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To reduce the surface figure error induced by mechanical strains during the integration process of a high-precision
mirror, a cost-efficient compensation method by spring preloads is proposed. The study is based on the primary
mirror of a Ritchey—Chrétien space telescope with a focal length of 1200 mm. First, the surface figure degradation
of the mirror during the assembly process is expressed and analyzed. Then, a finite element model of the mirror and
its mounting structure is established, and surface deformations caused by different preloading forces are simulated.
An optimized combination of different preloads was obtained through data fitting, and the influence of the com-
bined preload on the mirror was analyzed. The simulation results show that ring preloads mainly affect spherical
aberration and high-order spherical aberrations, while quadrupole preloads mainly affect astigmatism, and the
optimized preload can compensate for the surface figure error from 0.120A RMS to 0.0881 RMS. Last, the surface
figure error of the mirror is measured by experiments under optimized preloads, and the result is 0.0841 RMS,
which verifies the correctness of the analysis process and effectiveness of the compensation method. © 2023 Optica

Publishing Group

https://doi.org/10.1364/A0.477606

1. INTRODUCTION

Cassegrain-type space telescope is a common optical facility
on artificial satellites [1-5]. With the development of remote
sensing technology in the field of small satellites and commercial
satellites [4-8], more and more satellite systems need space
optical payloads with small package sizes, light weight, and
low manufacturing cost while ensuring a certain resolution
of Earth observation. Generally, the primary mirror with the
largest aperture in a Cassegrain optical system is one of the most
expensive components and is difficult to process. The surface
figure accuracy of the primary mirror has important impacts on
wavefront aberrations of an optical system, and reducing the
surface figure errors of the primary mirror is an efficient way to
improve the performance of the optical system.

Surface figure errors of a mirror mainly come from machining
errors [9-11], deformations caused by the bonding process
[12-14], stresses and strains in the assembly process [15,16],
and thermal deformations caused by temperature changes
[17,18], which affect wavefront aberrations of optical systems
significantly. There are usually two ways to reduce wavefront
aberrations of optical systems, which are active optics and com-
pliant compensation. One way to realize active optics is to add a
relay mirror to the optical system; the surface figure of the relay
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mirror can be controlled actively. For example, a single point
actuator is used to control the spherical aberration or cylindric
error of relay mirrors to compensate for wavefront aberrations of
optical systems [18-20]. Another way to realize active optics is
to set actuators directly on optical elements. Optical surfaces are
deformed deliberately to compensate for wavefront aberrations
of optical systems by controlling forces or displacements of the
actuators [21-23]. Compliant compensation means taking
measures to improve the surface figure accuracy of optical ele-
ments during the assembly process directly. For example, surface
figure accuracy of optical elements is improved by an adjust-
able support mechanism or optimizing the mount structure
parameters [24-26]. Reducing wavefront aberrations through
either active optics or compliant compensation will increase the
manufacturing costs of optical systems significantly.

During studying the surface figure compensation method
of a primary mirror in a Ritchey—Chrétien space telescope, it
is found that low-order aberrations of an optical surface can be
improved by a simple way using spring preloads with extremely
low cost, and wavefront aberrations of the optical system can
be decreased significantly. Section 2 introduces a supporting
structure of the primary mirror in a Ritchey—Chrétien space
telescope. Section 3 presents measured surface figures of the
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mirror, and analyzes the reasons for surface deformations. The
epoxy in the gap between the mirror body and its central mount-
ing hub will produce shrinkage stresses during the bonding
process. Furthermore, assembly stresses generate inevitably
when the central hub is installed on the mechanical structure.
Both shrinkage stresses of epoxy and assembly stresses will lead
to deformations of the mirror surface. To reduce the influence
of the two kinds of stresses on surface figures, Section 4 puts
forward a spring preload method, which introduces micro-
deformation on the mirror and compensates for low-order
surface figure errors by exerting appropriate pressure or tension
at the specific position of the mirror. Through finite element
method (FEM) analysis, the improvement effect of the preload
compensation method on surface figure errors is obtained.
Section 5 verifies the effectiveness of the preload compensation
method and the correctness of the analysis process through
experiments. Section 6 analyzes long-term stability of the
mirror. Section 7 is the conclusion of this paper.

2. DESIGN AND MOUNTING OF THE PRIMARY
MIRROR

This paper is based on the primary mirror of a Ritchey—Chrétien
space telescope with a focal length of 1200 mm. The mirror’s
diameter is 190 mm. According to the design parameters and
technical requirements of the Ritchey—Chrétien optical system,
high alignment accuracy and high surface figure accuracy of the
mirror are required in the engineering design. This Ritchey—
Chrétien space telescope and its primary mirror component are
shown schematically in Fig. 1.

In the mounting structure of the primary mirror, the contact
surface between the mirror and its central hub is annular. In an
idealized design, the gravity center of the mirror should coincide
with the center of the contact surface in axial direction; if the
contact surface is extended, the mirror should be divided into
two parts with equal weight. In radial direction, the position of
the annular surface can be calculated by Eq. (1). If the contact
surface does not match Eq. (1) closely, gravity imbalance within
the mirror may lead to extra surface figure errors:

// [S(r,0,2)— F(r, 0, 2)]pdrdfdz
Q

:// [S(r,0,2)— F(r, 0, 2)]pdrdfdz, (1)
Q)

Primary mirror

Central hub

Base mount

Fig.1. Schematic diagram of the Ritchey—Chrétien space telescope
and its primary mirror component.

Research Article

Table 1. Design Parameters of the Primary Mirror
Vertex
Outer  Diameterof Radiusof  Shapeof
Material Diameter Central Hole Curvature  Asphere
Schott 190 mm 36mm —281.41 mm  Conic
Zerodur

where Q1 is an integral interval whose projection on the coor-
dinate plane is a ring with an inner diameter of 7 and outer
diameter of 7, 2, isan integral interval whose projection on the
coordinate plane is a ring with an inner diameter of 7, and outer
diameter of 71, S(r, 6, z) is the function of the optical surface
in the cylindrical coordinate, F(r, 6, z) is the function of the
optical surface’s backside in the cylindrical coordinate, 7y is the
radius of the mirror’s central hole, ; is the outer radius of the
mirror, 7, is the radius of the contact surface between the mirror
and its central hub, and p is the density of the mirror.

As shown in Fig. 1, the primary mirror is made of Schott
Zerodur, which has a near-zero coefficient of thermal expansion
(CTE); thus, the surface figure of the mirror hardly deforms
with temperature variation. The central hub is made of a Super
Invar alloy, which also has a near-zero CTE in a certain temper-
ature range. The Super Invar alloy is treated with special heat
processing, and its CTE is closely matched with Schott Zerodur.
When temperature changes, there is very low thermal stress
between the mirror and its central hub after assembly. The base
mount is made of titanium alloy 6AI4V; because of its high spe-
cific stiffness, it is very helpful to design lightweight structures.
Due to space and weight constraints of the space telescope, the
bonding surface between the mirror and its central hub deviates
from the ideal position. The design parameters of the mirror are
shown in Table 1.

3. SURFACE FIGURE MEASUREMENT AND
ANALYSIS

The surface shape error of the primary mirror is measured by a
Zygo GPI XP interferometer and MetroPro software. The meas-
uring principle is shown in Fig. 2, in which the secondary mirror
is used as a compensator for the measurement of a conic surface.
After laser rays with 632.8 nm wavelength travel through the
measurement system, the reflected wavefront of the primary
mirror is changed into a spherical wave, which can be mea-
sured by the interferometer. The measured result of wavefront
aberrations can present surface figure errors of the primary
mirror closely when the secondary mirror is of high accuracy.
Measuring instruments are shown schematically in Fig. 3. The
surface figure of the mirror was measured in three stages: stage I:
the mirror is not bonded to its central hub; stage II: the mirror

Primary mirror

| Flat mirror

3

Interferometer

Secondary mirror

Fig.2. Sketch illustrating the principle of an interferometer used to
measure surface figure errors of the primary mirror.
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Fig. 3.

Schematic diagram of measuring instruments.

is bonded to its central hub by epoxy; stage III: the central hub
is assembled to the base mount after the mirror is bonded to its
central hub. The measured surface figure of the primary mirror
in three stages is shown in Fig. 4.

According to nodal aberration theory (NAT), there is a
coma-free point in a two-mirror Ritchey—Chrétien telescope
[27,28]. During alignment of the system, we adjust the tilt
or the decenter of the secondary mirror until coma has been
removed. Though under coma-free conditions, there may be
some variations in astigmatism around the off-axis field of view,
the aberration image on-axis can present the surface figure of
the primary mirror closely when the secondary mirror is of high
accuracy. Therefore, we regard coma as a random error during
measurement and discuss the measured data without coma.

Comparing Fig. 4(a-3) with Fig. 4(b-3), we can conclude that
the bonding process of the primary mirror and its central hub
causes spherical aberration, high-order spherical aberrations,
and a slight astigmatism. This phenomenon is mainly contrib-
uted to shrinkage stresses of the adhesive layer. If epoxy in the
gap between the mirror body and its central hub has uniform
thickness and shrinks uniformly, there would be spherical aber-
ration and high-order spherical aberrations only. In reality, the
thickness of epoxy is not uniform, and shrinkage stresses are not
consistent due to the cylindricity error of the bonding surface,
which results in a slight astigmatism.

There is a quite obvious astigmatism in the measured
surface figure of stage III as shown in Fig. 4(c-3). Comparing
Fig. 4(b-3) with Fig. 4(c-3), the surface figure without astig-
matism or coma in stage III matches closely the surface figure
without coma in stage II. It can be inferred that stresses intro-
duced by the assembly process lead to surface deformation. The
main reason for this phenomenon can be explained as follows.
There are flatness errors in installation planes of the central hub
and the base mount. When mounting screws are tightened,
these uneven surfaces are forced to fit each other, and then local
micro-deformations occur. These micro-deformations will be
transferred to the mirror, resulting in astigmatism on the optical
surface.

4. SPRING PRELOAD AND FEM ANALYSIS

In this part, a preload method is used to compensate for mirror
deformation caused by adhesive shrinkage stresses and assembly
stresses. The preloads are simulated and analyzed in UG NX,
a software for finite element analysis. The coordinate values
and relative displacements of the deformed surface nodes on
the optical element are extracted from the simulation results.
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0.275 wave
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Fig.4. Primary mirror and the measured surface figure. (a-1)—(c-1)
Photos of primary mirror in stage I, stage II, and stage III; (a-2)—(c-2)
measured surface figures in stage I, stage II, and stage IIL; (a-3), (b-3)
measured surface figures without coma in stage I and stage II; (c-3)
measured surface figure without astigmatism or coma in stage III.

The root mean square (RMS) values of the mirror surface are
obtained by MATLAB and MetroPro software. The relation
curves of the preload and RMS are fitted, and finally we get the
optimized preload.

A. Finite Element Model of the Primary Mirror

Before preload analysis, we need to establish the finite element
model of the primary mirror. First, we simplify the structure of
the primary mirror component as shown in Fig. 1. Bolt holes,
chamfered edges, and other micro-structures in the parts are
simplified to mesh the parts efficiently; the bolts, which are used
only to exert a clamping force, are removed, and bonding adhe-
sive is ignored. The simplified 3D model and meshed model
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for FEM are shown in Fig. 5. Fixed positions of the FEM model
and the acting surface of the preload are exhibited in Fig. 5(a).
Materials and main mechanical properties of the parts in the
FEM model are shown in Table 2.

B. General Considerations of Gravity

To achieve an authentic measurement result of the primary mir-
ror on the ground with the device shown in Fig. 3, the position
of central hub was optimized to minimize the influence of grav-
ity on the surface figure. Gravity-induced surface deformation
of the mirror is simulated and is shown in Fig. 6. According
to NAT, coma can be removed by adjusting the secondary
mirror. The supporting stiffness between the primary mirror
and secondary mirror has been designed to compensate for the
influence of gravity on coma. The deformation result with coma
removed under gravity is shown in Fig. 6(b).

From Fig. 6, it can be concluded that gravity has little influ-
ence on measurement results of the primary mirror with the
device shown in Fig. 3. Actually, the influence of gravity must be
removed during preload analysis, because the simulation result
of gravity should not be added to the test result with gravity;
otherwise, the influence of gravity will be doubled.

C. Preload Models

In this part, we define two types of preload models: ring preloads
and quadrupole preloads. Ring preloads refer to forces distrib-
uted uniformly on a ring surface along the normal direction.
Quadrupole preloads refer to forces distributed uniformly in the
four quadrants of a ring surface along or opposite the normal
direction, and the forces of the two adjacent quadrants are equal
in magnitude and opposite in direction. The distributions of

(b)

Fixed face

J
Acting surface of preload
74

A

J

Fig. 5.  Schematic diagram of FEM model: (a) fixed positions and
the acting surface of preload in simplified 3D model; (b) meshed model
for FEM.

Table 2. Material Properties
Young’s

Density / Modulus Poisson’s
Part Material (g-cm™3) E/MPa Ratio CTE
Primary Schott 2.53 90,300 0.24 0.5 x 1077
mirror Zerodur
Central Super 8.13 148,000 0.29 1.0 x 1077
hub Invar(4]32)
Mount  Titanium  4.43 114,000 034 8.8x10°°

6A14V
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Fig. 6.  Surface deformation of the primary mirror due to grav-
ity: (a) gravity-induced surface deformation; (b) deformation result
without coma.

preloads are shown in Fig. 7 and Table 3, where Friyg represents
force values of ring preloads and Fqu.d represents force values
of quadrupole preloads. We define the positive direction of
preloads as the arrow directions shown in Fig. 7(a).

D. Analysis of Ring Preloads

A simulated surface figure of the primary mirror under typical
ring preloads is shown in Fig. 8(a). Surface figures shown in
Figs. 8(a) and 4(c-2) are expressed in terms of Zernike polyno-
mial coefficients. As shown in Fig. 8(b), the first 36 terms of the
two Zernike polynomials are compared. The surface shown in
Fig. 4(c-2) is taken as the initial surface.

It can be observed from Fig. 8(b) that the ninth, 16th, 25th,
and 36th terms of Zernike polynomial coefficients, which
represent spherical aberration and high-order spherical aberra-
tions, change evidently under the action of ring preloads on the
primary mirror. The ninth term of Zernike polynomial coef-
ficients of a deformed surface and initial surface have different
signs (), as well as the 16th, 25th, and 36th terms. Therefore,
if we add surface figure errors of a deformed surface under the
action of ring preloads to the errors of the initial surface, the
surface figure errors of the initial surface would be canceled out

@ N
\

rF Ring

/

4

Fig. 7. Schematic diagram of preload models: (a) ring preloads;
(b) quadrupole preloads.

Table 3. Distributions of Ring Preloads and
Quadrupole Preloads

0°~90° 90°~180° 180° ~270° 270°~0°

Ring preloads FRing
Quadrupole FQuad
preloads

—F Quad F Quad —F Quad
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Fig.8. Simulation results under ring preloads: (a) surface figure of primary mirror; (b) comparison of Zernike terms of deformed surface and initial
surface.
0.095 wave 0.190 wave 0.285 wave 0.380 wave 0.475 wave PV 0.570 wave 0.664 wave
Tms 0.015 wave 0.029 wave 0.044 wave 0.058 wave rms 0.072 wave rms 0.087 wave rms 0.101 wave
Power 0.017 wave 0.034 wave 0.050 wave 0.067 wave Power 0.083 wave Power 0.099 wave Power 0.115 wave
Initial surface
Fig. 4(c-2)
A
0.781 wave 0.749 wave PV 0.763 wave PV 0.778 wave 0.804 wave
0.114 wave N rms 0.106 wave rms 0.105 wave ms 0.105 wave 0.110 wave
1.457 wave Power 1.497 wave Power 1.517 wave Power 1.536 wave
Fig.9. Simulation and compensation results under the action of different ring preloads: (a)—(g) simulation results with Fy;,, set to 25, 50, 75, 100,

125,150, 175 N, respectively; (h)—(n) compensation results with Fring setto 25,50, 75,100, 125,150,175 N, respectively.

partially. So it is possible that appropriate ring preloads can par- 0.125 1
tially compensate for surface figure errors caused by shrinkage = 0.120 4
stresses of the epoxy. Simulations are done by setting FRing to 2
25,50,75,100, 125,150, and 175 N. We add the surface figure Tﬁ 0.115 +
errors of deformed surfaces under the action of different ring 2 0.110 -
preloads to the errors of the initial surface, and get compensated z
surface figure errors as shown in Fig. 9. 0.105 -
From Fig. 9, we can conclude that ring preloads mainly
compensate for spherical aberration and high-order spherical 0-100 0 25 S0 75 100 125 150 175

aberrations of the initial surface. The variation curve of RMS Fang/N

figure errors of the compensation results with Fing is shown in Fig.10.  Plots of RMS figure errors of the compensation results ver-

Fig. 10. It can be observed from Fig. 10 that with the increase of sus ring preloads.

ring preloads, RMS figure errors first decrease and then increase.
The compensated RMS figure error reaches to its minimum
when FRing isabout 108 N.

polynomial coefficients. As shown in Fig. 11(b), the first 36
terms of the two Zernike polynomial coefficients are compared.
It can be observed from Fig. 11(b) that the fifth, sixth, 12th,

E. Analysis of Quadrupole Preloads 21st, and 32nd terms of Zernike polynomial coefficients change

A simulated surface figure of the primary mirror under typical
quadrupole preloads is shown in Fig. 11(a). Surface figures
shown in Figs. 11(a) and 4(c-2) are expressed in terms of Zernike

evidently under the action of quadrupole preloads on the pri-
mary mirror. The fifth term of Zernike polynomial coefficients
of a deformed surface and initial surface have different signs
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Fig. 11.  Simulation results under quadrupole preloads: (a) surface
figure of primary mirror; (b) comparison of Zernike terms of deformed
surface and initial surface.

(%), as well as the sixth. The fifth and sixth terms of Zernike
polynomial coefficients represent astigmatism. Therefore, if we
add surface figure errors of a deformed surface under the action
of quadrupole preloads to the errors of the initial surface, the
surface figure errors of the initial surface would be canceled out
partially. So it is possible that appropriate quadrupole preloads
can partially compensate for surface figure errors caused by the
assembly process.

According to the astigmatism direction of the initial surface,
the quadrupole preload distribution is rotated by 6° around
the mirror center, so that the angle between the astigmatism
direction of a deformed surface and initial surface is about 90°.
Simulations are done by setting Fquad t0 3, 6,9, 12, 15, 18, and
21 N. We add the surface figure errors of deformed surfaces
under the action of different quadrupole preloads to the errors of
the initial surface, and get compensated surface figure errors as
shown in Fig. 12.

From Fig. 12, we can conclude that quadrupole preloads
mainly compensate for astigmatism of the initial surface. The
variation curve of RMS figure errors of the compensation results
with FQuad is shown in Fig. 13. It can be observed from Fig. 13
that with the increase of quadrupole preloads, RMS figure errors
first decrease and then increase. The compensated RMS figure
error reaches its minimum when Fqy,q is about 10.5 N.

0.114
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0.000

wave 0.170
0.047 rms

0.002

wave

Power wave wave Power

0.226  wave
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0.003
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F. Analysis of Combined Preloads

According to the optimized preloads determined in Figs. 9
and 11, we combine the optimized quadrupole preloads with
the optimized ring preloads, and the combined results are shown
in Table 4, where quadrupole preloads are rotated by 6° to match
the astigmatism direction of the initial surface.

The simulated surface figure of the primary mirror under
combined preloads is shown in Fig. 14(a). We add the surface
figure errors of a deformed surface under the action of combined
preloads to the errors of the initial surface, and get compensated
surface figure errors as shown in Fig. 14(b).

To further study the effect of combined preloads, the first 36
terms of Zernike polynomial coefficients of a deformed surface
under combined preloads, initial surface, and compensated
surface of simulation are shown in Fig. 15. It can be observed
from Fig. 15 that under the action of combined preloads, the
fifth term (0°astigmatism), sixth term (45 °astigmatism), ninth
term (spherical aberration), 16th term (higher-order spherical
aberration), 25th term (higher-order spherical aberration), and
36th term (higher-order spherical aberration) of Zernike poly-
nomial coefficients of the initial surface decrease obviously in
absolute value. The figure error of the initial surface is improved
from RMS to 0.088A RMS at A = 632.8 nm under the action of
combined preloads.

G. Influences of Temperature Variations

Figure 14(a) is the simulation result at 20°C. When the temper-
ature variations are £5?, surface deformations of the primary
mirror are analyzed without preloads and with combined
preloads, respectively. The simulation results are shown in
Fig. 16.

From Fig. 16, two conclusions can be drawn as follows: (1)
when the temperature variations are £5°C, the surface figure
error changes about 0.088A RMS, which is relatively small, and

O S
>
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0.006 wave

0.093 wave xms
0.005 wave
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wave Power Power
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Fig. 4(c-2)
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wave
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1.437
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wave
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Fig. 12.

0.105 wave xms
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0.814
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1.439  wave
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Power Power wave

Simulation and compensation results under the action of different quadrupole preloads: (a)—(g) simulation results with Fy.q set to 3, 6,

9,12,15, 18, 21 N, respectively; (h)—(n) compensation results with Fqu.q sett03,6,9,12,15,18,21 N, respectively.
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Fig.13.  Plots of RMS figure errors of the compensation results ver-
sus quadrupole preloads.

Table 4. Optimized Preloads and their Combinations
6°-96° 96°-186° 186°-276° 276°-366°

Ring preloads 108 N

Quadrupole 10.5N —10.5N 10.5N —10.5N

preloads

Combined 375N 16.5N 375N 16.5N

preloads

Initial surface
Fig. 4(c-2)

PV 0.735 wave

PV 0.480 wave

ms 0.078 wave

rms 0.088 wave

Power 1.513 wave

Power 0.062 wave
Fig. 14. Simulation and compensation results under the action of

combined preloads: (a) simulation result; and (b) compensation result
by simulation.
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Fig.15. Zernike coefficients of different surface figures.

the camera can perform properly with thermal control measures
on the satellite; (2) influences of temperature variations and
preloads are mutually independent. The compensation method
in this paper is still effective within a certain temperature
variation.

5. EXPERIMENT OF COMBINED PRELOADS

In this part, we design and conduct an experiment to verify the
compensation effect of the primary mirror under the action of
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Fig.16. Surface deformation of the primary mirror due to temper-
ature variation: (a), (b) simulation results of the ideal surface at 25°C
and 15°C, respectively; (c), (d) simulation results under the action of
combined preloadsat +-5°C and —5°C, respectively.

combined preloads shown in Table 4. To exert the combined
preloads, we put 12 different compression springs between the
acting surface of the preload and the central hub. The springs
are distributed uniformly around the mirror center and bonded
to the central hub with epoxy; there are also other mechanical
structures on the space telescope to maintain the positions of
the springs under the vibration of transportation and launch.
Distribution angles and preloads of the 12 springs are shown
in Table 5. A schematic diagram of the installation is shown in
Fig. 17.

After installing preload springs on the primary mirror, surface
figure errors are measured by an interferometer. The compen-
sation result of the experiment is shown in Fig. 18(a). The first
36 terms of Zernike polynomial coefficients of compensated
surfaces of the experiment, initial surface, and compensated
surface of simulation are shown in Fig. 18(b).

Comparing Figs. 18(a) and 4(c-2), it can be observed that
the figure error of the initial surface is improved from 0.120A
RMS to 0.0841 RMS at A = 632.8 nm under spring preloads.
The compensation result of the experiment is close to the result
of simulation shown in Fig. 14(b). It can be observed from
Fig. 18(b) that the preload compensation method presented in
this paper can compensate for part of the astigmatism, spherical
aberration, and high-order spherical aberrations simultane-
ously. There is a minor difference between compensation results
of the experiment and simulation, which can be attributed to
the following: (1) the properties of epoxy are not considered
in the simulation model, but in fact, the adhesive affects the
stresses and strains transferred to the mirror; (2) the preloads are
consecutive in the simulation, but they are realized discretely
by 12 springs in the experiment, and there are also errors in the
magnitudes and installation positions of the springs; (3) the
tilt or the decenter of the secondary mirror will lead to random
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Table 5. Distribution Angles and Preloads of the 12 Springs

Spring No. 1 2 3 4 5 7 8 9 10 11 12

Angle 21° 51° 81° 111° 141° 201° 231° 261° 291° 321° 351°
Preload/N 12.5 12.5 12.5 5.5 5.5 12.5 12.5 12.5 5.5 5.5 5.5

Fig.17. Schematic diagram of the installation of the 12 springs.
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Fig. 18.  Experiment result: (a) compensation result of experiment;
and (b) Zernike coefficients of different surface figures.

coma during each alignment process. In summary, the experi-
mental result shows that the preload method presented in this
paper can effectively compensate for part of the surface figure
error caused by the assembly process and significantly improve
the surface figure accuracy of the primary mirror.

6. CONSIDERATIONS OF LONG-TERM
STABILITY

As the mirror is utilized under applied stresses, the creep
behavior of glass must be considered during long-term usage.
Theoretically, it is usually assumed that the creep rate is a func-
tion of three independent variables, i.e., temperature, stress, and
material constant. The creep rate is represented as the following
expression [29]:

ée=Ao" exp[— Q./(RT)], 2

where & is the creep rate, 4 is a constant for a given material, &
is the applied stress, 7 is the stress exponent, Qc is the activation
energy, T is the material temperature, and R is Boltzmann’s con-
stant.

According to the simulation result, the maximum stress in the
mirror is 0.59 Mpa under the action of combined preloads, and
T isabout 20°C. Therefore, the creep rate is rather small accord-
ing to Eq. (2), and the mirror will not have obvious creep within
service life of the satellite. After applying the combined preloads
for 3 months, the surface figure of the mirror was measured and

0.669 wave
0.085 wave rms 0.068
0.711 wave Power 0.711

Fig. 19.  Experiment result after applying the combined preloads
for 3 months: (a) surface figure error with coma; (b) surface figure error
without coma.

the resultis shown in Fig. 19. Except for the orientation of coma,
which can be regarded as a random error, there are barely any
changes in surface figure errors. It can be concluded that the
mirror can maintain high stability and reliability in long-term
usage under the action of combined preloads.

7. CONCLUSION

In conclusion, we propose a preload compensation method
to improve the surface figure accuracy of the primary mirror
with a radius of 190 mm in a Ritchey—Chrétien space telescope.
The surface figure of the primary mirror deteriorates evidently
during the assembly process due to adhesive shrinkage stresses
and assembly stresses. Simulation results of the preload com-
pensation method indicate that ring preloads mainly affect
spherical aberration and high-order spherical aberrations, and
quadrupole preloads mainly affect astigmatism. The combi-
nation of optimal ring preloads, and quadrupole preloads can
compensate for figure errors of the primary mirror properly.
The correctness of the analysis process and the effectiveness of
the compensation method are verified by an experiment, which
improves the figure error from 0.120A RMS to 0.084A RMS at
A = 632.8 nm under the action of 12 springs.
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