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Abstract: Space telescopes with large diameters or with wide fields require convex secondary mirrors
which are mounted at the front of telescope. In this paper, a convex aspheric lightweight SiC mirror
and Hindle detection method are presented. A parameter optimization method is utilized in the
mirror design process in which the mirror surface accuracy is taken as the objective. As the mirror
has a relative high diameter-to-thickness ratio, an S-type flexure support is proposed to maintain
the surface figure under gravity, thermal change and assembly error. To minimize the surface figure
under these loads, the design principle is studied separately. The optical metrology is performed
by the Hindle ball supported by a gravity offloading system. The tested surface had an accuracy
of A/100 root mean square (A = 632.8 nm). In addition, the mechanical design was validated by
dynamic testing.

Keywords: convex SiC mirror; optimization; Hindle optical metrology

1. Introduction

With the development of astronomy, military and space technology, requirements
for the performance of optical systems are increasing. Aspherical surfaces used in optical
instruments can improve the image quality and optical characteristics, simplify the instru-
ment structure, and reduce the weight and overall size [1]. Because aspherical surfaces have
only one axis of symmetry and the curvature of each zone is different, surface metrology is
difficult. When designing a space mirror assembly, the mirror is weight-limited and flexure
is used to resist external environmental disturbances, such as gravity, assembly error, and
thermal change, and disturbance during launch [2,3]. However, compared with a concave
mirror, the design and surface metrology are more complicated [4].

As the secondary mirror assembly is mounted at the front of the telescope, its mass is
limited. However, weight reduction also reduces the rigidity of the mirror, and the surface
distortion under gravity increases. Manufacturing tolerances on parallelism between the
mounting interfaces imposes the requirement that each support accommodate a fixed
angular displacement in any orientation during assembly. The resulting moment on the
mirror must not cause excessive mirror surface distortion. Due to the differences in coeffi-
cients of thermal expansion, the thermal changes during ground testing and the in-orbit
environment will cause differential thermal expansion or contraction between the mirror
and the baseplate. For the optical performance to remain unaffected by environmental
influences, a flexure must be compliant enough to absorb these external loads passively [5].
The launch environment, on the other hand, imposes the requirement on the flexure that
the maximum stress during launch must not exceed the micro-yield of the material [6]. A
flexure satisfying that requirement is necessarily stiff, which can be estimated by the funda-
mental frequency. The flexible support is the key component to reduce optical distortion
and ensure the quality of remote sensing images.

Mirror flexure supports can be divided into three main forms [7-9]: passive support-
ing forms, gravity unloading forms and active optical forms. The passive support is a
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traditional support method. The commonly used back three-point support belongs to the
passive support form. This method has been implemented on many different apertures of
mirrors in different projects, where the invar sleeve is attached to the mount with flexure
to match the coefficient of thermal expansion of the mirror material. The back support
structure has the advantages of lightweight and small size. Moreover, a mirror supported
on the mid-plane can minimize gravitational optical distortion [10-12].

At present, the detection of a large-aperture aspherical surface adopts three main
methods: null lens detection, Hindle ball detection and computational hologram (CGH)
detection. Hindle ball detection is the earliest, most common, and most reliable detection
method. It is mainly used to detect convex aspherical surfaces, and has the advantages of
high detection accuracy and simple assembly and adjustment [13].

In the present study, a lightweight SiC rectangular mirror is designed for a space
telescope based on the back three-point support scheme. An S-type flexure hinge is
presented to balance the lateral gravity of the mirror, and its size parameters are optimized.
The design principle of the flexible support is studied. Then material of the mirror blank is
reaction-bonded SiC. The optical performance of the mirror assembly is evaluated by finite
element analysis. The design is optimized to realize zero-gravity surface figure stability
under lateral gravity. Then the secondary mirror assembly is fabricated, assembled, and
polished. A Hindle ball is designed to test the surface shape of the mirror. Optical testing
and vibration tests are performed on the mirror assembly to validate the flexure design.
And the test shows that the engineering requirements have been met.

2. Performance Metrics

The design specifications of the secondary mirror assembly include the mirror surface
shape error, decenter, tilt, mass and frequency, as shown in Table 1. The comprehensive
surface accuracy index is decomposed into independent specifications according to the
disturbance type. In this way, the comprehensive surface accuracy specification can be
satisfied when each sub-index meets the requirements separately. The disturbances include
gravity, thermal change, the flatness error of the mounting surface, and axial mount
accuracy, and they are all considered in the design process of the space mirror assembly [14].

Table 1. The design indices of secondary mirror assembly.

Design Indexes Index Requirements
Mirror surface accuracy A/100
Decenter 0.017 mm
Tilt 0.2”
Mass (mirror assembly) <10 kg
Frequency >150 Hz
Dynamic stress <800 Mpa (the microyield stress)

In actual engineering, the causes of these four disturbances are different and approxi-
mately unrelated. The following error synthesis formula of random error and systematic
error can be used to calculate the total error.

)

where 0; is the random error and s; is the single undetermined system error.

Given the current fabrication ability of optical mirror surfaces, processing precision of
machining parts and the installation accuracy of the mirror assembly, the total error budget
of A/100 (6.3 nm) was decomposed into four components (including some margin) [15], as
shown in the Figure 1. The total RMS of 6.3 nm is decomposed into 2.5 nm for gravity. The
surface distortion caused by the forced displacement of 0.05 mm on the mounting surface
is not more than 4 nm. When the temperature change is 4 °C, the allowed degradation of
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surface accuracy is 2 nm, as shown in Figure 1. The allowed degradation of the surface
shape caused by machining and assembly errors is 3.6 nm.

Comprehensive surface
shape error (RMS)
A/100nm(6.3 nm)

|

| | |

Lateral gravity

temperature load Assembly error Margin

|

|

. 4°Ct 6 the non coplanarity of the| |The surface shape degradation is
self-gravity: | e'mp erature mounting surface is caused by machining and
2.5nm variation: 2 nm 0.05 mm: 4 nm assembly errors: 3.6 nm

Figure 1. Schematic illustration of the performance metrics.

3. Lightweight Design of the Rectangular Mirror

A partially closed-back monolithic, 434 x 416 mm rectangular SiC mirror configura-
tion was examined. The central thickness of the mirror is 50 mm. The mirror is supported
by three supporting holes located on its back. The graduation circle diameter of the
three support holes is 224 mm, the thickness of the front panel is 4 mm. These structural
sizes were determined by empirical equations [16,17]. For fabrication simplicity and better
thermal performance, the mirror is designed as a symmetric structure. The initial thick-
nesses of the ribs were set to 3 mm. The mirror after initial design is shown in Figure 2a,b.

poll N Front panel thickness [I]
7 N '\\ 7 \&\ ‘

[ ?\\/}L\\*/ /L\//\\ 7\ Backplane thickness

:7/\7@;\/7 TW Radial reinforcement thickness []

Main reinforcement thickness [@)]

Auxiliary reinforcement thickness

Support hole thickness

(b) (0)

Figure 2. (a) The 3D model of the mirror, (b) top view of the mirror, and (c) parametric analysis
model and parameter grouping of secondary mirror.

The parametric design method was applied to the lightweight design of the mirror
based on the traditional lightweight design. The shell element mesh model of the secondary
mirror was established by HyperMesh software. The established grid was grouped ac-
cording to the initial design results and the symmetry of the mirror structure, as shown in
Figure 2c. Each group corresponds to an optimization variable. Among them, it mainly in-
cludes the thickness of front panel, Back plane, main reinforcement, auxiliary reinforcement,
surrounding radiation reinforcement and support holes.

Isight software was used to combine multiple interdisciplinary models and applica-
tions into a simulation process. Through automatic execution across distributed computing
resources, the resulting design space was explored, and the optimal design parameters that
meet the required constraints were determined [18,19]. The secondary mirror parameter op-
timization link built by Isight is shown in Figure 3a. Using Multi-Island GA algorithm [20],
the parametric design was completed by integrating Optistruct and MATLAB software. The
RMS value of the surface accuracy under 1 g gravity with the mirror’s optical axis horizon-
tally was taken as the objective function and the mass as the constraint. The variation range
of each variable is shown in Table 2. The optimization curve of RMS value of objective
function is shown in Figure 3b. After parameter optimization, the mirror surface shape
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error RMS is 0.597 nm and the mass is 4.6 kg. The three-dimensional model after parameter
optimization is shown in Figure 4a, and the surface cloud diagram is shown in Figure 4b.
Figure 5 shows that the relationship between the mirror mass and the mirror surface shape
error RMS is a quadratic curve. For low mass mirrors the shape error decreases with the
increase in mirror stiffness; When the mirror mass increases to the lowest point of surface
accuracy (mass: 4.8 kg), the change in surface error remains almost stable.

Genetic algorithm

 Foptistruct MATLANY,
ra -
Finite element Surface error 2 Y —"
calculation statistics ) 20 40 60 80 100 120 140
Number of iterations
(a) (b)

Figure 3. (a)The Isight linkage of secondary mirror parameter optimization, (b) the optimal curve of
objective function.

Table 2. Geometric parameters of the lightweight mirror.

Parameter Parameter Variation Range Optimized Value
Diameter 434 x 416 mm
Main reinforcement thickness 34 4 mm
Auxiliary reinforcement thickness 34 3 mm
Radial reinforcement thickness 34 3 mm
The front panel thickness 4~5 4 mm
Mirror thickness 45~60 50 mm
Backplane thickness 4~6 5mm
Support hole thickness 4-7 6.5 mm
Total mass 46kg
Lightweight ratio 81.6%

@) (b)

Figure 4. (a) The secondary mirror obtained by lightweight design. (b) The surface distortion
(RMS = 0.597 nm) due to lateral gravity.
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Figure 5. The relationship between RMS value and mass of the mirror.

4. Optimal Design of the S-Type Flexure
4.1. Design Principle of the Three-Point Support Flexure

The flexible support for the mirror can unload its self-weight while positioning the
mirror and alleviate the influence of thermal stress on the mirror, so as to reduce mirror
deformation. The flexure should also be able to alleviate the sensitivity of the mirror
assembly surface shape to assembly error, avoid the generation of large, concentrated force
in the process of force transmission, and finally, minimize the deformation of the mirror.
Due to the actual working conditions of the mirror, the flexible support must have the
following capabilities [14].

4.1.1. Unloading Gravity Load

A deformation diagram of the mirror assembly under gravity load is shown in Figure 6.
We need flexible supports with high stiffness to ensure that the mirror has minimal trans-
lation and rotation under the action of gravity to ensure the positioning accuracy of the
mirror. The three group flexible supports have the same stiffness in the gravity direction,
which can evenly offset the gravity of the mirror and ensure that the mirror body will not
produce large local deformation. The surface shape error of the mirror assembly under
1 g gravity load is related to the support position of the flexible support in the optical axis
direction of the mirror. In the design of a support to reduce the influence of gravity on
surface shape error, we should start with the support position of the flexible support in the
optical axis direction.

4.1.2. Relieve Temperature Load

Our aim is to reduce the sensitivity of mirror surface shape resulting from temperature
change. The mirror assembly with three-point support on the back is usually composed of
the mirror, the flexure and a cone sleeve. The functional requirements of the various parts
are different, so their materials are also different. When the temperature load changes, the
deformation of each part is different due to the different linear expansion coefficients of the
materials, and consequently, the mirror surface shape is changed, as shown in Figure 7. In
order to reduce the influence of temperature load on the mirror surface shape error, the
support needs to be flexible in its radial direction.
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Figure 6. Schematic diagram of deformation of the mirror under the action of the flexible support in
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Figure 7. Schematic diagram of mirror deformation with a flexible support under temperature load.

4.1.3. Improve the Adaptability to Assembly Errors

The mirror assembly must adapt to machining and assembly errors. The non-flatness
error of the component mounting plane and the deformation of the mounting plane will
affect the surface shape error of the mirror. A schematic diagram of the components affected
by the above errors is shown in Figure 8. This requires that the front face of the flexible
support has a certain rotation capacity, and the non-coplanarity error is transformed into
the rigid motion of the mirror, so as to reduce the influence of the surface error.
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Figure 8. Schematic diagram of the influence on mirror deformation when the mounting surface of
flexible support is not coplanar.

4.1.4. Improve Structural Stability and Frequency

The stiffness of the mirror is greater than that of the flexible support. The first three
modes of the mirror assembly are the rigid motion of the mirror, which is determined by
the flexibility characteristics of the flexible support. Generally, the shear stiffness of the
mirror is greater than the bending stiffness, that is, the surface error of the mirror under the
action of a shear force is less than that under the action of a bending moment. In order to
reduce the transmission of bending moments to the mirror, the rotational flexibility of the
flexible support is generally greater than the translational flexibility. The vibration modes
of the first three modes of the three-point support mirror assembly are generally translation,
eccentricity, inclination, and rotation around the optical axis. Among them, the rotation
mode around the optical axis has little contribution to the dynamic response of the mirror
assembly. The frequencies of translation, eccentricity, and tilt modes should be increased to
reduce the dynamic stress and improve the structural stability. The relationship between the
flexibility of the flexible support and the vibration modes of the mirror assembly is shown
in Figure 9. The translation and tilt modes are related to the axial flexibility of the flexible
support. The greater the axial flexibility stiffness, the higher the frequency of the translation
and tilt modes. According to the previous analysis, the axial stiffness has nothing to do
with the shape error under the action of gravity, assembly error, or temperature. The axial
stiffness should be maximized in the design of a flexible support. The eccentric mode is
related to the translational flexibility of the flexible support. The smaller the translational
flexibility, the higher the frequency of the eccentric mode will be. According to the previous
analysis, the translational flexibility is related to the rigid body displacement due to gravity
and the surface shape error due to temperature. A compromise must be found in the design
of the translational flexibility of the flexible support.

Based on the above requirements for the flexible support, it can be seen that, in order
to reduce the surface degradation of the mirror assembly in the working environment,
targeted design of the direction and size of the flexibility of the flexible support structure
is necessary. The front end of the flexible joint must have the ability of translation along
the radial direction and rotation in a certain range. At the same time, the flexible support
needs to have a certain stiffness to ensure that the dynamic characteristics and rigid body
displacement of the component meet the technical index requirements.
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Figure 9. The relationship between modal vibration shape of mirror assembly and compliance of
flexible support.

4.2. Structural Design of Flexure

According to the design principle and requirements of the flexible support, the flexure
structure shown in the Figure 10 was obtained. The flexure is divided into flexible part
(green part) and rigid part (blue part). The flexible part is composed of a necked, S-type
flexible groove, which provides rotation and radial translation. At the same time, it is used
to balance the contradiction between the stiffness and flexibility required by the mirror
assembly. The rigid part is mainly used to adjust the overall length of the flexure to ensure
the connection with the mounting plane. Each flexure is designed to take one third of the
mirror’s weight.

Bonding interface flexible part S-type groove

Flexure

Mirror

Invar sleeve

®
-
-
.
-
-
.

eccccccccccccdeccccccscscnnn

rigid part

Figure 10. Exploded view of predesigned square SiC mirror assembly showing the symmetries, invar
sleeve, gravity orientation, and illustration of the adopted flexure configuration.

To improve the thermal stability, three invar sleeves, which have the same expansion
coefficient as the SiC material, were bonded to the internal surface of the supporting holes
using epoxy adhesive (GHJ-01(Z)) in a 120-degree interval. The thickness of the applied
epoxy was 10 pm which is controlled by hollow microspheres. The 10 um microspheres
were firstly mixed evenly with adhesive at a mass fraction of 3%. Then the mixture was
applied at the bonding area. The mirror is supported by three titanium alloy flexures
through the supporting holes located on its back, as shown in Figure 10. The flexure
mounting may be regarded as a semi-kinematic design because it has a finite contact area,
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of flexure

Axial installation

position of
flexure

and it provides controlled motion through elastic deformation. The flexure is attached to
sleeves and the adjustment mechanism by screws.

In general, to minimize the surface distortion when the mirror is measured horizontally,
the pivot center of the mounting flexures is located on the neutral surface, as shown in
Figure 11. At this time, no moments will be transferred to the mirror, and the mirror has
the best surface accuracy. The neutral surface is the collection of points where the elastic
bending properties of the mirror substrate and the moments due to reaction forces balance
to minimize optical distortions. The surface of each working condition is shown in Table 3,
and the surface cloud diagram is shown in Figure 12. The vibration mode of the first three
frequencies of the mirror assembly is shown in Figure 13. The comprehensive surface
shape of the mirror assembly is 4.06 nm and the fundamental frequency is 271.6 Hz. Each
performance meets the index requirements.

"{ Flexure 1 Flexure 1

Neutral surface -

§ s

/
|
\ Fx2
__{ Flexure 2 \ V
(Flexure 3 4
7/ A _ AN
Flexure2 - Flexure 3

Figure 11. Schematic diagram of the position relationship between the pivot center of the flexure and
the neutral surface of the mirror when the gravity surface shape of the mirror is optimal.

Table 3. The design results of different design indices.

Design Index Result Allowed Value
1 g gravity 1.61 nm 2.0 nm
rigid body displacement 0.00198 mm 0.017 mm
inclination angle 0.125” 0.2”
4 °C thermal change 1.75 nm 2.5 nm
forced displacement of 0.05 mm 3.30 nm 4.0nm
comprehensive surface 4.06 nm (A/155) 6.3 nm (A/100)

fundamental frequency 271.6 Hz 150 Hz
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Figure 12. The results show that the surface of the mirror assembly under different working condi-
tions. (a) 1 g gravity (b) 0.08 mm forced displacement (c) 4 °C temperature.

ol

(b

Figure 13. The modal shapes of the first 3 modes, (a) F1 = 271.6 Hz, (b) F2 = 279.4 Hz, and (c) F3 = 290.1 Hz.

5. Optical and Vibration Testing
5.1. Optical Testing

The Hindle compensation test system for off-axis convex aspherical surfaces was
built to perform optical testing of the secondary mirror assembly. The null compensation
principle of the Hindle test method directly takes the focus property of the hyperboloids as
the conjugated aberration-free point. The testing optical path of the convex mirror with the
Hindle ball is shown in Figure 14.

. Hindle ball
Mirror

Figure 14. Hindle null compensation test method.

An optical test platform was built as shown in Figure 15. A Zygo interferometer was
used to test the mirror accuracy with its optical axis horizonal. When testing, the loads
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Mirror

mirror assembly& Hindle ball

acting on the mirror assembly include gravity, a temperature load of 24°C based on a room
temperature 20°C, and a non-flatness error of 0.05 mm. The mirror achieved an accuracy of
0.010A at 0°, and 0.011A after rotating 180°around its optical axis. The shape error test of
the mirror and Hindle ball is shown in Figure 16.

Zygo interferometer

e a2

Laser Tracker 4D interferometer

Testing tool of
mirror assembly

(@) (b)

Figure 15. Test of mirror accuracy (a) Mirror surface shape test (b) Hindle ball test.

Figure 16. (a) Optical testing result of Hindle ball (b) Optical testing result of mirror assembly.

5.2. Vibration Testing

Before and after acceptance of the optical test, a vibration test on the secondary mirror
assembly was performed, including a 0.2 g sweep sine test, sine vibration (quasi-static
load), and 3 g rms random vibration. The mirror assembly was tested under the above
vibration loads in the X, Y and Z directions. (Y/Z are lateral and X is along the optical axis).
The mirror assembly passed the acceptance tests, as shown in Figure 17. The vibration
results of the sweep sine and random test are shown in Figures 18 and 19, respectively. The
fundamental frequency was 281.9 Hz. By comparing the finite-element analysis results
shown in Figure 13 (271.6 Hz) and the sweep sine test results shown in Figure 18, the
structural design of the mirror assembly was verified. The analysis result has a deviation of
3.7% from the test result. To ensure that no change had occurred in the mirror accuracy, the
optical test was performed before and after the dynamic tests. The optical test showed that
the mirror accuracy had no visible change. Therefore, the structural stiffness and stability
of the mirror assembly were verified.
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Figure 17. Vibration test of the secondary mirror assembly in the Y direction (lateral). The mirror surface
is covered by a protective layer. The accelerometer was attached on the back surface of the mirror.
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Figure 18. The sweep sine test result of the mirror assembly.
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Figure 19. V The random vibration response of the mirror assembly.
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6. Conclusions

We presented a delicately designed 434 x 416 mm rectangular convex SiC mirror
assembly for a sky-survey space telescope. An S-type flexible support was proposed
based on the back three-point support principle. Through parameter optimization, optical
performance analysis, mechanical performance analysis, optical testing, and vibration
validation, the design method and optical metrology were verified. All the challenges for
the optical design and mechanical loads have been met. The support shows extraordinary
performance in that the surface figure can maintain A/100 RMS (A = 632.8 nm) under 1 g
lateral gravity. The test results prove that the mirror’s surface accuracy can remain better
than A/100 RMS in orbit under zero-gravity so that the image quality of the optical system
can be guaranteed.
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