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 Abstract - The Wide-field Aurora Imaging Camera (WAIC) 

with a large-temperature-difference (LTD) optical system is to 

provide an opportunity to obtain the light intensity map of the 

aurora. And thus an appropriate thermal design for the compact 

LTD space optical system is necessary. Depending on the 

character of the optics, several optical components temperature 

indexes were achieved. The temperature level of the BaF2 filter 

should be high at 107-140 degree Celsius, but the best 

temperature of the mirrors is just at 20-40 degree Celsius. These 

present a challenging thermal control problem. We introduced 

thermal design for all optical components in details. Especially, 

the thermal design for the high temperature BaF2 filter took the 

great thermal resistance design approach to maintain the BaF2 

filter within allowable temperature limits and minimize the 

influence on the temperature of the other optics. Subsequently, 

the camera finite element thermal model was established and the 

thermal test was also carried on. The results indicated that under 

the cold and hot extreme cases the filter average temperature 

could reach 106.5 degree Celsius and 139.0 degree Celsius, the 

control temperature precision was less than 2.5 degree Celsius 

and the temperature stability was less than 1.5 degree Celsius 

/2min. The temperature index of the mirrors and detector 

window also could be satisfied. Thermal design of the LTD space 

optical system with a large temperature difference is feasible and 

reasonable. 

  
Index Terms - Thermal design; Space optical system; Large 

temperature difference (LTD); Thermal test.  
 

I.  INTRODUCTION 

 The aurora is produced by the collisions between the 

energetic particles and the atmospheric gases and has been 

observed since from 1970s. Several satellite instrumentations 

had been developed to contribute to obtaining the auroral 

configuration and improving knowledge of the aurora. The 

aurora imaging was first successfully implemented by the SAI 

(the Spin-Scan Auroral Imager) on the Dynamics Explorer 

(DE) 1 satellite in 1981. In DE-1 program, a scanning mirror 

was utilized to obtain time sequences of images at the rate of 

one image about every 12 min. A combination of filters and 

scanning mirrors could detect UV emissions in several broad 

bands. [1]  

And then the Ultraviolet Imager(UVI) on Polar satellite 

for the Global Geospace Sciences portion of the International 

Solar-Terrestrial Physics (ISTP) program [2], operated in the 

far ultraviolet (FUV) and was capable of imaging the auroral 

oval under all illuminated conditions. This instrument had an 

8° circular field of view and was located on a despun platform. 

A three mirror reflective system was used in the Ultraviolet 

Imager for ISTP program. The temperature of the optical 

bench must be maintained to ±5°C of the design temperature 

to maintain alignment. Thermal gradients in the optical bench 

should not exceed 10°C across the vertical dimension of the 

optical bench, and 5°C across the horizontal dimension in 

order to minimize optical distortions. The image intensifier 

should not be exposed to the temperature in excess of 55°C. 

There was a filter wheel with five filters and a shutter on the 

front of optical path. Because the optical system is not very 

compact, the temperature variety of the filter wheel could take 

little influence on the mirrors temperature. 

The final global aurora imaging mission is the IMAGE 

(Imager for Magnetopause to Aurora Global Exploration) 

satellite [3] launched on 25 March 2000 from the Vandenberg 

AFB. The life of the IMAGE was stopped in 2005. The 

IMAGE mission was dedicated to the observation and 

understanding of the interaction between the magnetosphere 

and the charged particles (mainly originating from the sun’s 

activity) and occupied highly elliptical (1000 km ×44,000km), 

near-polar orbits to ensure efficient coverage of high latitudes 

[4]. It presented a variation in solar beta angle of ±66.5 

degrees [5]. The Wideband Imaging Camera (WIC) [6] was 

inside the IMAGE satellite and a primary requirement of WIC 

is to image the total intensity of the aurora in wavelength 

regions. The instrument was sensitive in the spectral region 

from 140-190nm. The optical system of the IMAGE WIC was 

similar to these of the Viking [7] and Freja [8] Ultraviolet 

Imager which used an all-reflective, inverted Cassegrain Burch 

Camera. A field of view of 17°×17° was sufficient to cover the 

entire polar region from spacecraft apogee. Although passing 

through a ±66.5 degrees solar beta angle, the WIC was not 

exposed to space and the deckplate survival temperature was 

between -30°C and 40°C. The instrument was focused at 23°C 

and the defocusing was particularly pronounced when the 

instrument was operated at the lower temperature range of -

20°C. To minimize the problem, a thermistor was also bonded 

on the back of the secondary mirror. All instruments 

mentioned above were mounted inside the spin-stabilized 

spacecraft and the thermal design of the imager was little 

introduced. 



The Wide-field Aurora Imaging Camera (WAIC) will be 

mounted on a three-axis stabilized satellite to observe the 

Lyman–Birge–Hopfield (LBH) band (140nm~180nm) at the 

far UV wavelength range and achieve the global light intensity 

maps of the aurora. It will be directly exposed to the space. To 

require a FOV of 130°, the WAIC utilizes a very compact 

optical system, a four mirrors off-axis reflective system. In 

addition, the transmission and cut-off minimum wavelength of 

the BaF2 filter are extremely sensitive to temperature. The 

temperature range of the BaF2 filters will be set from 107°C to 

140°C. The mirrors temperature level is about 30°C. Thus 

there is a large temperature difference between the BaF2 filter 

and other mirrors in the optical system. In generally, the 

objective of thermal design is to reduce the temperature 

differences or minimize temperature gradients between the 

internal components of the space optical remote sensor, 

especially the optics. The axial and radial temperature 

differences of the lens in the three linear array mapping 

camera, for example, were less than 4°C and 0.5°C [9]. 

This paper will describe the thermal design of the large-

temperature difference (LTD) space optical system in detail. 

The thermal control indexes of the mirrors, BaF2 filters and 

detectors are discussed by the optical requirements. 

Subsequently, the thermal design is established based on the 

temperature indexes. Finally, thermal simulation and test of the 

LTD optical system are carried on to verify the performance of 

the thermal design. 

II.  THE STRUCTURE OF THE WAIC 

 In Fig.1, the mechanical structure of the WAIC consists of 

4 major components: 2 separate cameras (denoted camera 1 

and camera 2), a camera support component and a mounting 

base. Each camera has a field of view (FOV) of 10° in the 

direction parallel to the axis X. Although in the Y direction its 

FOV is 68°, the instantaneous field of view is 10°×130°，by 

arranging camera 1 and camera 2 side by side along the Y-axis 

direction. To achieve a global view from above of the auroral 

distribution in polar low Earth orbit (LEO), the imager can 

scan over the oval while the satellite flies though the high 

geomagnetic latitude. The range of the rotation angle around 

the Y-axis is from -60° to 60°as illustrated in Fig.2. Thus the 

max field of view is 130°×130°. 
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Fig.1. Wide-field Aurora Imaging Camera 

The two cameras are identical and each camera is 

composed of 1 optical bench, 4 mirrors, 1 transmission filter, 1 

photo counting Micro-Channel-Plate (MCP) detector et al. 
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Fig.2 Scan imaging mode of the WAIC 

III.  THE THERMAL CONTROL INDEXES OF THE OPTICAL 

COMPONENTS 

 The optical configuration selected for the WAIC 

instrument is shown in Fig.3. Each mirror is portion of a conic 

section and is covered with Al/MgF2 coating. The incident ray 

though the entrance pupil is reflected by the four mirrors in 

turns and transmitted by the transmission filter towards the 

image plane. To achieve high image quality, the interior 

temperature gradients of the mirror should not be more than 

1.5°C, the temperature differences between the mirrors should 

be less than 5°C in the same reflective system and the average 

temperature index of the four mirrors is 30°C±10°C. 

 
Fig.3.the optical configuration  

 The 2mm thick BaF2 filter should be chosen, to reject 

radiation short of 140nm in wavelength. Transmittance curve 

for 2mm thick BaF2 filter is presented in Fig.4. With the 

temperature rise, the cut-off minimum wavelength of the BaF2 

filter is approaching to long wave. In order to satisfy the 

requirement of cut-off minimum UV wavelength, the 2mm 

thick BaF2 filter temperature should not exceed 140°C.  

 The working band is determined by the reflection 

distribution of the Al/MgF2 coated mirror ρ(λ), the 

transmittance distribution of the filter τ(λ) and the light 

quantum efficiency distribution of the detector ε(λ). The total 

response of the camera can be given as 
4( ) ( ) ( ) ( )          .   (1) 
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Fig.4 Transmittance curve for 2mm thick BaF2 filter 

 At the wavelength λ=140nm, the expected total response 

of the camera is 0.008, the reflection of the mirror is 0.676 and 

the light quantum efficiency of the detector ε(λ=140)=0.33. 

Hence the transmissivity of the BaF2 filter τ(λ=140)=0.115 and 

the minimum temperature is 107°C. 

 The BaF2 filter transmits the light by a 8×30mm
2
 area. 

While the ground track passes through the high geomagnetic 

latitude, the imager scans the auroral oval and the maximum 

imaging time per feature is 109s. To limit the movement of 

cut-off minimum wavelength to 0.1nm, the temperature control 

precision of the BaF2 filter should not exceed ±2.5°C and the 

temperature stability of the BaF2 filter is less than 1.5°C/2min. 

Each camera has a photo counting Micro-Channel-Plate 

(MCP) detector component mounted on the corresponding 

optical bench behind the transmission filter. The photocathode 

(CsI) is deposited on the surface of the MCP to suppress long 

wavelength (>180nm). The illuminated area of the detector has 

a diameter of 30mm and the equivalent size of a pixel is 

100μm. So there is a comfortable temperature index and the 

detector temperature should be less than 50°C. 

 
Fig.5 schematic of photo counting MCP detector 

 The two separate cameras are used to achieve an enough 

wide FOV and monitor principally the molecular nitrogen 

LBH emissions. This technique for both cameras is to define 

the wavelength coverage by the combination of a transmission 

filter to provide the short wavelength cutoff and to utilize a 

photoemissive material to provide the long wavelength cutoff. 

The design and assembly of off-axis reflective system have 

been applied widely in space optical system. And the photo 

counting MCP detector has a proven space heritage. Chen B et 

al. [10] described that a spherical photo counting MCP 

detector had been used on moon-based Earth’s plasmaspheric 

EUV Imager. Thus the most important and difficult work is 

thermal design for the LTD optical system to maintain all of 

the compact optics’ components, within the allowable 

temperature limits, especially the thermal design of the two 

high temperature BaF2 filters in the 2 separate off-axis 

reflective cameras. And the temperature of the mirrors and the 

photo counting MCP detector should not be strongly 

influenced by the BaF2 filter. 

 Although there are 2 cameras in the WAIC, the thermal 

boundary conditions of the two identical cameras are similar. 

So in the following section, we will discuss only one camera. 

IV.  THERMAL DESIGN OF THE LTD SPACE OPTICAL SYSTEM 

A. The thermal design guideline of space optical system 

The thermal design guideline of space optical system generally 

includes: [11~14] 

1) The optical-mechanical structure should be provided with 

low sensitivity to temperature changes, excellent thermal 

matching and better thermal stability. And a symmetrical 

structure is recommended. 

2) The thermal-control material properties are desirable for 

the optics applications include low coefficient of thermal 

expansion (CTE), extremely high thermal conductivity.  

3) Passive thermal-control measures should be taken widely, 

which comprise thermal insulation, surface finishes, interface 

filler, radiator, etc. Maximizing reliability is usually served 

best by keeping the thermal design as simple as possible and 

avoiding the excessive use of active components. 

4) Active thermal-control measures should be used 

reasonably. The heaters with thermostats, for example, could 

provide precise temperature control for a particular 

component. 

5) The ideal thermal-control devices should be small mass, 

low power and high efficiency. Avoid developing designs with 

excessive contouring of blankets to fit the shape of the 

hardware. Doing so increases the number of seams, leading to 

more heat loss and higher patterning and fabrication costs. 

B. Thermal design of high temperature BaF2 filter 

 The temperature range of the BaF2 filters should be from 

107 °C to 140 °C, and the thermal design for the BaF2 filters 

are the most significant in the process of designing thermal-

control system of the space optical system. The BaF2 filter is 

mounted in the corresponding optical bench through the filter 

mounting base and two symmetrical covers. The temperature 

of the other components, like mirrors and detector, shouldn’t 

be strongly influenced by the BaF2 filter in the same optical 

bench. The best way is to establish a thermal path with great 

thermal resistance for conduction and radiation from the BaF2 

filter to the optical bench. Hence the following thermal 

measure is taken. 

1) The BaF2 filter is settled in the independent mounting 

base. The silicone rubber is injected into the gaps between the 

BaF2 filter and mounting base though the sprue holes. The 

filter seat is fixed on the bench component by two covers 

illustrated in Fig.6. We find that the contact area between the 

BaF2 filter and mounting base can be reduced to about 10% of 

the original value by this way. 

2) The covers, mounting base and all bolts are titanium alloy 

with a low conductivity. These applications can offer a great 

thermal resistance for conduction from optical bench to the 



BaF2 filter by using low-conductivity standoffs and attachment 

fittings. 

3) The mounting base is covered with 3mm thick MLI 

blankets, shown in subtransparent section in Fig.6. This 

approach could effectively block radiation heat transfer 

between the BaF2 filter and the optical bench subassembly. 

4) The heating power of each patch heater is about 1W. 

There are two patch heaters which are bounded on the double 

faces of one BaF2 filter, as depicted red section schematically 

in Fig.6. 

 
Fig.6. BaF2 filter 

C. Thermal design of the mirror group and detector 

 
Fig.7. Thermal design for the mirrors and detector 

 The primary, secondary and quaternary mirrors are 

bounded in the mounting seats which are fixed on the optical 

bench with bolts and locating dowels. To ensure that thermal 

distortions of the mirror and mounting seat are consistent, the 

CTE of mounting seats should be quietly close to those of the 

mirrors and these seats choose adjustable invar steel. The 

tertiary mirrors are stuck to optical bench because of 

dimensional restriction. The temperature gradients of each 

mirror self are so little that it could be ignored. An attachment 

aluminum plate is designed to hold the heater. The heater is 

used with thermostat and its power is about 0.8W. The power 

could dump to secondary mirror and quaternary mirrors 

components by radiation to reduce the temperature differences 

between different mirrors. 

 In Fig.7, the photo counting MCP detector is mounted on 

the optical bench behind the BaF2 filter component. A 2mm 

thick polyimide gasket is used between the detector and the 

optical bench.  

 The camera is insulated from the external environment 

with the MLI blankets, as illustrated in Fig.7. The imager will 

be operated continuously to observe the LBH band and about 

1.65W of internal waste heat is generated in the bottom of the 

detector component. The outside surface of the detector 

component is coated with silver Teflon. The Teflon areas are 

the radiating areas and have a low solar-absorptance value 

(α<0.2). 

V.  THERMAL SIMULATION RESULTS 

 According to the above thermal design, the thermal model 

was constructed with I-DEAS/TMG. The transient simulation 

results were obtained under the cold and hot cases. The cold 

and hot cases are defined in Table I. 
TABLE I 

 THERMAL BOUNDARY CONDITIONS IN DIFFERENT CASES 

Case hot cold 

Solar constant 1412W/m2 1322 W/m2 

BaF2 filter 140°C 107°C 

Detector 1.65W 1.65W 

MLI(αs/ε) 0.64/0.69 0.36/0.69 

Radiating area(αs/ε) 0.40/0.69 0.15/0.69 

Mounting interface 0°C 30°C 

 Fig.8 and Fig.9 are the cold- and hot-case transient 

temperature curve of the mirrors and detector window. The 

BaF2 filter temperatures can be controlled using 2 heaters with 

the set points of 107°C or 140°C。 

  

 
Fig.8 The cold-case transient temperature curve of the mirrors and detector 

window 

 
Fig.9 The hot-case transient temperature curve of the  

mirrors and detector window 

 In the hot and cold case, the temperature variety of the 

mirrors is respectively at 31.7°C to 36.9°C and 22.8°C to 

26.9°C on the overall orbit. The largest temperature difference 

between different mirrors is not more than 2°C at the same 

time. In Fig.7, the detector window is located near the high 



temperature BaF2 filter, so its temperature is much higher than 

others in the detector component. In Fig.8 and Fig.9, the 

detector window temperature is always below the maximum 

allowable temperature under the two cases. 

IV.  THERMAL TEST OF LTD SPACE OPTICAL SYSTEM 

 Schematic of the testing equipment appears in Fig.10. In 

the thermal test, a vacuum level lower than 6×10
-5

kPa should 

be achieved. The vacuum chamber is grounded and the 

electronic resistance from vacuum chamber to ground should 

be less than 2.5 Ohm. The mirrors, detector and BaF2 filter 

components in the thermal test are shown in Fig.11. The 

infrared heating cage was to simulate the average space heat 

flux. Its settings were also determined prior to the test to 

achieve the desired heat flux. 

 

Electronic 

powers

The temperature 

measurement and 

control units

Vacuum chamber

Panel

LTD space 

optical system
Infrared heating 

elements

 
Fig.10. Schematic of the testing equipment 

 
Fig.11. Optical components of LTD space optical system 

 The thermal test consists of the steady-state cold and hot 

case. The definitions of two steady-state cases have been 

shown in Table I. 

 As shown in Fig.12, while the total heating power is 2W, 

the BaF2 filter expected temperature can be accomplished 

steadily under cold and hot conditions. The average 

temperature of the BaF2 filter is respectively 106.5°C and 

139.0°C. The temperature control precision do not exceed 

±2.5°C. The temperature stability of the BaF2 filter is less than 

1.5°C/2min. As listed in Table II, the mirrors temperatures 

also can be controlled to accepted range, 30°C±10°C. The 

temperature differences between different mirrors are 

respectively 2.6°C and 3.3°C under cold and hot cases. During 

the test process, the detector window temperature is from 

33.2°C to 42.1°C within the desired temperature range. The 

optical system temperature distributions of the thermal 

simulation and test are approximate. Therefore, the results of 

thermal simulation and test are reliable and accepted. 

 
Fig.12. Optical elements temperature 

Table II   

THE MIRRORS’ AND DETECTOR WINDOW’S TEMPERATURE 

Conditions 

Optics 
Cold(°C) Hot(°C) 

Primary mirror 24.2 34.3 

Secondary mirror 22.5 33.0 

Tertiary  mirror 24.8 34.7 

Quaternary mirror 25.1 36.3 

Detector window 33.2 42.1 

VII.  CONCLUSION 

 The thermal design purpose of space optical system is to 

maintain all of the optical elements within the allowable 

temperature limits for all operating modes of the camera, in all 

of the thermal environments it may be exposed to. The 

performance of the optical system can strongly depend on 

temperature variety in the WAIC. So the tight temperature-

control requirement is needed in the compact optical system. 

The cut-off minimum UV wavelength determines the 2mm 

thick BaF2 filter temperature control range and leads to a LTD 

optical system. In the same camera, the optics arrangements 

are so compact that the optical components temperature is 

easily affected by others. These make great difficulties in the 

process of thermal design. 

 According to the thermal environments and compact 

optical-mechanical structure characters, the thermal design for 

the LTD optical system was established. To verify the 

performance of thermal design for the optical system, thermal 

simulation and test was carried on. Under hot case and cold 

case, the BaF2 filters were provided reasonably good 

temperature control. Its temperature range was from 

107°C~140°C, and temperature stability satisfied thermal-

control index. In addition, the average temperature of the 

mirrors was accepted under cold or hot condition, and the 

temperature differences between the mirrors were less than 

5°C. In summary, it was found that the optical system 

temperature could satisfy the imaging requirement with the 

above thermal measures and thermal tests have shown good 

agreement between the model and measured temperatures over 

the anticipated mission extremes. This thermal design also 

could provide a worthwhile reference for the thermal design of 

the spacecraft with large temperature difference. 
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