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The ultralight space mirror has long been a hot topic in the research field of space telescopes. In this paper, an
ultralight mirror is designed by obtaining the structure and parameters of a mirror with an aperture of 2 m through
experimental design and multiobjective integrated optimization. Specifically, the materials near the neutral surface
were replaced with elliptical holes. The back of the mirror was supported at three points. Finite-element analysis
shows that the mirror had a surface figure error of 10.4 nm under 1 g in the x direction (gravity direction), which is
sufficiently high to be applied to visible light optical systems. Further, the eigenfrequencies of mirror components
were obtained through finite-element analysis: 70 Hz in the x direction, 70 Hz in the y direction, and 90 Hz in the
z direction. The results demonstrate the excellent dynamics performance of the designed mirror. Compared with
test results, the relative error of eigenfrequencies was within 4%. Hence, our ultralight design outputs reliable opti-
mization results and applies to the development of large-aperture ultralight space mirrors. Finally, the ultralight
mirror was prepared from reaction-bonded silicon carbide. The mass and surface density of the prepared mirror
were 105 kg and 34 kg/m?, respectively. The mirror mass was 50% lighter than that of the mirrors designed by
traditional lightweight methods. © 2021 Optica Publishing Group

https://doi.org/10.1364/A0.445384

1. INTRODUCTION

The current research on large-aperture mirrors mainly focuses

Table 1. Main Parameters of Large-Aperture Mirror in
the Literature

on traditional lightweight mirrors. Using a traditional empirical Working
formula, Zhai Yan ez al. [1] carried out lightweight design of a Parameter Diameter (mm) Mass (kg/m?) Ranges
®2020 mm silicon carbide (SiC) infrared primary mirror. The [1] ®2020 70 IR
model weight is 228 kg, and the surface density is 70 kg/m?. 2] 32000 103.8 visible
Wang Kejun e al. [2] followed traditional empirical design to Gaia 1500 x 650 39 IR
develop a 2000 mm SiC space mirror, with a substrate weight SOPHIA ®2700 148 IR
of 326 kg and a surface density of 103.8 kg/m?. Gaia [3], a space HST $2400 196 visible
observatory of the European Space Agency (ESA), consists of JWST 6500 20 IR
Herschel $3500 21 IR

two infrared off-axis space telescopes. The primary mirror is
a 1500 mm x 650 mm ultralight SiC mirror, whose weight

is 38 kg and surface density is 39 kg/m?. The Stratospheric
Observatory for Infrared Astronomy (SOPHIA), a joint pro-
ject of The National Aeronautics and Space Administration
(NASA) and German Space Agency, features an infrared space
telescope with a diameter of 2.7 m and a weight of 850 kg [4].
The famous Hubble Space Telescope has an aperture of 2.4 m
and a weight of 890 kg. Its surface figure error meets the imaging
requirement [5]. Hilpert e a/. [6] manufactured a lightweight
mirror by selective laser melting; the optimized lightweight
mirror exhibits 63.5% of mass reduction and a higher stiffness
compared to conventional designs. Lemared et a/. [7] proposed
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a new way to manufacture large lightweight aspherics for space
telescopes using stress mirror polishing (SMP). Atkins ez al.
[8] manufactured lightweight mirrors with a complex struc-
ture using a 3D print. Zhang e al. [9] designed a $510 mm
mirror blank with weight about 2.2 kg. Table 1 shows the main
parameters of large-aperture mirror in the literature.

The above analysis shows that most large-aperture space
mirrors are relatively heavy. The high-mass mirrors increase the
weight of the entire space telescope system. In the James Webb
Space Telescope (JWST) and the William Herschel Telescope,
the extra-large-aperture primary mirrors only apply to infrared
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optical systems with a low requirement on surface figure error,
despite their ultralow surface density [10,11].

Therefore, it is of great significance to develop lightweight
large-aperture space mirrors with a high rigidity and a high sur-
face figure error. This paper designs an ultralight mirror with an
aperture of 2 m through experimental design and multiobjective
integrated optimization. The designed mirror simultaneously
achieves light weight, high rigidity, and high surface accuracy.

2. OPTIMIZATION DESIGN OF MIRROR
A. Structural Optimization

The lightweight mirror design essentially removes excess materi-
als, retaining the useful parts. After the removal, the back of the
mirror becomes porous. In general, there are five basic structural
forms of the back: the symmetric interlayer, the asymmetric
interlayer, the semi-open structure, the open structure, and
the foam sandwich. The ribs are normally distributed in three
forms, namely, triangular, hexagonal, and fan-shaped [12].

Suppose the aperture (D,), center hole (D;), and spherical
parameters are determined for the target mirror. This paper
designs the mirror in the following steps: determining structural
form, selecting materials, optimizing structural parameters,
and calculating results. The semi-open triangular structure was
adopted for the back of the mirror, or its high rigidity and high
stability. Figure 1 presents the optimization results through
experimental design. The directions of the x and y axes are
specified in Fig. 1(b). The z axis follows the Cartesian coordinate
system, which is adopted in the subsequent discussion.

It is worth mentioning that, during structural optimization,
the location of mounting holes was determined indirectly
through the planning of vertical ribs, in order to ensure the
mounting holes were under uniform stress. The mounting holes
were arranged at the intersections of the main ribs. To facilitate
the preparation, the vertical ribs were bent to converge at one
point [indicated by green arrows in Fig. 1(b)].

Considering the limited contribution of the materials
near the neutral surface to the bending rigidity of the mirror,
these materials were replaced with elliptical holes. After the
replacement, the mirror mass was reduced by 10%. During the
simulation on rectangular holes, it was learned that this struc-
ture can reduce the mirror mass to the maximum degree, but the
mirror with rectangular holes has a smaller surface figure error
than that with elliptical holes. The reason is that the elliptical
holes do not weaken the strength of rib intersections. The mirror
mass can be reduced without sacrificing much of the rigidity.
Figures 2(a) and 2(b) shows two kinds of mirror structure in the
same mirror parameter case. Through finite-element analysis,

(b)

Fig. 1. Ultralight mirror model. (a) Model axonometric drawing;
(b) model front view.
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Fig. 2.  Rectangle and elliptical holes’ result of comparison.
(a) Ultralight mirror mode of elliptical holes; (b) ultralight mirror
mode of rectangle holes; (c) elliptical holes” surface figure error map of
the mirror; (d) rectangular holes surface figure error map of the mirror.
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Table 2. Mirror Surface Figure Error of Elliptical Holes
and Rectangular Holes

Parameter Elliptical Holes Rectangular Holes
RMS-X (nm) 10.4 20.3

Mass (kg) 103 100

Figs. 2(c) and 2(d) show the rectangle and elliptical holes’ sur-
face figure error map of the mirror. Table 2 shows that the surface
figure error of the elliptical holes is better than that of the rectan-
gular holes, but the elliptical holes are easier to manufacture, so
elliptical holes were used.

B. Selection of Mirror Materials

Table 3 shows common materials for a spaceborne mirror.
Comparing SiC with other materials such as ULE, Zerodur, and
Be, SiC is the most suitable material for developing our mirror,
which is characterized by a complex structure. SiC is an ideal
optical material for space mirrors, thanks to its large specific
rigidity, good thermal conductivity, and small coefficient of
linear expansion. Depending on preparation technique, SiC
can be divided into several types. Those commonly used in
mirrors include hot-pressed SiC (HP-SiC), reaction-bonded
SiC (RB-SiC), pressureless-sintered SiC (S-SiC), and chemi-
cal vapor decomposition SiC (CVD-SiC). Among them,
RB-SiC boasts a low sintering temperature, a small produc-
tion cost, and a high degree of material densification. Most
importantly, this SiC material does not undergo volume con-
traction, providing a desired material for the preparation of
large complex-shaped structural members [13,14]. The author’s
employer (Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences) has excellent fabrication
capacity for RB-SiC. In 2018, a $4®4 m mirror was prepared
[15]. Mirror blanks with high lightness, high rigidity, and com-
plex structure can be manufactured in a short time. Therefore,
RB-SiC was selected as the 2 m ultralight mirror material.
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Table 3. Values of Material Properties for Common
Spaceborne Mirror Material

Material SiC Be ULE Zerodur
Density p (g/cm?) 3.0 1.85 2.21 2.53
Young ‘s modulus E (Gpa) 350 287 67 92
Thermal cond. A 144 216 1.3 1.46
(W/m - K)

CTE « (ppm/Kat RK) 2.4 11.3 0.015 0.02
Mechanical stability (E/p) 116.67 155.14 30.2 36.36
Thermal stability (A /o) 60 19.12  86.67 73
Integrated performance 7000 2966 2654 2627

(E/p). (A /e)

D@ CAO|IO
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o

Fig.3. Dimensional parameters of the mirror.

C. Multiobjective Integrated Optimization of Mirror

The structure of the ultralight mirror was optimized through
experimental design. After that, the optimization aims to select
the best structural parameters. The surface figure error of the
mirror is not simply the results of superposition of structural
parameters. The key to mirror design is to quickly find the
optimal solution. In traditional design, iterative computation
is performed with empirical formulas to obtain an acceptable
outcome. But the traditional approach is very likely to converge
to a set of local optimal solutions. The design process is inef-
ficient, and it is difficult to obtain the optimal solution. This
paper resorts to the highly efficient multiobjective integrated
optimization to find the best parameters for the mirror.

D. Parameter Optimization

For a given optical system, many parameters for the mirror have
fixed values, such as spherical radius, center hole, and aperture.
These parameters were therefore excluded from the optimiza-
tion problem. As shown in Fig. 3, the following parameters for
the back of the mirror need to be optimized: mirror thickness
T, center height H, back plane thickness T, and rear panel
thickness Tc.

E. Optimization Model

The optimization design for the ultralight mirror aims to find
a set of optimal parameters, such that the surface figure error
RMS_X of mirror X is greater than 1/501(A = 632.8 nm),
the fundamental frequency ( f) is above 80 Hz, and the mass is
below 124 kg. For simplicity, the eigenfrequencies were taken
as a constraint, reducing the number of objective functions
from three to two. In essence, the optimization problem is to
search for the set of Pareto optimal solutions to the two remain-
ing objective functions. During the optimization process, the
fundamental frequency (f) of the mirror was calculated and
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Fig.4. Flow chartofintegrated optimization.

compared with the condition of 80 Hz. The mirror is fixed with
three flexures, and its properties are similar to kinematic con-
straints. This flexure does not affect the optimization result of
the entire structure. It can realize the decoupling of the flexures
structure and the mirror structure. This support does not affect
the optimization result of the entire structure. The range of each
parameter can be determined by the current manufacturing
capability. Then, the optimization model can be mathematically

described as

find(X) = (T3, T, T, H)"
min(RMS_X, Mass)

S.T

3<1T=<6

25<T <10

3<7c<8

120 < H <200

80< f

Figure 4 presents the flow of integrated optimization.
Specifically, Unigraphics (UG) was adopted to establish
the geometry model after experimental design, Patran was
selected as the finite-element model (FEM), Nastran was
chosen to compute the surface figure error of the mirror, and
nondomination-based genetic algorithm (NSGA-II) was called
to search for the global solution set.
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Table 4. NSGA Il Parameters

Parameter Value
Population size 12
Number of generations 20
Crossover probability 0.9
Crossover distribution index 10
Mutation distribution index 20

Initial sample points
A

Solution
area

£
Fig.5. Principle of approaching Pareto front step by step.

In our design, many mirror parameters are coupled with each
other, pushing up the computing load. Thus, a suitable opti-
mization algorithm needs to be selected to obtain the solution
set of the objective functions. Here, NSGA-II [16] is employed
for its excellent search performance. Table 4 shows the param-
eter setting of NSGA-II, which quickly converges to precise
solutions. NSGA-II is one of the nonscalar methods. It can make
the front of the solution set close to the Pareto front as much as
possible, and try to cover the Pareto front evenly. Figure 5 shows
the process of calculation. The initial solution value was used
as starting point-group (n), and then gradually improved in
order: group™ — grou?"=V — ... — groupV — group®,
approaching the real Pareto front. In addition, downhill simplex
was called to directly search the optimal support positions.
Next, the RMS_X and weight were calculated based on the
optimal support positions. The two optimization objectives,
namely, RMS and mass, are recorded in units of nanometers and
kilograms, and assigned weights of 10 and 1, respectively.

F. Optimization Process

During the optimization, it was learned that the results were
mostly significantly affected by the T¢ and Tp of the mirror.
After 118 iterations, T¢ converged to 3.05 mm, and Ty also
converged to that level. Meanwhile, H and Tf oscillated about
the optimal values. Figure 6 shows the trends obtained through
polynomial fitting.

3. RESULTS

The above optimization outputs the Pareto solution sets of mir-
ror mass and RMS_X. As shown in Fig. 7, the results gradually
approached the lower-left corner, forming a boundary called
the Pareto frontier. To ensure the allowance for machining,
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Fig.7. Dareto solution sets of mirror mass and RMS_X.

Table 5. Final Results of Parameter Optimization
Optimized Value  Machining Precision

Target Parameter (mm) (mm)

Ts 3.05 3

Tk 6.1 6

H 151.33 150

Tc 3.05 3

the point in the set of effective solutions, which is the closest to
the lower-left corner, was taken as the final solution (indicated
by the blue arrow), and rounded to obtain the precise dimen-
sions (Table 5). The elliptical holes dimension (the long axis is
200 mm and the short axis is 112 mm) were determined after
the mirror parameters optimization was completed, in order to
simplify the optimization model and reduce the amount of cal-
culation. Then, the final geometry model was established based
on the precise dimensions (Fig. 1). The final mirror model has
a mass of 103 kg. To validate the optimization results, a finite-
element analysis was performed on the statics and dynamics
features of the ultralight mirror.

A. Statics Analysis

The optical axis direction of the large-aperture mirror in ground
processing differs from that in testing. The optical axis is vertical
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Table 6. Mirror Surface Shape Data under 1 ga

AX AY AZ PV RMS_X
(nm) (um)  (um) Ox (") Oy(") Oz(") (nm) (nm)
0.2 38.7 —0.1 0.3 —0.1 ~0 61.2 10.4

“AX, AY, and AZ are rigid body displacements; 6x, 0y, and 0z are dip angles
of the mirror.

during ground processing and horizontal during testing. The
mirror belongs to two different force states under the two con-
ditions, owing to the gravity of the ground. If the statics state of
the mirror fails to meet the testing requirement, i.e., the surface
figure error of the mirror with horizontal optical axis surpasses
allowable RMS_X by 1/50A (A = 632.8 nm), the mirror struc-
ture will undergo the gravity deflection that will go away in the
weightless environment of space. The surface figure error will
be altered, dragging down the imaging quality of the optical
system. Hence, under the gravity of 1 g, the surface figure error
of the mirror with horizontal optical axis on the ground must be
better than 1/50A (A = 632.8 nm). According to the boundary
conditions (horizontal optical axis; 1 g of gravity in the x direc-
tion), the back support was exact-constrained by three flexures;
the flexure interfaces [Fig. 8(a)] were fixed-constrained. Then,
the surface figure error of the mirror model was subjected to
finite-element analysis. The results show that the mirror had an
RMS_X of 10.4 nm [surface shape distribution in Fig. 8(b)];
analysis results in Table 6), i.e., the statics features of the mirror
meet the design requirements.

B. Dynamics Analysis and Test

During the launch and flight, the space mirror needs to go
through a complex dynamics environment. The dynam-
ics analysis on a large-aperture space mirror helps to predict
whether the response of the mirror structure to vibration and
impact load meets the strength requirement, and whether the
materials of the space mirror could be damaged. Here, an eigen-
frequencies analysis were conducted on the mirror component
model (the mirror and the flexure and the supporting frame),
and a feature scan was applied on the mirror components.
Figure 9 shows the mirror component was fixed on the shaker
through the fixture for vibration tests. The mirror component
was excited by the shaker. Under the test conditions (Table 7),
the eigenfrequencies of the mirror components were measured
in three directions. Figure 10 shows the mounting position of
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Fig.9. Schematic diagram of vibration tests.
Table 7. Feature Scan Test Conditions (X, Y, Z)
Frequency Range Amplitude Scan Frequency
(Hz) (® (oct/min)
8-500 0.1 4

@ (b)

Three-way accelerometer

© (d)

Fig. 10.  Test results. (a) Test results on x directions; (b) test results
on y directions; (c) test results on z directions; (d) mounting position
of the three-way accelerometer.

Table 8. Comparison between Simulation Results and
Test Results

Direction X Y Z

Finite-element analysis eigenfrequencies (Hz) 70 70 90
Test eigenfrequencies (Hz) 71.54 7212 86.51
Relative error (%) 2.1 2.9 4

the three-way accelerometer and the test results. It can be seen
that the mirror exhibited good dynamics performance. Table 8
presents the finite-element analysis results and test results. The
error between the two sets of results was within 4%, which
indirectly demonstrates the reasonability of our optimization
method.

The above analysis confirms that our mirror satisfies engi-
neering requirements. The mirror of the designed structural
dimensions was prepared through reaction bonding. The mass
and surface densities were 105 kg and 34 kg/m?, respectively. As
shown in Table 9, our mirror was 50% lighter than the mirrors
with the same aperture reported in the literature.
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Table 9. Performance Comparison between Mirrors
with the Same Aperture Reported in the Literature
$2020 (our
Aperture (mm) design) ®2020[1] ®2000 [2]
Mass (kg) 105 228 326
Surface density (kg/m?) 34 70 103.8
Material RB-SiC SiC RB-SiC
Surface figure 10.4 27.02 4.3
error (RMS)
(nm)
Mirror blank Polishing
CNC machining SIEETE
measurement
- NO
Grinding 1/50 A
YES
Surface ;
modlil;'ichILiOII Ctiing

Fig.11.  Flow chart of the mirror’s manufacturing.

C. Mirror Manufacturing Process

Figure 11 shows the mirror manufacturing process. The mirror
combines with lost foam and improved gel-casting technologies;
an RB-SiC mirror blank with monolithic partially closed back
structure is produced, further improving the RB-SiC mirror’s
stiffness. The largest in the world, 4.0 m lightweight RB-SiC
optical mirror blank is fabricated [17]. Due to high flexural

(@ (b)

+3.11816

Fig.12. Physical mirror. (a) Support mounting diagram, (b) mirror
surface testing process, (c) interferometer detection results.
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strength (larger than 25 MPa), the mirror mounting holes have
been machined by a computerized numerically controlled
(CNC) process. While the surface figure error was ground to
2X(X = 632.8 nm), in order to eliminate the surface microde-
fect after the direct polishing of RB-SiC substrate, reduce
the surface roughness, and increase the surface quality, Si was
selected as the modified material based on the features of large-
aperture SiC, where the mirror substrate was modified by using
the magnetron sputtering technology [18,19]. Finally, while
the surface figure error is polished to 1/50A (A = 632.8 nm)
[20,21], the mirror surface will be coated. As shown in Fig. 12,
the mirror is polished, and its surface figure error is 67 nm with a
horizontal optical axis.

4. CONCLUSIONS

This paper optimizes mirror structure through experimental
design and obtains mirror parameters through multiobjective
integrated optimization, thereby designing an ultralight large-
aperture mirror for space telescopes. The NSGA-II algorithm
was called to improve the calculation efficiency during the con-
struction of the multiobjective integrated optimization model.
In addition, a geometry model was established for the mirror
according to precise dimensions and used to analyze the statics
and dynamics features of the mirror. Furthermore, the eigenfre-
quencies of the mirror components were tested, and the analysis
data were contrasted with the test data. The relative error of
eigenfrequencies was within 4%, reflecting the accuracy and
practicality of our design approach. Finally, a physical mirror
was prepared based on the designed structure and parameters.
The mass and surface densities were 105 kg and 34 kg/m?,
respectively. The mirror mass was 50% lighter than that of the
mirrors designed by traditional lightweight methods. Currently,
the mirror is in the stage of precision optical processing, and its
surface figure error is 67 nm with a horizontal optical axis.
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