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Abstract: As a critical component for spacecraft attitude measurement, inertial reference establishment, and
rendezvous and docking missions, the stringent requirement for sub-arcsecond-level pointing accuracy in star
cameras demands a compact optical mechanism and an opto-mechanical-thermal (OMT) integrated design.
This paper presents a star camera based on a coaxial quad-reflector optical configuration. The primary and
tertiary mirrors share a common substrate, achieving an effective aperture of 64 mm and a focal length of 195
mm. The four aspheric mirrors provide a £2.5° field of view with an objective numerical aperture of 0.26.
The system exhibits outstanding optical performance, with an MTF exceeding 0.7@40 Ip/mm, approaching
the diffraction limit. 80% encircled energy diameter << 11 um, absolute distortion not exceeding 0.1%. The
system employs Zerodur® glass ceramics and 4J32 Invar alloy, which coupled with a flangeless primary mir-
ror and a compact 50 mm axial layout, ensure excellent thermal insensitivity. Coupled finite element analysis,
using 36 Zernike polynomials, shows that within a temperature range of —40°C~60°C, the root mean square
(RMYS) surface error of the primary mirror remains below 6.19 nm. Rigid-body displacement is maintained
within 0.5 um/10 K, MTF degradation remains below 20%, and the fluctuation of the 80% encircled energy
diameter is less than 5 pm. Stray light suppression is achieved using a lightweight baffle ring with a multi-
stage extinction cone. The extended baffle yields a Point source transmittance of 3x107 at 30° off-axis, im-
proving stray light suppression by two orders of magnitude and enabling detection of faint 10th-magnitude
stars. Thermal vacuum testing validated the system's performance, demonstrating a centroid positioning re-
peatability of 0.08 pixels and providing a valuable reference for the design of high-precision space optical

payloads.
Key words: star camera; opto-mechanical-thermal integration analysis; zernike polynomial fitting; point

source transmittance
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1 Introduction

As a core component of spacecraft attitude
control systems!); star trackers primarily determine
the three-dimensional orientation of a spacecraft by
observing the positions of stars within their coordin-
ate systems and matching them against pre-stored
star maps'?. Star cameras operate on the same meas-
urement principle as star trackers, but typically fea-
ture larger relative apertures, enabling the detection
of fainter stars and other dim space objects®. Con-
sequently, they are regarded as a distinct category of
optical payloads. In recent years, the rapid advance-
ment of high-resolution Earth observation and deep-
space exploration missions has imposed increas-
ingly stringent requirements on the imaging quality
and positioning accuracy of star cameras™!,

The star camera experiences significant envir-

onmental changes throughout its lifecycle, from

doi: 10.3724/CO.EN-2025-0048
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ground commissioning and launch to in-orbit opera-
tion®. Particularly during the in-orbit phase, it is ex-
posed to external thermal fluxes such as the cold,
dark space environment and periodic solar thermal
radiation. Optical payloads can withstand a wide
temperature range of —60°C~+70°C. However, rap-
id and uneven temperature variations can induce
thermally induced structural deformation in the
camera's optical system®”. Specifically, changes in
mirror surface shape and thermal displacement of
components may degrade imaging quality and cause
optical axis drift®: ultimately reducing the pointing
accuracy of the camera. Therefore, the thermal sta-
bility of the star tracker’s optical system is a core
factor in ensuring its measurement accuracy under
complex space conditions. During the development
of planetary cameras, OMT integrated simulation
serves as an indispensable analytical tool for iterat-
ive optimization of optical and structural designs to

achieve thermal stability targets, as well as for feas-
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ibility assessments of established design concepts.
This simulation method interrelates multiple physic-
al fields such as OMT. It quantitatively illustrates
the influence of temperature-gradient-induced struc-
tural deformation on optical performance through
optical evaluation metrics®. A commonly used
method for OMT integrated simulation involves first
importing the opto-mechanical model of the star
camera into software such as ANSYS for thermal
and structural analysis. The resulting mirror deform-
ation data are then fitted using Zernike polynomials.
Subsequently, rigid-body displacement data, vari-
ations in material refractive index, and the fitted
Zernike coefficients obtained from thermal-stress
analysis are re-imported into the original optical
design for optical performance evaluation”. In
practical applications, Liu Yongqging et al. em-
ployed OMT integrated simulation using finite ele-
ment analysis and Zernike polynomial fitting to ana-
lyze a large-aperture thermally insensitive star
sensor design. The accuracy of this integrated ana-
lysis was validated through actual assembly and ad-

', However, a critical technological

justment tests
challenge remains, how to extract Zernike coeffi-
cients from finite element analysis and establish an
accurate and efficient multiphysics data transfer and
characterization mechanism. This would enable the
representation of complex structural deformations
induced by thermomechanical loads as optical aber-
rations recognizable and assessable by the optical
system, ultimately achieving precise prediction and
active control of degradation patterns in optical per-
formance.

In addition to the influence of the thermal en-
vironment, stray light represents an unavoidable in-
terference factor in space optical systems and signi-
ficantly affects the imaging quality and positioning

12-13

accuracy of star trackers!'"l. Stray light refers to
unwanted light rays that enter the optical system
through reflection, scattering, or diffraction, primar-
ily originating from the Sun, Earth's atmosphere, the

Moon, or other space radiation sources!'*'"!. Such

stray light degrades image contrast and signal-to-
noise ratio, potentially overwhelming faint target
signals, leading to failed celestial body identifica-
tion, or increasing attitude calculation errors. Sup-
pressing stray light has thus become a critical chal-
lenge for improving system performance in high-
precision deep-space exploration missions. Simulat-
ing stray light in star cameras is an essential method
for optimizing optical configurations and baffle
designs. Software such as LightTools or Ansys
Speos can simulate stray light propagation paths, en-
ergy distribution, and the effectiveness of suppres-
sion mechanisms within the system. By quantifying
metrics such as point source transmittance (PST).
Simulations guide the optimization of design para-
meters, including baffle layout, aperture placement,
and surface coatings!'®. These simulations not only
allow prediction of in-orbit stray light effects dur-
ing ground-based development to prevent post-
launch performance degradation, but also help re-
duce research and development costs and risks, en-
suring that the satellite cameras maintain high-resol-
ution observation capabilities under extreme space
optical environments. In practical applications,
Ryota Fuse et al. performed ray-tracing-based stray
light analysis on the wide-angle multispectral cam-
era of the Mars Moon eXploration (MMX) space-
craft. Their work estimated the ratio of stray light
intensity to target signal intensity, thereby guiding
the preliminary camera design!'”’. Shi Chunlei et al.
established an optical-mechanical structural model
of a long-wave infrared reflective system in the
stray light analysis software TracePro. They calcu-
lated the PST curve of the system to simulate and
evaluate whether the baffle design met require-
ments, thereby informing decisions on whether sys-
tem cooling was necessary!'®.

This paper focuses on the structural and optic-
al performance analysis of a star camera, with an
emphasis on the optical stability and stray light sup-
pression capabilities enabled by the structure design.

The aim is to provide a reference for the design and
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feasibility evaluation of high-precision aerospace
optical payloads. The remainder of this paper is or-
ganized as follows: Chapter 2 presents the optical
design results of the coaxial quadruple-reflection
camera and its corresponding opto-mechanical
structure. Chapter 3 focuses on the thermal stability
simulation of the system and evaluates the effect of
temperature on optical properties. Chapter 4 dis-
cusses system stray light simulation to evaluate
whether the optical configuration, mechanical struc-
ture, and baffle design can achieve the required

stray light rejection ratio.

2 Coaxial quadruple-reflection star
camera design

This system employs a coaxial quadruple-re-
flection design based on the Cassegrain configura-
tion, achieving aberration optimization by introdu-
cing third and fourth mirrors in addition to the
primary and secondary mirrors. The optical para-
meters are summarized in Table 1. The system fea-
tures an effective aperture of 64 mm, a focal length
of 195 mm, a circular field of view of +2.5°, and an
object-side numerical aperture (NA) of 0.26. Fol-
lowing optimization, the primary and tertiary mir-
rors were integrated into a monolithic design, en-
abling the construction of the coaxial quadruple-re-
flector structure using only three aspheric mirrors.
The three-dimensional optical layout is illustrated in
Fig.1(a). Parallel light is first reflected by the
primary mirror onto the secondary mitror, then re-

directed to the tertiary mirror, and finally passes

through the fourth mirror within the secondary mir-
ror aperture to reach the image plane. At an effect-
ive focal length (EFL) of 195 mm, the system
achieves outstanding optical performance. As shown
in Fig.1(b), the optical transfer function (OTF) ap-
proaches the diffraction limit, with MTF=
0.7@A40 lp/mm. There is no significant difference
between the meridional and sagittal transfer func-
tions, ensuring excellent imaging quality even in the
peripheral field. Fig.1(c) presents the point spread
function (PSF) of the system. The main lobe width
of the PSF is smaller than the pixel size. As shown
in Fig. 1(d), 80% of the EE(Encircled Energy) is
concentrated within an 11 um diameter. This en-
ables efficient energy concentration over a 2 X
2 pixel detector area, thereby directly enhancing the
image signal-to-noise ratio (SNR) and the system’s

capability for detecting faint stars.

Tab.1 Optical parameters of the star camera

Parameters Design Specifications
Effective focal length 195 mm
Field of view +2.5°
Operating Waveband 400-1000nm
Absolute Distortion <0.1%
Energy concentration -
=80%
(within 11 pum) ’
Transmission function =07
(40 1Ip/mm)
Operating Temperature —40~60 °C
Equivalent entrance pupil diameter 64 mm
Axial length 50 mm
Pixel size 6.5um

. T (ANG) 2.5 deg

Diff. Limit
(ANG) 0.0 deg

T (ANG) 1.0 deg
R (ANG) 1.0 deg
T (ANG) 2.0 deg
R (ANG) 2.0 deg
T (ANG) 2.5 deg
R (ANG) —2.5 deg

R (ANG) 2.5 deg
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Optical design of coaxial quadruple-reflection star camera. (a) Schematic 3D model of the camera. (b) MTF diagram at

22°C. (c) PSF diagram at 22°C. (d) Diffraction ring energy distribution diagram at 22°C.

The
—40°C~60°C with no vignetting. The equivalent en-

operating temperature range spans
trance pupil diameter is 64 mm, and the system axi-
al length is controlled at 50 mm.

The specific structural parameters are listed in
Table 2. The primary mirror has a diameter of
102 mm, a radius of curvature of —219.2 mm, and a
conic constant of 3.92. The secondary mirror meas-
ures 68 mm in diameter, with a radius of curvature
of -190.66 mm and a conic constant of 1.85. The
tertiary mirror is integrated with the primary mirror
and shares the same parameters. The fourth mirror
has a diameter of 35 mm, a radius of curvature of
—240 mm, and a conic constant of 5.91. The precise
spacing between each element optimizes the obscur-
ation ratio to 0.67. This design achieves a light-
weight configuration. The fully reflective structure
completely eliminates chromatic aberration, and
with a dedicated silver coating, it delivers consist-
ent imaging performance across the target operating

wavelength range.

Tab.2 Parameters of the star camera optical structure

Interval from the

Diameter Radius ~ Cone . obscuration
previous

Surface

(mm) (mm) coefficient ratio(%)
surface(mm)
Primary
Mirror
(Integrated _ o
with the 102 219.2 3.92 0 67%
third
mirror)
Secondary —-190.6 _
Mirror 68 6 1.85 38 -
Fourth 55 540 501 41 ;
Mirror

The analysis of this study is based on the as-

sumption of ideal alignment. However, if optical
tolerances are excessively stringent, making high-
precision assembly unfeasible in practice, then re-
gardless of how excellent the thermal stability of the
optical system appears in simulation, it will fail to
achieve the expected performance after actual as-
sembly. Tolerance allocation is shown in Table 3.
Validated through cumulative error analysis and
Monte Carlo simulation, it not only demonstrates
the system's excellent manufacturability but also

provides alignment guidance.

Tab.3 Star Camera Tolerance Allocation Table

Alignment Alignment

Tilt Radial  Axial Lodius  Surface
Surface (") Tolerance Deviation Error Figure Error Remarks
(mm) (mm) (mm) (wave)
. Primary
P]\r/ﬁf;rry - - - 005 0033  miroras
reference
Sel\c/[‘;?ify 10 0005 0005 005 0033
1;;:11:;? 10 0.005 0.005 0.05 0.033

3 Integrated design and analysis of
optical-mechanical-thermal system

The cross-sectional view of the optical-mech-
anical structure is shown in Fig.2(a). To ensure
thermal stability, the mirror substrates are fabric-
ated from Zerodur® glass ceramic, which has an ex-
tremely low linear thermal expansion coefficient.
All mirrors employ silver-coated films, which typic-

ally exhibit outstanding reflectivity across the vis-
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ible to near-infrared spectrum. Modern silver re-
flective films incorporate a multilayer composite
structure comprising bonding and protective layers
on their surfaces. Utilizing advanced techniques
such as magnetron sputtering, these films signific-
antly enhance coating adhesion and provide effect-
ive isolation against environmental corrosion. This
advancement significantly improves the environ-
mental adaptability of silver films, enabling them to
maintain stable reflective performance in practical
applications!'”. Combining high reflectivity across a
broad wavelength range with the superior environ-
mental stability conferred by process improvements,
silver films represent the optimal choice for the
long-term in-orbit operational conditions of this star

camera.

Internal

baffle

Fig.2 (a) structural profile. (b) primary three-mirror as-
sembly. (c) secondary mirror assembly. (d) four-

mirror assembly

All structural components are made of Invar al-
loy, whose thermal expansion coefficient is matched
to that of the Zerodur® glass ceramic. This material
pairing minimizes variations in mirror surface fig-
ure and rigid-body displacement during temperature
cycling. The primary function of the load-bearing
cylinder is to serve as the main support and main-
tain the separation between the primary and second-

ary mirrors. It incorporates reinforcing ribs to en-

hance rigidity while minimizing mass. The inner
baffle is constructed from 6061 aluminum alloy and
features an internally mounted configuration around
the primary mirror. Its main function is to block
stray light from entering the optical system, thereby
reducing external optical interference. Since the
primary mirror has a concave surface whose reflect-
ive properties are sensitive to light direction, the in-
ternal baffle prevents stray light from being directly
reflected into the observation path. The primary mir-
ror is rigidly supported and fixed at the rear end of
the tube, minimizing deformation while maintain-
ing vibration resistance, forming a stable assembly
with the internal baffle. The secondary mirror is sus-
pended in front of the primary mirror via a spider-
type support frame. Its highly complex structure in-
creases stray light contributions, but the secondary
mirror and fourth mirror employ an internally nes-
ted design, significantly reducing the overall system
envelope. Fig.2(b)-(d) respectively illustrate the
opto-mechanical components of the primary-third
mirror (PM-TM), secondary mirror (SM), and fourth
mirror (FM). The PM-TM is the largest optical ele-
ment in the system. Consequently, its structural sta-
bility is a primary factor influencing overall camera
performance. Employing a flangeless design and
utilizing Invar alloy with matched thermal expan-
sion coefficients throughout the structure, the
primary mirror incorporates flexible directly moun-
ted outermost periphery for stress isolation. This
achieves a high degree of integration while meeting
requirements for lightweight construction and com-
pact axial length.

Due to the use of aspheric surfaces and the in-
tegrated PM-TM structure, the drawbacks of high
functional integration become pronounced. With
fewer optical elements to distribute error sensitivit-
ies, the burden of aberration correction is concen-
trated on individual mirrors, amplifying the impact
of surface error and positional misalignments. As a
result, the system exhibits significantly increased

sensitivity to environmental disturbances. From an
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optical design perspective, the system's relatively
high object-side NA of 0.26 is positively correlated
with increased optical sensitivity®”. Given the strin-
gent stability requirements of such systems, an ac-
curate OMT integrated simulation is essential to en-
sure system robustness. This approach ultimately
enables an optimal balance between demanding per-
formance specifications and the engineering con-
straints of miniaturization.

To complete the OMT integrated design, as
shown in Fig.3(a), the geometric model of the multi-
component assembly of the star camera was first im-
ported into Altair HyperMesh to establish a finite
element model. The Geometry module was used for
cleanup and simplification to ensure surface con-
tinuity and eliminate unexpected geometric errors,
thereby improving mesh quality and simulation ac-
curacy. Subsequently, the Mesh module was em-
ployed to generate the mesh using a hybrid meshing
strategy. For the complex curved surfaces of the op-
tical components, tetrahedral elements (C3D10)
were used to accurately capture high-gradient
thermal fields. For structurally simple components,
hexahedral elements (C3D8R) were adopted to en-
hance computational efficiency. The final mesh
comprised 14,536 elements and 24,818 nodes, all
generated using solid elements. The finite element
mesh model of the optical system is shown in
Fig.3(b).

thermal environment were defined in the Loads and

Boundary conditions simulating the
Constraints module.

Steady-state temperature loads were applied
across the extreme temperature range required by
the simulation task: —40°C to +60°C. For mechanic-
al boundary conditions, fixed constraints were ap-
plied to the base flange to represent a rigid connec-
tion with the in-orbit satellite interface. The pre-
pared model was then exported to the OptiStruct
solver, incorporating temperature-dependent materi-
al properties as listed in Table 4. Post-processing in
HyperView displayed the simulation results. The

optical system employs Zerodur® glass ceramic for

the mirrors. Its high specific stiffness provides a
foundation for lightweight structural design and ef-
fectively suppresses mirror deformation due to self-
weight. The mechanical support structure utilizes
Invar alloy, which helps maintain optical system sta-
bility across a wide temperature range. Fig.3(c)-(d)
and Fig.3(e)-(f) present displacement contour plots
for operating conditions at —40°C and 60°C, re-
spectively, with displacement results visually mag-
nified to clearly illustrate deformation patterns. Ana-
lysis indicates zero displacement in the constrained
mounting region, while differences in thermal ex-
pansion between optical elements and support struc-
tures induce axial stresses. The three-point flexure
support structure effectively accommodates these
stresses along the optical axis. The system exhibits a
maximum displacement of 0.65 um at —40°C, which
decreases to 0.43 um at 60°C.

Fig. 3 (a) 3D rendered perspective view of the system. (b)
Finite element meshed model diagram. (c) Solid dis-
placement contour map at -40°C for the forward in-
cident direction. (d) Solid displacement contour map
at -40°C for the reverse direction. (e) Solid displace-
ment contour map at 60°C for the forward incident
direction. (f) Solid displacement contour map at

60°C for the reverse direction.

Tab.4 Material properties of the machine structure

. Modulus of Coefficient of
. Density .. .
component Material (oferm’) elasticity thermal expansion
& (GPa) (10°K™)
Mirrors ~ Zerodur®  2.53 91 0.05
structural [ alloy 8.9 141 1.4
components

Despite the compact overall dimensions of the
system, frame deformation still induces significant

displacement responses in the optical elements. Not-
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ably, while maximum displacement occurs at the
edges of the optical elements, it primarily manifests
as rigid-body rotation about the optical axis rather
than axial deformation. The flexible support struc-
ture effectively converts thermal expansion into
controllable micro-rotation, validating the design's
excellent thermal management performance.
Accurately characterizing surface deformation
induced by thermal-mechanical loading is a critical
step in evaluating the aberration performance of a
system. Zernike polynomials, as a classical set of or-
thogonal basis functions, are widely used for fitting
optical surface deviations and decomposing aberra-
tions. They provide optical design researchers with
an intuitive mathematical interpretation of system
quality, enabling subsequent performance optimiza-
tion'!. The core principle involves projecting com-
plex three-dimensional surface displacement fields
onto the Zernike polynomial space. By solving for
coefficients via least squares or Fourier transforms,
this approach achieves a low-dimensional paramet-
ric representation of surface topography. Such fit-
ting efficiently captures low-order aberration modes
that dominate optical performance variations while
neglecting high-frequency errors. The transforma-
tion from displacement variations to curvature vari-

ations can be expressed using the matrix equation

(1.
ZxL=Cs , (D

In the equation, Z denotes the p X ¢ matrix of
the Zernike polynomials, p represents the number of
sampling nodes, ¢ indicates the number of polyno-
mial terms, L is the column vector of Zernike coef-
ficients, and Cg describes the surface profile vari-
ation of the measured optical surface. From the per-
spective of polar coordinates, the expression for the
Zernike polynomials in polar coordinates can be

written as:

Z.(p,0) =R, (p).£, (O (2)

Here, Z (p,6) denotes the polynomial value at

normalized radial distance p(0<<p<:1) and azimuth

angle 0(0 € [0,2xn]). n is a non-negative integer rep-
resenting the radial degree, while / is the azimuth
degree. n and / must share the same parity, with
n=|l|, ensuring that n—1 is even. R! (p) is the radial
polynomial, and ¢! () is the azimuth function. By
introducing /=n-2m(m=0,1,2,------ ,n), the radial

part can be expressed as

R, () = R;™" (p)

wo b (n—b)!
1 o n—2m>0
2D ot P> 0
R n—2m<0
(3)

The forward summation is derived based on
Jacobian polynomials, ensuring a polynomial form
of degree n, while —/ employs symmetry mirroring
for forward correspondence. The orientation com-

ponent is defined as

cos[(n—2m)0],n—2m=0
—sin[(n—2m)0#],n—2m <0
4)

%@=%th{

This radial-angular separation structure facilit-
ates modeling the optical properties of a circular
aperture. An arbitrary wavefront F(p,0) can be ap-

proximated by a finite-order expansion as

[

F(p,0) = Zakzg-z'" (0.0) (5

k=0

Where a, represents the coefficient, typically
determined using least squares or orthogonal projec-
tion methods to quantify the contribution of each ab-
erration and support adaptive optical correction®?.
This paper employs an amplitude normalization
scheme, setting the maximum amplitude of each
term on the unit circle to 1 for intuitive interpreta-
tion of peak-to-valley deviations. Priority is given to
lower-order terms, progressing from global aberra-
tions such as translation, tilt, and defocus to higher-
order aberrations. The polynomial order must be se-
lected based on system symmetry or application re-
quirements to minimize truncation error. This paper
employs the first 36 terms of the Zernike standard
polynomial for fitting.
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To convert the aforementioned finite element
temperature-mechanical coupling node radial and
axial displacements, along with mirror surface pro-
file changes, into optical design inputs, a structure-
optics interface method was employed to perform
Zernike polynomial fitting of the surface topo-
graphy. This primarily involved importing the per-
turbation file output from the finite element simula-
tion and the system's finite element model, select-
ing a set of nodes of interest, and generating an op-
tical design-compatible macro file. During the fit-
ting stage, the polynomial type is set to standard
Zernike polynomials with maximum order n=10 and
m=7 to ensure all coefficients for the first 36 terms

of the standard Zernike polynomials are fitted. Dur-

ing optical analysis, appropriate parameters are con-
figured to ensure the standard Zernike polynomials
are sorted using Noll ordering and the correct macro
file is output. As shown in Table 5, the above al-
gorithm principles were used to calculate the rigid
body displacement of the primary-tertiary, second-
ary, and quaternary mirrors at 20°C intervals within
the —40°C to 60°C temperature range. Data analysis
indicates the PM-TM has root mean square (RMS)
values of 6.19 nm and 4.12 nm at —40°C and 60°C,
respectively, PV of 25.4 nm and 16.9 nm, respect-
ively. The SM exhibited RMS values of 1.47 nm
and 0.977 nm, with PV of 5.09 nm and 3.39 nm.
The FM recorded RMS values of 0.114 nm and
0.076 nm, with PV of 0.61 nm and 0.41 nm.

Tab.5 Rigid body displacement data

Component Tempoerature Tx Ty Tz Rx Ry -Rz ARoC RMS P-v

(°C) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
PM-TM —40 5.06E-10 2.99E-10 —5.42E-04 4.09E-12 —8.73E-13 —4.85E-07 —3.93E-03 6.19E-06 2.54E-05
PM-TM -20 3.37E-10 1.99E-10 —-3.61E-04 2.73E-12  —6.23E-13 —-3.23E-07 —2.62E-03 4.12E-06 1.69E-05
PM-TM 0 1.69E-10 9.96E-11 -1.81E-04 1.31E-12 —-2.85E-13 —1.62E-07 -—1.31E-03 2.06E-06 8.45E-06
PM-TM 40 —1.69E-10 —9.96E-11 1.81E-04 —1.31E-12  2.85E-13 1.62E-07 1.31E-03  2.06E-06 8.45E-06
PM-TM 60 —3.37E-10  —-1.99E-10  3.61E-04 —2.73E-12  6.23E-13 3.23E-07 2.62E-03  4.12E-06  1.69E-05
SM —40 —-1.43E-10 -1.61E-11  2.81E-04 —1.92E-12  1.34E-13 1.81E-08 2.90E-03 1.47E-06  5.09E-06
SM -20 —9.52E-11 —1.08E-11 1.88E-04 —1.21E-12  2.11E-13 1.21E-08 1.94E-03  9.77E-07  3.39E-06
SM 0 —4.76E-11 —5.42E-12  9.38E-05 —6.18E-13  8.43E-14 6.04E-09 9.68E-04  4.89E-07 1.70E-06
SM 40 4.76E-11 5.42E-12  —9.38E-05 6.18E-13  —8.43E-14 —6.04E-09 —9.68E-04 4.89E-07 1.70E-06
SM 60 9.52E-11 1.08E-11  -1.88E-04 1.21E-12 -2.11E-13 -1.21E-08 —1.94E-03 9.77E-07 3.39E-06
FM —40 —2.07E-10 —1.05E-10  2.51E-04 7.52E-12  —6.92E-12  1.45E-07 1.23E-03 1.14E-07  6.14E-07
FM -20 —1.38E-10 —7.00E-11 1.67E-04 498E-12  —4.58E-12  9.66E-08 8.19E-04  7.62E-08 4.10E-07
FM 0 —-6.93E-11 —3.51E-11  8.37E-05 247E-12  —2.35E-12  4.83E-08 4.09E-04  3.81E-08 2.05E-07
FM 40 6.93E-11 351E-11  —8.37E-05 —247E-12 235E-12 —4.83E-08 —4.09E-04 3.81E-08 2.05E-07
FM 60 1.38E-10 7.00E-11  -1.67E-04 —4.98E-12  4.58E-12  —9.66E-08 —8.19E-04 7.62E-08 4.10E-07

Fig.4 shows the wavefront error plots for each
mirror and the system image plane after macro file
input fitting. Fig.4(a)-(c) presents the surface fitting
results for the three mirror groups at -40°C, while
Fig.4(d)-(f) shows the results at 60°C. These align
closely with the rigid body displacement results

from finite element analysis, indicating extremely

low fitting residuals and minimal computational er-
ror introduction. Fig.4(g) shows the wavefront error
map of the system at —40°C, with an RMS of 0.1147
A and a PV value of 0.3997A. Similarly, Fig.4(h)
presents the wavefront error map at 60°C, exhibit-
ing an RMS of 0.0752A and a PV value of 0.266 8A.
The system RMS is less than A/10 at 60°C, while at
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—40°C, the RMS is significantly worse than the
60°C condition by 30%. Similarly, the PV value at
—40°C is worse than the 60°C condition by 30%.
Results in both dimensions indicate significant

changes in the primary mirror surface shape, with

0.005 5 9.30E-4

~0.0183
Unit: pm
51.5

0.0122
0.003 7

—0.004 8
Unit: pm
515

greater disturbance to the optical system occurring
under lower extreme temperatures. However, based
on the RMS values, the system can be judged to

function normally under extreme temperature condi-

tions.

—0.945

)

ive unit]

RMS=0.114 7»
PV=0.399 7

1.144

Y-Pupil (relati

|
93054 |
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Fig. 4 (a) PM-TM surface morphology at -40°C. (b) PM-TM surface morphology at 60°C. (c) SM surface morphology at -
40°C. (d) SM surface morphology at 60°C. (e) FM surface morphology at -40°C. (f) FM surface morphology at 60°C.
(g) Wavefront error map of the system at -40°C. (h) Wavefront error map of the system at 60°C.

Fig.5 displays the Zernike coefficients of the
primary mirror under both extreme temperatures.
The distribution of Zernike polynomial coefficients
indicates that the optical system's surface error is ef-
fectively controlled at both —40°C and 60°C ex-
treme operating conditions. Overall, all Zernike
terms remain at a low magnitude, with system er-
rors primarily dominated by the first 15 low-order
aberrations, which critically impact imaging quality.
Comparison reveals that some coefficients at —40°C
are slightly higher than at 60°C, confirming the ana-
lysis that low temperatures cause more significant
optical surface perturbations. However, the overall
magnitude change for all coefficients is limited.
These results validate the system's thermally insens-
itive design, which combines glass ceramic mirrors
with an Invar alloy support structure. Coupled with
structural measures such as three-point flexible sup-
this approach successfully

port, suppresses

thermally induced surface distortion to an ex-
tremely low level across a wide temperature range.

This provides critical assurance for maintaining ex-

cellent imaging performance in extreme temperat-

ure environments.

1E-2
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1E—4
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Zernike polynomial coeffieients
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Zernike terms

10
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Fig. 5 Zernike polynomial coefficients of the primary mir-

ror (PM) at extreme temperatures

Based on the aforementioned fitting and pro-
cessing results, the rigid body displacement derived
from structural-thermal-mechanical analysis and the
Zernike polynomials were integrated into the optic-
al design framework. This enabled a comprehensive
evaluation of the star camera's optical performance

under various operating conditions. The core per-
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formance metrics assessed include the MTF and EE,
both of which serve as fundamental quantitative
standards for evaluating the efficacy of star camera
optical systems in astronomical imaging. MTF

primarily measures resolution and image sharpness,

ergy within a specified radius on the focal plane,
holding significant importance for matching star
camera lenses with detectors and for centroid posi-
tioning algorithms. The optical performance met-

rics under extreme operating conditions are shown

serving as a critical metric for most optical systems. in Fig. 6.
EE assesses the proportion of total point source en-
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Fig. 6 (a) MTF at 22°C. (b) encircled energy at 22°C. (c¢) MTF at —40°C. (d)encircled energy at —40°C. (e) MTF at 60°C. (f)

encircled energy at 60°C.

By incorporating optical-mechanical-thermal
coupled analysis, we conducted a comprehensive
evaluation of the overall performance of the star
camera system. The results demonstrate the system's
excellent performance under simulated extreme op-
erating conditions, fully validating the robustness
and engineering feasibility of the design. Specific-
ally, under nominal conditions, the system's MTF
approaches the diffraction limit at 40 line pairs per

millimeter, with controllable degradation observed

under simulated conditions. The MTF decreased to
0.59 at —40°C low-temperature conditions, reflect-
ing minor aberration amplification due to thermal
contraction. The MTF value reached 0.68 at 60°C
high-temperature conditions, indicating strong toler-
ance to thermal expansion. Compared to nominal
conditions, these variations are controlled within
20%. MTF curves across all fields of view and both
meridional and sagittal directions show no signific-

ant differences under these simulated conditions.
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This validates uniform aberration distribution under
thermal environments, preventing asymmetric de-
gradation at field edges and ensuring consistent im-
age quality across the entire field of view. Con-
sequently, reliable celestial body tracking accuracy
is maintained during actual space missions. The EE
metric shows an 80% encircled-energy diameter of
10pum under nominal conditions. At —40°C, this dia-
meter increases to 15 pm, primarily due to slight en-
ergy dispersion caused by low-temperature-induced
surface microdeformation. At 60°C, it measures 13
um. Below is the signal-to-noise ratio calculation™
for observing a magnitude 10 star under extreme op-

erating conditions at —40°C.

Se

SNR:N N (6)
D2
S,=tX XKXTXEjgXTXAX ———, (7)
or T BT hxcx4

2
a

k=— , (8)
nd?
4

N=S+0%, +0? (9

In the equation, t represents the optical system
transmittance, Ejpdenotes the spatial irradiance at
magnitude 10, typically 2.5x107'° W/m?, D is the ef-
fective aperture of the optical system,  is the integ-
ration time, A is the reference wavelength, here
650 nm, & is Planck's constant, ¢ is the speed of
light, noris the quantum efficiency, calculated as
60% based on the detector's average efficiency, S,
is the number of electrons per pixel, the pixel size is
a xa, where a = 6.5 um, the imaging spot diameter
of the star camera is d, here 15 pm, Syg is the sig-
nal-to-noise ratio, where S, is the number of elec-
trons used in the calculation, N is the total detector
noise, o, is the dark current noise, here 0.2 e/
pixel/s, o, is the readout noise, here 0.7 €. Substi-
tuting all data yields an Sygr> 12 for observing a
10th magnitude star, confirming the system's capab-

ility to observe stars of magnitude 10.

This indicates the system maintains good fo-
cusing performance even at elevated temperatures.
These variations align with design specifications
and operational requirements, preventing signific-
ant SNR degradation caused by excessive energy
dispersion. This ensures sensitivity in celestial body

detection and accuracy in attitude determination.

4 Experimental validation of star
camera performance

The system employs aspherical mirrors, whose
imaging quality is highly dependent on the consist-
ency between the actual surface shape and the ideal
design. A laser interferometer was used to measure
the surface shape of the three mirror groups. As
shown in Fig.7(a)-(c), the well-defined and symmet-
ric annular fringe patterns in the interferograms in-
dicate excellent symmetry and effective suppres-
sion of low-order aberrations. The mirror surfaces
are smooth and continuous, with minimal deviation
from the ideal aspheric form. The RMS wavefront
error of the primary mirror assembly is less than
1/40X. To measure the system-level wavefront error,
a test platform was established using a 4D interfero-
meter, as shown in Fig. 7(d). According to the
Marechal criterion®, the total wavefront error RMS
value of the system shown in Fig.7(e) is less than
AM14. This indicates that the MTF of the system is
extremely close to the diffraction limit, enabling the
formation of a highly concentrated star point image
with sharp edges, which is crucial for resolving faint
stars. The PV of 0.620 1A may lead to a slight in-
crease in local scattered light, which could reduce
image contrast and potentially introduce artifacts
such as trailing or ghosting when observing bright
stars.

Fig.8 shows the physical appearance of the
coaxial quad-mirror camera system after precision
alignment and assembly, along with its imaging per-
formance test results under visible light. Fig.8(a) re-

veals the system's highly integrated opto-mechanic-
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al structure featuring a compact axial layout with a
total length of 50 mm. The external surfaces are
treated with a black anodized finish to suppress
stray light. Fig.8(b) demonstrates uniform illumina-
tion across the full image plane, with excellent ima-
ging consistency between the edges and center of
the field of view. The system exhibits outstanding
image quality stability and is free from vignetting
within a +2.5° field. Figs. 8(c)-(d) show imaging
results of ground targets at linear distances of 4000
m and 300 m respectively, revealing clear image
details and sharp edges. These results further
demonstrate the system's ability to maintain high-
resolution imaging across varying object distances,
with absolute distortion <<0.1%. Star testing is es-
sential for evaluating the optical performance and
positioning accuracy of the star camera. By analyz-
ing the imaging quality of point sources, the
system's point spread function characteristics,
centroid positioning accuracy, and thermal stability

can be directly verified.

Fig. 7 (a) PM-TM topography results. (b) SM topography
results. (¢) FM topography results. (d) 4D interfero-
meter test platform setup. (¢) Systematic wavefront

error results.

Fig. 8 (a) Physical image of the system. (b) Full-frame im-
age of the system's image plane. (c) Physical image
at a straight-line distance of 4000 m. (d) Physical

image at a straight-line distance of 300 m.

Fig.9 presents the normalized field-of-view star
point test results for the coaxial quad-reflector cam-
era system under operating conditions of 22°C,
—40°C, and 60°C, systematically assessing imaging
stability and thermal insensitivity over a wide tem-
perature range. After processing the full set of star
point test data using a centroid algorithm, the
centroid positioning repeatability was determined to
be 0.08 pixels.

As shown in Fig.9(a), the star point exhibits
high EE with a symmetrical and sharp outline at
22°C, approaching the diffraction limit. This indic-
ates that the system delivers excellent image quality
and positioning accuracy under nominal operating
conditions. Fig.9(b) shows that at -40°C, although
the star point exhibits slight diffusion, the energy
distribution maintains good symmetry without no-
ticeable trailing or splitting, demonstrating that the
system remains controlled under low-temperature
contraction stress. As shown in Fig.9(c), at 60°C,
the star point morphology closely resembles that at
room temperature, with only minor variations in EE,
further validating the system's excellent tolerance to
thermal expansion. These results align closely with
conclusions from OMT integrated simulations in-
corporating Zernike surface fitting and wavefront
error analysis. They confirm that the system main-
tains stable starlight imaging quality under extreme
temperatures, satisfying the stringent thermal aber-
ration suppression requirements for high-precision
star sensors during in-orbit operation. The results
also indicate that the —40 °C condition imposes a
more significant impact on camera performance,
consistent with simulation predictions.

The repeatability of centroid positioning can
assess the impact of temperature variations on angu-
lar resolution. The angular resolution calculation

formula is as follows!>:

P 180
p=—Xx—x3600 |, (10
VA
prepresents the angular resolution of the sys-

tem's pixels, P denotes the centroid positioning ac-
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curacy of the pixels, and f’ is the system's focal
length. Based on comprehensive thermal vacuum
testing, the centroid positioning repeatability was

determined to be 0.08 pixels. Substituting this value

—40 °C/—0.6FOV

I(c) 60°C/-1FOV 60 °C/-0.6FOV
I

I
I3
la

—40 °C/OFOV

60 °C/OFOV

into the formula yields a maximum angular resolu-
tion error due to temperature variation of 0.55 ",

meeting the sub-arcsecond precision requirement.

22 °C/0.6FOV 22 °C/1IFOV

—40 °C/0.6FOV —40 °C/1FOV

60 °C/1FOV

Fig. 9 Normalized field-of-view star point test results under different temperature conditions. (a) Test results at 22°C, (b) Test

results at —40°C, (c) Test results at 60°C.

During space operations, the star tracker calcu-
lates the spacecraft's precise orientation in space by
identifying stars against a star chart database. The
star tracker's limiting magnitude detection capabil-
ity directly determines its performance ceiling. A
higher limiting magnitude allows for an exponential
increase in the number of visible navigation stars,
significantly enhancing the speed and reliability of
star chart recognition. This provides more reference
points with excellent spatial distribution for attitude
determination, enabling sub-arcsecond-level high-
precision results®?. Simultaneously, system robust-
ness is significantly enhanced, enabling stable oper-
ation even when some stars are obscured or in-
terfered with. The illuminance of a 6th-magnitude
star and a 10th-magnitude star at the entrance pupil

of the star camera is given by Equation (11).

Es=1.055x10"%Lx
E n=2.649%x10"Lx (1D

Direct sunlight serves as the primary stray light
source for astrographic cameras. The system's stray
light suppression capability must be one order of
magnitude lower than the image plane illuminance
of 6th-magnitude and 10th-magnitude stars. The sol-
ar illuminance is denoted as H=1.3x10’Lx. The
image plane illuminance of 6th-magnitude and 10th-

magnitude stars is defined as in Equation (12):

S
Hg=EsXnX —
6 6 XM s,
S
Hl():El()XnXS— , (12)
1

where 7 represents the system transmittance, which
is 88% based on surface coating requirements. S de-
notes the effective entrance pupil area, S, indicates
the starlight imaging area, stray light intensity
Hg=HXxPST(0), and PST(0) signifies the point
source transmittance at different fields of view with-

in the system. Therefore, the PST magnitude for ob-
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serving a 6th magnitude star must be less than
1.595x1077, and the PST magnitude for observing a
10th magnitude star must be less than 4x10°°.

To achieve high detection capability while sat-
isfying lightweight design constraints, as illustrated
in Fig. 10, two distinct baffle configurations were
developed for the star sensor optical system. The
long baffle, depicted in Fig. 10(a), features inner
and outer conical extinction vanes with a length of
480 mm and a mass of 725 g, whereas the short
baffle in Fig. 10(b) incorporates inner conical ex-
tinction vanes with a length of 145 mm and a mass
of 258 g. Both configurations utilize carbon fiber
composites for structural integrity. The short baffle
integrates isodensity conical vane rings on both in-
ternal and external surfaces, complemented by an
external straight cylindrical profile. For enhanced
stray light mitigation, the long baffle employs dens-
er, computationally optimized non-equidistant vane
rings distributed along its entire length. Employing
PST methodology, the irradiance distribution at the
entrance pupil was computed for each design. As
presented in Fig. 10(c) and Fig. 10(d), both the long
and short baffles yield an average irradiance of 1.08
x 107 W/mm?, aligning with established theoretical

expectations.
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Fig. 10 (a) Long baffle structural design. (b) Short baffle
structural design. (c) Irradiance distribution results
at the entrance pupil for the long baffle. (d) Irradi-
ance distribution results at the entrance pupil for
the short baffle.

Fig.11 displays the stray light irradiance distri-
bution for the long baffle at off-axis angles of

30°~70°, clearly showing a decrease in stray light
with increasing angle. Similarly, Fig.12 presents the
stray light irradiance distribution for the short baffle
at 40°~70° off-axis angles, where stray light also
progressively diminishes. As shown in Fig.12(h),
the PST (LPST) of the long baffle is up to two or-
ders of magnitude lower than that of the short baffle
(SPST), enabling the observation of stars as faint as

magnitude 10.
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Fig. 11 Image plane stray light distribution of the long
baffle at different off-axis angles. (a) 30°, (b) 35°,
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70°.

To thoroughly evaluate the engineering ra-
tionale for selecting the baffle design, this study
conducted a systematic quantitative trade-off analys-
is between the long and short variants. While the
short baffle aligns with the compact optical config-
uration of the star camera, the long baffle imposes
significant resource costs, weighing approximately
2.8 times more and measuring about 3.3 times
longer than its short counterpart. However, the long
baffle achieves a generational leap in core perform-
ance, with a PST of 3x107 at 30° off-axis, which is
nearly two orders of magnitude higher than the short
baffle. This performance gap translates directly into
a fundamental advantage in detection capability, en-
abling observations down to magnitude 10 stars. In
contrast, the short baffle's stray light background
limits its effective detection to approximately mag-
nitude 6 stars. For high-precision attitude determina-
tion missions, the ability to utilize a large number of

uniformly distributed faint stars directly determines
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the system's positioning accuracy and robustness in
complex illumination environments. Therefore, des-
pite the long baffle adding approximately 467 g of
mass and 335 mm to the envelope size, the perform-
ance margin gained through this resource cost is
critical to ensuring mission success. Overall, priorit-
izing performance and reliability, the long baffle
design represents the optimal balance between irre-
placeable performance advantages and acceptable

engineering trade-offs.
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5 Analysis of Results

Based on integrated opto-mechanical-thermal
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analysis and experimental validation of the star cam-
era, the system demonstrates excellent thermal sta-
bility and stray light suppression capabilities under
extreme temperature conditions (—40°C~+60°C).
Through the coefficient of thermal expansion
matching between the Zerodur® glass ceramic mir-
rors and the Invar alloy support structure, combined
with a three-point flexible mounting system and a
compact opto-mechanical architecture, thermally in-
duced structural deformation and wavefront errors
are effectively controlled. The wavefront error RMS
value at 60°C is 0.0752A, better than A/10. The
RMS value at —40°C is 0.1147 A, representing ap-
proximately a 30% degradation compared to the
former, yet still meeting overall design require-
ments. Zernike polynomial fitting further indicates
the system is dominated by low-order aberrations,
with effective suppression of surface figure errors.
The MTF@40 lp/mm was 0.59 and 0.68 at —40°C
and 60°C. The 80% encircled energy diameter was
15 pm at -40°C and 13 pm at 60°C, demonstrating
excellent field-wide consistency. Regarding stray
light analysis, the extended baffle design achieves
LPST at the 107 level at 30° off-axis angle and
LPST at the 107" level at 55° off-axis angle. This
represents a two-order-of-magnitude improvement
over the SPST achieved by the short baffle design,
enabling detection of stars down to 10th magnitude.
This coaxial quadruple-reflection camera system
maintains optical performance suitable for high-pre-
cision centroid positioning across a wide temperat-
ure range through material matching, structural op-
timization, and baffle design. The methodology
presented also provides a reference for the design,
simulation, and validation of other cameras or pay-
loads intended for faint targets under wide temperat-

ure variations.
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