the sim-
ulated surface at —20 °C. The upper surface deformation of

the base of the optimized DMs can be seen as flat, comparing
with the conventional one (Fig. 6). The deformation direction
of the optimized DMs base plate has turned opposite. This
is because the direction of the reacting force in the base plate
is radial outward. Thus the base plate of the optimized DMs
shows an opposite deformation direction, comparing with the
conventional one.
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Fig. 12. (color online) Surface deformation of base of optimized ULE DM in 150 mm diameter at —20 produced by (a) actuator 1,

PV =0.005 um; (b) all actuators, PV =0.03 pm.

Figure 13 exhibits the surface deformation of the
facesheet of the optimized DMs in 120 mm diameter at
—20 °C. The surface deformation of the ULE DM outstand-
ingly reduces from 0.488 pm to 0.026 pm at —20 °C after opti-
mizing. The surface deformation of the optimized K4 DM can

be ignored. The high order aberrations in the surface deforma-
tion of the optimized DMs are caused by the deformation of
the optical head. The deformation direction of the optimized
DMs has also turned opposite, comparing with the conven-
tional one in Figs. 7 and 8.
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Fig. 13. (color online) Simulated surface deformation of optimized DMs in 120 mm diameter at —20 °C: (a) optimized ULE DM,

PV =0.026 um; (b) optimized K4 DM, PV =0.007 pm.

We find out that the optimized DMs manifest a much
smoother surface deformation above —20 °C than the conven-
tional DMs and the max PV of the optimized DMs surface
deformation is 0.026 um of the ULE DM at —20 °C. After
optimizing, the PV of the ULE DM surface deformation is
similar to that of the K4 DM.

The optimized structure of DM can efficiently reduce the
surface deformation caused by CTE mismatching. The PV of
the optimized DMs at —20 °C is smaller than 0.1 waves.

5. Experiment

Figure 14 shows the low temperature measurement of the
DMs. The 4D dynamic interferometer FizCam 2000EP was
put out of the cryostat (Fig. 14(a)), where the reference mirror
and the DM were mounted in (Fig. 14(b)). According to the
working principle of the Fizeau interferometer, the reference
light and the objective light both pass through the tailor-made
optical window, so the deformation of the optical windows
does not influence the measurements. The controllable tem-
perature in cryostat ranges from 20 °C to —20 °C. The wave-
length of the light source in the interferometer is 657.2 nm.
The collimated light generated by the interferometer reaches
the DM/reference mirror, and then is reflected back to the in-
terferometer. The interference fringe was detected by the in-
terferometer, which outputs to the computer. Trapped on a V-
shaped groove with buffers, the reference mirror was assumed
to be nondeformable when the temperature decreased. The
motor driven optical mount where DMs were fixed on can ad-

just the tilting angle of the DMs through a controller out of the
cryostat. The precision of measurement is 0.1 nm.

cryostat optical window

interferometer

reference mirror DM optical Mount

(b)

Fig. 14. (color online) DM test setup: (a) interferometer out of the
cryostat, (b) standard mirror and DM in the cryostat.

The ambient temperature in the cryostat was held for at
least4 h at 20 °C, 10 °C, 0 °C, —10 °C, and —20 °C to ensure
the temperature homogenous of the DMs. Measurement was
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taken at five points: 20 °C, 10 °C, 0 °C, —10 °C, and —20 °C.
The reference temperature is 20 for tests. The surface defor-
mation indicates the surface difference of the DMs between

the test temperature and the reference temperature.
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The PV of DM surface deformation at different tempera-
tures is given in Table 2. The optimized DMs show a smoother
surface deformation than the corresponding conventional DM.
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Fig. 15. (color online) Results of tests: (a) K4 DM, (b) optimized K4 DM, (c) ULE DM, and (d) optimized ULE DM. First column is the
surface of DMs at 20 °C; second column is the surface of DMs at —20 °C; third column is the surface deformation of DMs at —20 °C.
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Table 2. PV of measured surface deformation at different temperatures.

PV of surface deformation/ptm

Temperature/°C — —
K4 DM Optimized K4 DM ULE DM  Optimized ULE DM
10 0.071 0.043 0.186 0.077
0 0.135 0.079 0.316 0.131
—10 0.180 0.114 0.443 0.196
—20 0.254 0.157 0.508 0.243

At the same temperature, the PV of surface deformation of the
ULE DM is almost double of that of the K4 DM; the PV of
surface deformation of the optimized ULE DM is nearly the
same as that of the K4 DM; the PV of surface deformation of
the optimized K4 DM is less than that of the K4 DM. The sur-
face deformation of the DMs indicates a nonlinear variation
with temperature. Figure 15 shows the surface of the DMs
at 20 °C, —20 °C and the surface deformation of the DMs at
—20 °C. Because the DMs show a similar shape of surface de-
formation at low temperature, so we just plot the surface of
the DMs at —20 °C. As it can be seen that the surface of the
K4 DM manifests an irregular deformation while the ULE DM
manifests a hollow deformation; the surface of the optimized
K4 DM is irregular and the optimized ULE DM shows a bulge
deformation. Because some PZT actuators destroy the surface
of the DMs, so there are obvious high orders aberrations in
the surface. Without considering the high orders aberrations,
the K4 DM will manifest a hollow deformation and the opti-
mized K4 DM will exhibit a tiny bulge deformation. From the
tests, we can find that the optimized DMs efficiently reduce
the surface deformation at low temperature.

Comparing the results of simulations with the corre-
sponding tests, we find that the error for ULE DM between
simulation and measurement is small enough to be ignored,
proving the correctness of the simulation. But the test results
of K4 DM, optimized K4 DM, and optimized ULE DM are
obviously larger than the simulated results. From Fig. 15,
we can find that the error is mainly caused by the inhomo-
geneous CTE of the PZT actuators. If the difference of CTE
is 0.5 ppm/K, then the error caused by the PZT actuators will
be 0.125 um per 10 °C. Because the theoretical surface defor-
mation of these DMs is less than 0.2 um, so the error caused
by the inhomogeneous CTE of PZT may cover the theoretical
surface deformation and the actual surface deformation will be
obviously larger than the simulated one.

7. Conclusion

In order to find out the cause of thermally induced sur-
face deformation of DMs, a new theory was proposed: with-
out regard to the facesheet, because there are thermal strains
between the actuators and the base and the thermal force is
shear force, the deflection of the base caused by one actuator

can be viewed as the response function of bimorph DM. Ac-
cording to the theory of plates, the additional moments caused
by the thermal strain between the actuators and the base will
bend the base and the bowing base will result in an obvious
surface deformation of the facesheet. So the main cause of
the DM surface deformation is the CTE mismatching induced
base deformation. The Ansys workbench was used to evaluate
the thermally induced surface deformation of DMs. The re-
sults proved the correctness of the theory. When the facesheet
has a similar CTE with the actuators, the surface deformation
of DM would be smoother. An optimized DM design was pro-
posed to reduce the surface deformation of DMs in low tem-
perature. According to the simulation results, the optimized
DMs can efficiently reduce the surface deformation and en-
sure a less than 0.5 waves surface deformation at —20 °C. Two
61-element discrete PZT actuator sample deformable mirrors
of 150 mm in diameter and the corresponding optimized DMs
were tested from 20 °C to —20 °C. The results showed that the
optimized DMs efficiently reduce the surface deformation at
low temperature. But error caused by the inhomogeneous CTE
of the PZT actuators would cover the theoretical surface de-
formation of K4 DM, optimized K4 DM, and optimized ULE
DM. So the test results of these DMs were obviously larger
than the simulated results.
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