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ABSTRACT KEYWORDS

In this work, the complete development of a line module type silicon Adaptive optics; deformable
carbide (SiC) deformable mirror (DM) for adaptive optics (AO) is  Mirror; optomechanics; SiC
described. To eliminate the risk of fracture and misalignment during the ~ Mirror faceplate; high-
simultaneous assembly of all actuators and the base plate of a DM, the power laser

line module concept is introduced. This line module is a pre-assembled

set consisting of a line-shaped base plate to which actuators and flex-

ures are glued in a row. This concept helps reduce the risk of actuator

breakage during the assembly process while also providing flexibility by

enabling the easy exchange of the line module if defective actuators are

found. Flexible stand mounts are used to minimize mirror surface distor-

tion caused by mounting. Distortions of the mirror faceplate in the com-

plete assembly of the DM, caused by assembly tolerances, gravity, and

temperature variations, are assessed through simulations. Considering

the flattening of the mirror faceplate to its initial state, the distortions

are found to be sufficiently low. Finally, the mirror surface stroke is

checked with an interferometer, and the dynamic responses and cou-

pling ratios are measured using a laser displacement sensor. The results

show that the line module type SiC DM fulfils the design goals.

1. Introduction

Adaptive optics (AO) is an optical system capable of offsetting wavefront errors. The core compo-
nents of an AO system are the wavefront error sensor, the deformable mirror, and the controller.
Briefly, after the distorted wavefront of light enters the AO system, a wavefront sensor detects the
wavefront error, and the wavefront error is then compensated using a deformable mirror by con-
trolling the surface shape of the mirror. Over the past several decades, AO has achieved great suc-
cess in a variety of research fields. These systems are applied in various fields, such as astronomy,
microscopy, and ophthalmology, among others.""~*! In most of these applications, the AO system
is used to obtain clearer images of stars, cells, and the retina, among others, by removing the
effects of turbulence. AO systems have also been applied to various high-power laser (HPL) fields,
including those in science, industry, and laser weapons, among others.!""??! To reduce thermal
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Nomenclature
AO adaptive optics CVD chemical vapor deposition
SiC silicon carbide CTE coefficient of thermal expansion
DM deformable mirror PV peak-to-valley
HPL high-power laser RMS root-mean-square
PZT lead-zirconium-titanium oxide, CMM coordinate-measuring machine
Pb[Zr, Ti, _,]O;
FEA finite element analysis

deformation caused by high-power lasers, various cooling systems have been developed, including
water cooling, air cooling, copper implantation, and others. Additionally, various techniques have
been developed to enhance laser beam quality and mitigate the effects of strong atmospheric tur-
bulence. There is also research on defining criteria and factors for evaluating the improvements
in beam quality achieved by AO. In HPL applications, AO systems are effective in concentrating
energy because the wavefront errors caused by atmospheric turbulence cannot be neglected when
the objective path length is long and shorter-wavelength lasers are used.”?’!

The deformable mirror (DM) is an essential component, and it was initially adopted in AO
research by H. W. Babcock in 1953.2*! The DM can cancel the wavefront error out from the dis-
torted light through physical deformation of the reflecting mirror. In general, a DM consists of a mir-
ror faceplate, actuators, and a base plate [16]. The material of a mirror faceplate is determined by the
application of the DM. According to the range of the wavefront error to be compensated for by the
AO system, the diameter and thickness of the mirror faceplate are determined. A piezoelectric (lead-
zirconium-titanium oxide, PZT) actuator can stretch in its longitudinal direction with a supply of
electric power. When the actuators push up and pull down the mirror faceplate, the mirror surface
shape changes. With more actuators, more complex shape changes of the mirror surface become pos-
sible. To realize this, an array of actuators on a mother plate or numerous individual actuators can be
applied to a DM. The base plate is used to hold the actuators together while also providing an inter-
face to connect to a stand mount or a tip-tilt stage. To reduce thermal deformation, a material with a
low coefficient of thermal expansion is used for the base plate. All of the components of the DM are
assembled using adhesive such that they are firmly held in place, and the mirror surface does not
deform unexpectedly when the system is operating. The required mirror surface stroke and the spac-
ings of the actuators are determined according to the wavefront error compensation condition, as are
the diameter and thickness of the mirror faceplate and the dynamic response range of the mirror sur-
face. Given that all components of the DM are glued during the assembly process, an appropriate
adhesive suitable for the specified user condition should be selected.

The entire assembly process of a DM should be handled with great care, as both the mirror
faceplate and actuators are brittle. The mirror faceplate, in particular, must be carefully managed
to prevent degradation of its surface quality. Additionally, all components are glued in place to
minimize deformation variation of the mirror faceplate during use, making precise alignment of
components before gluing crucial. Since numerous actuators must be glued to both the base plate
and the mirror faceplate within a limited adhesive handling time, there is a risk of actuator break-
age and misalignment. In most DM manufacturing, a single-piece base plate is used, which makes
it challenging to assemble numerous actuators with precise alignment without causing part break-
age, especially when using actuators that have connecting wires.

To eliminate the potential risk factors mentioned above, we have introduced a new line module
concept for building a DM in this research. Instead of gluing numerous actuators onto a base plate at
once, line modules are stacked horizontally into an outer base plate and then covered with a cover
plate. Each line module is pre-assembled by gluing a series of actuators and flexures onto a line-
shaped inner base plate. Adopting this line module concept minimizes the risk of actuator breakage
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during assembly. Additionally, it offers flexibility by enabling the easy exchange of a line module if
defective actuators are found. Since the inner part of the base plate is divided into several line base
plates, the tolerance check for all the actuators is performed in two steps: first for each line module,
and then across the line modules. Through these tolerance checks, the overall alignment of all actua-
tors is verified to minimize deformation of the mirror faceplate after gluing. Since the horizontally
stacked line modules have directionality, the deformation of the mirror surface also exhibits a direc-
tional pattern. However, the deformation is small enough to be corrected with short actuator strokes,
and any temperature-induced deformation can be restored within the elastic range.

In this paper, the full development process of a line module type silicon carbide (SiC) DM for AO is
presented. Considering the operating conditions of the DM in Korean atmospheric conditions, specifi-
cations such as the diameter and thickness of the mirror faceplate, the sizes and spacings of the actua-
tors, the stroke of a single actuator, and the mirror surface stroke are determined. During the structural
design phase, the shape and sizes of the flexure are optimized to meet the required mirror surface stroke
and the allowable levels of adhesive stress, based on the results of previous research by the authors.*"’
As noted above, all of the components of the DM are assembled using an adhesive. Thus, if all actuators
are glued to the base plate at once within a short time, handling of the actuators becomes complicated,
increasing the risk of damage to the brittle actuators. Since checking the heights of all the arrayed actua-
tors at once takes too much time, it is hard to be done before the adhesive cures. Also, it is difficult to
replace defective actuators after the adhesive is cured. Thus, in the present research, the line module
concept is adopted. The base plate is divided into the outer and inner parts, and the inner part is sepa-
rated line by line. Each line module includes a line base plate and several actuators arranged in a row.
After all of the line modules are prepared, the line modules are glued together into the outer part of the
base plate. As mentioned above, the line module concept allows easy checking of the heights of the
actuators within a line module and provides the opportunity to replace a line module with a defective
actuator by a spare line module during the line module assembly process. To minimize the deterioration
of the mirror surface quality during the assembly process, delicate assembly methods are applied one
step at a time. Finally, the fully assembled DM is fixed in the horizontal direction with two bipod stands
and a bottom flexure, thus reducing mirror distortion caused by the mounting process. Tests are con-
ducted to validate the hardware performance. The mirror surface stroke is checked with an interferom-
eter, and the dynamic responses and the coupling ratios are measured with a laser displacement sensor.

Section 2 introduces the components of the DM. Section 3 presents the prediction of the mir-
ror surface stroke of the designed DM using finite element analysis (FEA), along with simulations
of deformations due to gravity and temperature variations. Section 4 describes the assembly pro-
cess of the DM. Section 5 presents the hardware performance tests of the DM, along with the
results. Finally, section 6 concludes the present research.

2. Components of the line-module-type SiC DM
2.1. Fully assembled DM

A 3D model of the SiC DM developed in the present research is shown in Figure 1. The major
components of the DM are its mirror faceplate, flexures, actuators, and base plate. As shown in
Figure 2, the DM is mounted horizontally with bipod stands and a bottom flexure to minimize
the deformation of the mirror faceplate. Pivot cylinders are attached to both sides of the DM,
and inserted into the holes of the bipod stands to reduce torsion.

All components of the DM are glued together using epoxy adhesive, as shown in Figure 3. An
actuator, consisting of the top and bottom isolation caps with the middle multilayer actuator
part, is inserted into the square hole of the base plate and glued in place. A flexure is glued to
the top of the actuator, between the mirror faceplate and the actuator. To increase the gluing
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Figure 1. Line module type SiC DM: (a) front view, (b) trimetric view.
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Figure 2. Line module type SiC DM with mounting stands: (a) front view, (b) trimetric view.
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Figure 3. Cross-sectional view of the DM corresponding to one actuator.
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area, the bottom of the flexure is hollowed into a square shape. The top side of the flexure is
then glued to the bottom of the mirror faceplate.

At the bottom, a thick base plate serves to hold the actuators. It is divided into an outer base plate,
inner line base plates, and a cover. Each line module is a pre-assembled set consisting of a line base
plate, actuators, and flexures. The line modules are stacked horizontally into the outer base plate and
then covered with the cover plate. An array of discrete actuators, placed perpendicular to the mirror
faceplate with specific spacings in the x- and y-directions, is used to generate surface strokes. By apply-
ing electric power to the actuators, the longitudinal actuator strokes cause the mirror surface shape to
change. The flexure structure is placed between the mirror faceplate and the actuator. It is designed
such that it efficiently concentrates the force transmitted from the actuators and transmits it to the mir-
ror faceplate. It also contributes to reducing the adhesive stress under the operating conditions. The
cylindrical necks of the flexure concentrate the actuator force at the center of the attachment area on
the mirror faceplate. Additionally, the necks are easily bent, reducing the bending stress on the actuator.
A large, thin SiC mirror faceplate manufactured by chemical vapor deposition (CVD) is applied to the
DM considering HPL applications. SiC is increasingly being used for mirror faceplates due to its super-
ior mechanical and thermal properties compared to conventional glass materials. It enables extremely
high surface figure precision (1/20) and very low surface roughness (~0.1 nm).*®’ Thanks to its high
specific stiffness (Young’s modulus/density), the quilting effect on the mirror surface is minimized, and
deformation due to the coolant flow in cooled DMs is reduced. The high thermal stability (thermal con-
ductivity/(thermal expansion X specific heat)) of SiC reduces distortions caused by temperature changes.
Additionally, the high thermal diffusivity (thermal conductivity/thermal expansion) of SiC allows it to
transmit heat faster than glass."”**! This results in better temperature control and stability in high-
power laser applications. While SiC is a brittle material, its bending strength is superior to that of glass
materials used as mirror faceplates in DMs. During the assembly of the components of the DM, epoxy
adhesive (3 M® EC2216 B/A gray) is used. This adhesive exhibits high shear and peel strength while
maintaining excellent flexibility. It is also resistant to extreme shock, vibration, and flexing. Additionally,
it has been tested and certified for aircraft and aerospace applications.’”” Invar36 given its extremely
low coefficient of thermal expansion (CTE) is used for the base plate and flexures. The mechanical
properties of the materials used to create the components are shown in Table 1.

Considering the atmospheric conditions in Korea, the target values for the stroke and dynamic
response of the mirror surface due to a single actuator operation in the developed DM are 2 um
and 1kHz, respectively. The allowable coupling ratio range is 15-70%.

2.2. A thin SiC mirror faceplate

To correct the wavefront error induced by atmospheric turbulence that arises when controlling the
selected actuators, a thin SiC mirror is needed. The stiffness of SiC is very high, so larger strokes and
greater forces from the actuators are needed to achieve the designated mirror surface strokes. In con-
trast, if the mirror faceplate is too thin, the mirror surface stroke may increase, but the influence
function becomes too narrow or a quilting effect may occur. During the fabrication and polishing of
the mirror faceplate, the desired surface figure quality may not be achieved if the mirror is too thin.

Table 1. Mechanical properties of key materials.

Young's modulus Density CTE
Material (GPa) Poisson’s ratio (kg/m°) (10 m/m/°Q)
Invar36 141 0.259 8,050 1.26
SiC 419 0.16 3,130 4.0
PZT (cap) 524 0.35 7,800 8.0
PZT (actuator) 62.3 (x, y) 0.34 8,000 6.0 (x, y)
32.0 (2) 3.0 (2)

EC2216 Gray 0.69 0.43 1,320 102
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PV 83.04 nm, RMS 1.617 nm
ey
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Figure 4. Fabricated SiC mirror faceplate: (a) mirror faceplate, (b) flatness measurement result (PV 178 nm, RMS 17.96 nm), and
(c) roughness measurement result (PV 83.04 nm, RMS 1.62 nm).

Considering the factors mentioned above, the thickness of the SiC mirror faceplate for the DM is
determined to be between 0.95 and 1.0 mm, accounting for the reduction in thickness during the pol-
ishing phase. The thin SiC mirror faceplate is precisely fabricated using the adaptive hydrostatic pres-
sure control fabrication method developed at the Korea Research Institute of Standards and Science.
In this way, the SiC mirror faceplate is successfully fabricated, and Figure 4 shows the result. Its sur-
face flatness and roughness are measured by a Zygo® Fizeau interferometer and a white light interfer-
ometer, respectively, with the corresponding results being 17.96nm RMS and 1.62nm RMS,
respectively, with a clear aperture diameter of 120 mm.

2.3. Actuator and flexure

To control the mirror surface stroke during high-frequency operation in AO, PZT actuators were uti-
lized. We used commercial actuators and, after considering specifications such as stroke, blocking force,
and driving frequency, selected one from the available product range. The selected PZT actuator is
shown in Figure 5(a). Its nominal stroke and blocking force are 11 um and 310N, respectively, with a
driving frequency greater than 1kHz. The lateral dimensions are 3 mm x 3 mm, and the length, includ-
ing the top and bottom insulation caps, is approximately 25 mm. To ensure a sufficient gluing area, a
cup-shaped design for the bottom of the flexure was introduced, as shown in Figure 5(b). The inner sur-
faces of the square cup are glued to the surfaces of the top cap of the actuator.

When operating, the inner actuators are active, but the actuators at the boundary (marked in
red in Figure 6) are used to support the mirror faceplate.

2.4. Design of flexures

The mirror faceplate is deformed by the push-up and pull-down motions of the actuators. Thus,
the range of the mirror surface stroke is affected by the solidity of glue between the mirror face-
plate and the actuators. According to the previous research of our research group,*” the direct
gluing between these components would be best for solidity, but doing so overstresses the adhe-
sive between them and reduces the mirror surface stroke given the square shape of the top cap of
the actuator. Since gluing area is a rectangular-shaped, the forces from the actuator cannot be
concentrated, and the bending stiffness at the glued region becomes excessive. To resolve these
problems, in the previous research, flexures are adopted between the mirror faceplate and the
actuators. By changing the head shape of the flexure, the gluing area and shape are modified,
reducing the stress at the corners of the square-shaped gluing. The lengths of the top and bottom
necks of the flexure, as well as the hole diameter of the middle box between the necks, can be
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(a) (b)

Figure 5. Actuator and flexure: (a) PZT actuator with PZT insulation caps, (b) Invar36 flexure.
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Figure 6. Layout of actuators.

adjusted to control the longitudinal stiffness of the flexure. The cylindrical neck concentrates the
force generated by the actuator, which has a square cross-section. Additionally, the necks, being
more flexible in bending, reduce the bending stress on the actuator caused by the movements of
neighboring actuators. The gluing area at the bottom of the flexure can be adjusted by consider-
ing the adhesive stress caused by the full stroke of the actuator. As mentioned above, a cup shape
is applied in this research to enlarge the gluing surface.

Structural optimization of the flexure for the DM was also conducted in the previous research.
In that study, the target DM was an engineering model with 5 x 5 actuators intended to reduce
the complexity of the full-channel DM. First, topology optimization to maximize the mirror sur-
face stroke was performed using GTAM in ANSYS®. Based on the optimal topology result, the
initial design of the flexure was devised. The major dimensions of the initial flexure design were
optimized using response surface optimization with ANSYS® DesignXplorer. The outcome
showed that the optimal shape of the flexure met the required mirror surface stroke and adhesive
stresses requirements.

The optimized flexure from our previous study was then adjusted to ensure proper perform-
ance for the full-channel DM in the present research. The overall shape remains unchanged, but
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the neck length and bonding areas of the top side, as well as the bottom cup-shaped surface,
were adjusted based on the mirror surface stroke and adhesive stresses through simulations for
the full-channel DM. The lateral dimensions of the flexure are 4mm X 4 mm, with a height of
approximately 20 mm, as shown in Figure 5(b).

2.5. Base plate

A base plate consisting of Invar36 is introduced at the bottom of the DM. The thickness of the
base plate is designed to be as light as possible while preventing deformation due to the actuator
operation. In addition, since the actuators, flexures, and mirror faceplate are stacked and bonded
to the base plate, the flatness and parallelism of the top and bottom sides during manufacturing
are maintained within 20 yum. As shown in Figure 7, square holes are drilled into the top of the
base plate to increase the gluing area with actuators. The base plate is divided into outer and
inner parts, and the inner part is separated line by line. Each line of the base plate has square
holes in which to plant an actuator along with wire grooves on both sides. To ensure alignment
across the line base plates, they are manufactured so that the tolerance of the dimensions from
the attaching sides on the reference sides of the outer base plate to the bottom sides of the square
holes is within 20 um. The line base plates are attached to each other by gluing. Therefore, the
gap between the line base plates is determined by considering the adhesive thickness. During
thermal deformation due to the temperature changes, the deformations of the line base plates are
not irregular when the adhesive thicknesses are consistent. Therefore, they are manufactured in a
way that the tolerance of the widths of the line base plates is also no more than 50 um. To fix the
lined base plates onto the outer base plate, two end points of each lined base plate are fixed with
bolts. After gluing the outer and the line base plates, a cover plate is placed over them.

3. Simulation results of the SiC DM
3.1. Finite element model and boundary conditions

We checked the full strokes of all actuators, approximately seven hundred including spares, and the
results show that the maximum, minimum, and average strokes of them are 14.1 um, 7.8 um, and
11.1 um, respectively. Accounting for the safety margin and the expected stroke for the mirror

Mirror faceplate ———

Flexures
Actuators —
Cover plate -

Inner line base plate

(@) (b)

Figure 7. Base plate: (a) exploded view of the line-module-type SiC DM, (b) manufactured outer and inner line base plates.
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Rotation free

Symmetry: y-z plane Symmetry: x-z plane

(a) (b)
Figure 8. Analysis model of the SiC DM: (a) quarter model and boundary conditions, (b) FE model.

faceplate flattening, the reference stroke of an actuator is determined as 7.9 um. The mirror surface
stroke of the SiC DM by a single actuator stroke of 7.9 um is designed to be 2 um or more. To verify
the mirror surface stroke, FEA is performed using ANSYS® mechanical. Additionally, deformation
of the mirror surface due to gravity is considered, as it occurs naturally when the DM is installed
horizontally in an AO system. Lastly, a thermal analysis is conducted, and the wavefront error of the
mirror faceplate is analyzed. The boundary conditions are shown in Figure 8(a).

Considering the symmetry of the DM structure, it can be modeled as a quarter model with plane
symmetry boundary conditions applied to the planes normal to the x- and y-axes to reduce compu-
tational effort. As shown in Figure 2, the DM is mounted horizontally with mounting stands. Each
bipod stand is in contact with a pivot cylinder attached to the side of the outer base plate of the DM
to reduce torsion at the mounting point. Therefore, rotation-free boundary conditions are applied to
the outer surfaces of the pivot cylinder at the sides of the outer base plate. Figure 8(b) shows the FE
model of the DM. The thin parts, such as the mirror faceplate and adhesives, are meshed with at
least two layers in the thickness direction. The flexures are meshed with smaller elements than the
other parts, due to their structural complexity and small dimensions. The mesh quality and solution
convergence are checked by the program. The mesh sizes of all parts of the DM are determined by
considering solution convergence, mesh quality, and computational efficiency. As a result, the full
model of the DM is meshed with a total of 17,873,454 nodes and 11,864,435 elements.

3.2. Mirror surface stroke by a single actuator stroke

Figure 9 shows the result when a 7.9 um stroke is applied to the center actuator. In both the
push-up (Figure 9(a)) and pull-down (Figure 9(b)) cases, the mirror surface stroke (PV) is
2.11 um. The levels of adhesive stress should not exceed the corresponding allowable levels. In
earlier work by the authors,?*! the failure stress points for the adhesive between SiC and Invar36
and between Invar36 and PZT were derived from experiments, and the allowable stress levels
were determined, allowing the application of a safety factor of 1.5. Simulation results for the
adhesive stress are listed in Table 2. As indicated, all stress levels are below the allowable levels.

3.3. Surface error of mirror due to gravity and temperature variations

As mentioned above, the DM is installed horizontally in an AO system, meaning it is subject to
the influence of gravity due to its position. The mirror surface was fabricated and polished to be
flat for successful wavefront error compensation in the AO system, but the mirror surface
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(a) (b)

Figure 9. Analysis results: (a) 7.9 um push-up case, (b) 7.9 um pull-down case.

Table 2. Adhesive stress upon the operation of a single actuator.

Force condition Adhesive position Mirror—flexure Flexure—actuator Actuator-base
Allowable stresses Normal/shear 4.13/4.06 2.60/2.47 2.60/2.47
Push-up case Normal/shear 1.03/1.96 0.66/0.55 0.28/0.68
Pull-down case Normal/shear 4.11/1.96 2.24/0.55 1.65/0.67

The description of the values: The unit of each value is MPa.

deforms under gravity. Because the mirror faceplate is relatively light, it is slightly deflected. As
shown in Figure 10(a), the tip/tilt-removed PV and RMS values of the surface error are 15.22 nm
and 2.38 nm, respectively.

The AO system, including the DM, is mostly equipped in a room where temperature and
humidity are carefully controlled. However, the DM should not be allowed to deform excessively
under unexpected temperature variations. To predict the amount of surface error due to tempera-
ture changes, the deformation is analyzed for a4 5°C temperature variation. The resulting shape
error for the mirror surface is shown in Figure 10(b). Due to the directional nature of the line
modules, the mirror deformation occurs symmetrically about the y-axis. However, the PV and
RMS values, with the tip/tilt removed, are only 108.44 nm and 16.32 nm, respectively. As stated in
section 3.1, the total stroke for mirror flattening and the safety margin is 3.2 um. This stroke
allows the mirror surface deformation to be corrected by up to approximately 850nm RMS.
Therefore, it is sufficient to compensate for the mirror surface deformation due to gravity and
temperature changes, and the resulting shape error can be considered negligible. In addition, the
deformations occur within the elastic range, and the mirror shape is restored once the heat is
removed.

In both the gravity and thermal analyses, it was found that the stress levels of all components
of the DM, including the adhesives, did not exceed the corresponding allowable limits.

3.4. Mirror surface deformation according to the assembly tolerance of bipod stands

To reduce the mirror deformation during the mounting step, two bipod stands and a bottom
flexure are applied, as shown in Figure 11. Additionally, a stopper is applied to the bottom of the
DM to prevent damage in case the DM is unintentionally rotated. The bipod stands are flexible
enough to reduce the mirror surface distortion, but mirror distortion may occur if the bipod
stands are fixed in an incorrect posture or a slip of the fixed point of the bipod when fastening a
bolt. Therefore, the mirror deformation resulting from deviations in the fixed positions is
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Figure 10. Analysis results: (a) surface error of mirror under gravity of the DM in the y direction, (b) surface error of the mirror in
during a + 5 °C temperature change.
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Figure 11. DM fixed with the bipod stands and bottom flexure, where the arrows represent the deviation direction of the fixed
position.

simulated and analyzed. The tolerance of the hole positions in the mounting plate is controlled
within 100 um during fabrication. Position errors due to the misalignment or slippage from bolt
fastening can range from tens to hundreds of microns. We analyzed the surface deformations
based on a 0.1 mm variation of each fixed point in each direction. The mirror surface error can
be estimated linearly for larger variations.

Figure 12 shows the deformations of the mirror surface due to the six deviations of the fixed
positions. The PV and RMS values are under 1nm, indicating that the bipod stands effectively
prevent distortion of the mirror surface.

4. DM assembly process

The assembly of the DM is a very delicate process, with much labor required for every step. Most
importantly, the flatness of the high-precision fabricated mirror surface should be maintained
until the end of the assembly process. Handling of the ceramic-based actuator must be carefully
done due to its brittleness and the presence of the electrode. Also, the lateral spacings of the
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Figure 12. Analysis results: (a) + 0.1 mm upward deviation at the front fixed point, (b) + 0.1 mm outward deviation at the front
fixed point, (c) + 0.1 mm inward deviation at the front fixed point, (d) + 0.1 mm upward deviation at the back fixed point, (e) +
0.1 mm outward deviation at the back fixed point, and (f) + 0.1 mm inward deviation at the back fixed point.

Figure 13. Checking the heights of the flexures in a line module.

actuators are kept regularly as they are designed, and the thickness of every adhesive should be
within the optimal thickness range of 150-250 um obtained through in-house experiments.

For this challenging work, we assemble all parts in a stepwise manner with precision-fabricated
flexible spacers and fixtures. First, each line base plate and the corresponding number of actuators
are glued adhesive. Before and after the adhesive has cured, the heights of the actuators in a row
are checked with a coordinate-measuring machine (CMM). Considering the optimal adhesive
thickness, the flatness of the top of the actuators is measured as to whether it is within + 50 um.
Subsequently, the flexures are glued to the top of the actuators already installed in the line base
plate while maintaining the flatness of the top of the flexures within + 50 um. The final line mod-
ule consists of a line base plate and actuators and flexures. The gluing quality of the assembled
line modules is checked, and the heights of the flexures in a line module are measured, as shown
in Figure 13.
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Figure 14. Bottom assembly: (a) assembly of base plate, actuators, and flexures; and (b) adhesive applied to the top of the
flexures.

®)

Figure 15. Assembly process of the bottom module and mirror faceplate: (a) flipped bottom module and mirror faceplate, (b)
fully assembled SiC DM.

The prepared line modules are stacked in a parallel manner inside the outer base plate. The
end points of each line module are bolted to the outer base plate, and adhesive is applied between
the line modules. Finally, the cover plate is bolted on top of the outer base plate. Primer is
applied to the top surfaces of the flexures, as shown in Figure 14(a), and adhesive is applied to
the top of the flexures, as shown in Figure 14(b).

Figure 15(a) shows the gluing process of the bottom assembly (assembly of the base plate, the
actuators, and the flexures) and the mirror faceplate. The flipped bottom assembly is attached to
the mirror faceplate positioned on a precision-fabricated glass plate. The main reasons for intro-
ducing this assembly process are to prevent the application of force to the mirror faceplate and
to maintain the ideal adhesive thickness between the mirror faceplate and the flexures. After



14 (&) P.KANG ET AL.

curing, all fixtures are removed and all assembly processes are completed. Figure 15(b) presents
the fully assembled SiC DM.

5. Performance test of the DM
5.1. Test of the mirror surface stroke

One of the major items affecting the DM performance is the mirror surface stroke. In this sec-
tion, the mirror surface stroke of the developed DM is tested. As shown in Figure 16, the mirror
surface stroke is measured by a Fizeau interferometer by applying voltage at each actuator.
Electric power is applied to each active actuator to generate a 7.9 um actuator stroke.

Influence function maps of one quadrant, including the center lines in the horizontal and the
vertical directions, are shown in Figure 17. Each influence function map means the level of con-
tribution on the wavefront correction of each actuator. Each small circular figure in Figure 17 is
the surface map when the actuator at the figure’s position is activated. The portions of the influ-
ence map marked in red apart from the activated actuator position are the deformations due to
the result of mirror surface coating and the residual currents of the actuators. Considering these
aspects, it is confirmed that the mirror surface at each active actuator is properly deformed.
Figure 18 represents the mirror surface strokes in all actuator positions. The average stoke is
3.0 um, and the maximum and minimum values are 3.70 um and 2.04 um, respectively. As indi-
cated, all strokes exceed 2.0 um, and the DM satisfies the design target: mirror surface stroke by a
7.9 um single actuator stoke > 2.0 um.

5.2. Test of the dynamic response of the actuators

The mirror surface stroke of the DM should show a high dynamic response for reliable wavefront
error correction in an AO system. Here, test equipment is used to measure the dynamic response
of the DM, as shown in Figure 19. Electric power is supplied to the DM through a function gen-
erator and relay switches. The function generator supplies a 1 kHz frequency input of power, and
the relay switches automatically select an actuator channel to be powered by a sequential pro-
gram. To measure the dynamic mirror stroke, a high-resolution laser displacement sensor is
applied. The laser sensor is attached to a two-axis motorized stage, and its position is controlled
by the program. The dynamic mirror stroke is measured by the sensor, and the stroke changes
during the measurement time are displayed on a laptop monitor.

| =

|~ ®300 mm Interferometer

/

Attenuator

Figure 16. Measurement of the mirror surface stroke using a Fizeau interferometer.
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Figure 17. Influence maps of one quadrant of the DM.
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Figure 18. Measurement results of the mirror surface strokes.
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Figure 19. Measurement setup to measure the dynamic response of mirror surface stroke.
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Figure 20. Measurement result of the dynamic responses of the SiC DM.

Figure 20 shows the measured dynamic response in one quadrant of the DM. The mirror sur-
face stroke resulting from the operation of a single actuator properly follows the 1kHz input fre-
quency, indicating that the DM meets the design target: the dynamic response of the mirror
surface from a single actuator operation > 1kHz.

5.3. Test of the coupling ratio

The coupling ratio is defined where a continuous mirror faceplate is applied. This value affects
the ability of the DM to compensate for wavefront errors, and it is affected by factors such as the
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thickness and stiffness of the mirror faceplate, the spacing of actuators, the attachment conditions
between the mirror faceplate and the actuators, and so on. Therefore, the design coupling ratio of
a DM varies based on its target level of wavefront error correction, as well as its material and
structural specifications. The coupling ratio of a DM refers to the ratio of the mirror stroke at a
neighboring deactivated actuator position to that of an activated actuator position. This is
expressed as Equation (1).

Coupling ratio = (Mirror stroke at the neighboring deactivated actuator/

Mirror stroke at the activated actuator) x 100% W)
In Figure 17, the box outlined by the dotted blue line represents the position at which the
minimum coupling ratio occurs, while the box outlined by the solid blue line indicates the posi-
tion of the maximum coupling ratio. By comparing the mirror surface strokes at two adjacent
actuator positions in the DM, the measurements show that the minimum coupling ratio is 28%,
with a maximum value of 52%. It was observed that the coupling ratio decreases from the center
toward the boundary. As a result, it is confirmed that the coupling ratio is within the designed
range: 15-70%.

6. Conclusions

In this paper, a new line module type of DM with a SiC mirror faceplate is developed, and the
performance of the DM is tested. The DM is designed to be suitable for an AO system used
under Korean atmospheric conditions. Owing to the introduction of the line module concept, the
assembly process of the base plate and the actuators becomes simpler and more stable. It mini-
mizes the risk of actuator breakage during assembly and allows for easy exchange of a line mod-
ule if defective actuators are found. Through alignment tolerance checks for each line module
and across the line modules, the possibility of lateral and height misalignments of the actuators is
minimized. Simulations of the line module type DM under gravity and temperature variations are
performed, and the results show that the deformations of the mirror faceplate are sufficiently low
to be easily compensated by small strokes of actuators. To prevent mirror distortion when the
DM is mounted in the horizontal direction, bipod stands and a bottom flexure are applied.
Assessments show that the bipod stands are reliable against small position errors of the fixed
points in terms of the mirror surface distortion. To integrate the components, a delicate assembly
process is utilized in order to secure the surface quality of the mirror faceplate and the ideal
adhesive thickness. As a result of the assembly, all components are firmly glued together without
any broken parts.

For validation of the developed SiC DM, performance tests are conducted. First, the mirror
surface shape is measured with a Fizeau interferometer while electric power is supplied to each
actuator. The stroke at each actuator position exceeds 2 um, and it is shown that the shape of the
surface deformation during the activation of each actuator is correct. Next, the dynamic response
of the mirror surface stroke is measured with a laser displacement sensor. For successful wave-
front error compensation, a 1kHz response is required, and the measured result meets this
requirement. Lastly, the coupling ratios are evaluated in the horizontal and diagonal directions.
By comparing the mirror surface strokes of the activated actuator position and the neighboring
deactivated actuator position, the coupling ratio is calculated, with the results showing that the
coupling ratios are within the designed range: 15-70%.

In this study, the proper design, preparation, fabrication, and assembly of the components of a
SiC DM, as well as the performance testing of the DM, are performed. In future work, wavefront
error correction will be carried out using a complete AO system equipped with the developed
DM. Additionally, for higher-frequency HPL applications requiring longer ranges and higher alti-
tudes, an active cooling system, high-reflectivity mirror coatings, the examination of the
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applicability of faster actuators with a thin SiC mirror faceplate, and other considerations will be
necessary. Since the SiC DM is applicable to AO systems in various fields, we expect that this
research will provide meaningful fundamental information pertaining to the future development
of DMs.
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