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ARTICLE INFO ABSTRACT

Keywords: This paper describes a detailed thermal design scheme to ensure the low-temperature detection
Thermal design requirements of the solar X-ray and extreme ultraviolet imager (XEUVI) under complex external
Thermal control heat flux conditions. First, the structure, working mode and internal heat sources of the imager
CCD

are introduced. Second, the thermal design scheme is proposed with a combination of active and
passive thermal controls. Finally, a thermal balance test of XEUVI was performed in a vacuum
environment. The test results showed that the CCD temperature ranged from -65.6°C to -56.3°C,
the optical system temperature ranged from 12.9°C to 22.0°C, the frame temperature ranged from
-4.6°C to 20.3°C, the motor temperature ranged from 1.0°C to 19.8°C, and the electrical box
temperature ranged from -2°C to 38.8°C. The results of testing meet the requirements of the
thermal control indices, and the thermal balance test verifies the correctness of the thermal
design.

Thermal balance test

1. Introduction

The sun is the disturbance source of space weather. Coronal mass ejection, flares, coronal holes, and other activity during a solar
burst are the sources of magnetic storms, ionospheric disturbance, and high-speed solar wind, which have a great impact on all
aspects of human space activities [1]. Therefore, the observation of solar activity phenomena has become a broad-based and urgent
need.

Solar activity phenomena in the corona and the chromosphere are intense, and solar radiation is mainly concentrated in the
extreme ultraviolet (EUV) and X-ray bands [2]. The X-ray radiation reflects the progression of change in the high-temperature plasma
of the corona [3]. The effects of the 19.5-nm EUV spectrum on the observation of certain solar activities or phenomena that are
accompanied by outbreaks of activity in the sun are very prominent and can make up for a lack of X-ray observation [4]. Therefore,
instruments for observation of the sun are generally focused on operation in the X-ray and EUV bands.

The XEUVI is an important remote sensing instrument on the Fengyun-3 satellite. The mission and function of the XEUVI will be to
use the X-ray and EUV bands of solar radiation to achieve long-term, continuous, and high time resolution of full-day and low-day
imaging observations, to obtain high-resolution images of the sun and to provide a reference for more accurate spatial weather
prediction. With high photon energy and the refractive index of all materials being close to one, grazing incidence focusing can only
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Fig. 1. Structure of XEUVI.

be adopted for imaging in the X-ray band. However, positive incidence focusing can be used for imaging in the EUV band. The same
set of image sensors is used for both bands. An integrated imager design for both the positive incidence and grazing incidence was
first proposed internationally and was successfully designed in China.

The thermal control of the XEUVI will be implemented by a sun visor mounted on the front end of the lens tube to isolate the
direct solar heat flux. In addition, a radiant plate will be installed at the rear of the lens tube to ensure that CCD operates at a low
temperature. During the thermal analysis, the external heat fluxes of different attitudes were considered comprehensively [5]. In the
thermal design process, the difficulties of thermal design were first analyzed. Then, according to the difficulties of thermal design, a
corresponding thermal design scheme was proposed. Finally, the detailed thermal design of each part was carried out. To meet the
requirements of CCD in low temperature operation, a heat dissipation device is designed for CCD, which is not only satisfies the
requirement of large temperature difference of 80 °C between CCD and surrounding components, but also meets the requirements of
CCD to achieve small motion in three directions of X, Y and Z. The entire thermal design of the XEUVI is adopted with a combination
of active and passive thermal controls [6], and the thermal design was verified by a thermal balance test [7], completing the thermal
control design task for the XEUVI system.

2. Overview of the XEUVI

Structure of the XEUVI

The structure of the XEUVI, shown in Fig. 1, includes an imaging subsystem, pointing mechanism subsystem, and electronic
control box subsystem. The imaging subsystem mainly includes a lens assembly, guide telescope assembly, photometer assembly, and
CCD assembly. The pointing mechanism subsystem mainly includes a pedestal, two U-frames, an O-frame, two pointing motors, and
two encoders. The electronic control box subsystem mainly includes a control electric box, piezoelectric drive electric box, boost
electric box, guide mirror electric box, photometer electric box, and signal processing box. Among them, the role of the guide
telescope is to image the sun and correct the error caused by the long-term tracking of the sun by the optical axis. The function of the
photometer is to measure the radiation flow generated by the X-ray and EUV bands. The pedestal, U-frame, O-frame, and lens tube
are made of a carbon fiber composite, which not only effectively reduces thermal deformation but also reduces weight. The guide
telescope, photometer, electric boxes, and motors are made of aluminum alloy to reduce their temperature gradient.

Working mode

The XEUVI will work in a sun-synchronous orbit with a track height of 836 km and an orbit inclination of 98.76°, and the local
time of the satellite through the ascending node is 5:40 am.The XEUVI’s forward flight direction is defined as the + X direction,
whereas the direction toward the ground is defined as the + Z direction, and the + Y direction is determined by the right-hand rule.

For the XEUVI detection head scanning field of view, the angle between the field of view axis and the -Y axis is not more than 33°.
Because the angle between the field of view axis and the XOY surface of the satellite is from -9° (+Z) to + 33° (-Z), the field of view is
not obstructed, as shown in Fig. 2.

When the XEUVI will operate on orbit, the field of view of the XEUVI is guaranteed by its position on the satellite platform. It is
necessary to ensure that each track lasts for at least 50 min. In 1 year, the changes of observing the sun's time for XEUVI and f-angle
with date are shown in Fig. 3. The maximum beta angle ($,.,) and the minimum beta angle ($,,;,) are given in Table 1.

Internal heat sources

The internal heat sources of the XEUVI include the CCD, two pointing motors, piezoelectric drive electric box, boost electric box,
guide telescope electric box, photometer electric box, and signal processing box. The power of these internal heat sources is shown in
Table 2.

3. Thermal design

Thermal Design Difficulties
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Fig. 3. XEUVI observation of the sun's time and (3-angle change with date in 1 year.
Table 1
Times and angles of Bqx and Bin.
Name Time Angle
Bmin 2019/06/22 22:50 57.4°
Bunax 2019/10/16 10:04 88.6°
Table 2
Power of internal heat source (units : W).
Source  CCD Pointing  Control Piezoelectric Boost Guide telescope electric box ~ Photometer electric box  Signal
motors electric box  drive electric box  electric box processing box

Power 0.446 3 X 2 25 8.6 6.9 2.5 4.9 3.5

The thermal design difficulties of the XEUVI mainly include the following aspects: (1) When the XEUVI operates on orbit, its
attitude is constantly changing due to the requirement that its optical axis must always point to the center of the sun. Therefore, the
direct solar heat flux of light entrance is very large. (2) The temperature requirement of the CCD is about -60 °C, and its surrounding
assemblies will be around 20 °C, which will create a large temperature difference between them. Therefore, it is difficult to maintain a
constant low temperature for the CCD. (3) The electric box and motor will consume a large amount of power and operate for long
periods; simultaneously, they will be affected by complicated external heat fluxes, which will make heat dissipation difficult.

Lens assembly

Because the optical axis of the XEUVI always points to the center of the sun when it operates on orbit, the front end of the lens has
a large solar direct heat flux. To shield the lens from this energy, a sun visor is installed at the front end of the lens tube, while a filter
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Fig. 4. Schematic diagram of the thermal design of the lens assembly.

assembly is installed at the front end of the lens. The sun visor can effectively isolate the solar direct heat flux, so that the assemblies
behind the visor have a lower-temperature thermal environment. The filter only allows energy in the X-ray and EUV bands to pass
through, and the energy in the remaining bands is blocked, minimizing the effect of energy on the internal optical elements. A
polyimide film (F46) is attached to the filter support surface, and the inside of the filter is blackened, which reduces the temperature
of the filter assembly. To ensure the stability of the temperature of the optical elements inside the lens, the surface of the lens tube is
covered with multi-layer insulation (MLI) to isolate it from the space environment, while a heating zone is set on the lens tube to
control the temperature of the lens tube to about 20 °C. In addition, to reduce the influence of the lens cover on the lens tube, an
aluminum film is attached to the -Y surface of the lens cover, and the + Y surface covers the 20-layer MLI. A schematic diagram of the
thermal design of the entire lens assembly is shown in Fig. 4.

Pointing mechanism

The boundary temperature of the satellite platform interface will vary widely over the range from -20 °C to 45 °C. To reduce the
influence of the satellite platform on the XEUVI, the pedestal and the satellite platform are thermally insulated by a polyimide
insulation pad 10 mm thick, and a heating zone is set on the pedestal to control the temperature to about 10 °C. The power
consumption of motors 1 and 2 are both 3 W, and the temperature will rise faster when they work for a long time. To control the
temperature of the motor within the allowable temperature range, a heat dissipation surface is opened in the motor 1 housing in the
+ Y direction. The bottom of motor 2 is the pedestal, and its position is not conducive to heat dissipation. Therefore, in addition to
the heat dissipation surface of the + Y direction of the motor 2 housing, an ammonia channel heat pipe made of aluminum is used, as
shown in Fig. 5. In this way, part of the heat of motor 2 is dissipated through the heat dissipation surface, and the other part of the
heat is transmitted to the encoder for dissipation through the heat pipe. To prevent the temperature of the motor, U-frame, and O-
frame from being too low, heating zones are set on the surfaces to increase the temperature as needed. The outside of the pointing
mechanism (except for the heat dissipation surface and the mounting surface) is covered with MLI to reduce the impact of the space
environment.

Guide telescope and photometer

As important parts of the XEUVI, the temperature stability requirements of the guide telescope and photometer are very high. The
guide telescope and photometer are mounted on the primary optical tube with insulation, while their outer surfaces are covered with
MLI.

The front end of the guide telescope is equipped with a sunshade blackened inside, which eliminates stray light and improves the
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Fig. 5. Schematic diagram of thermal design of the pointing mechanism.
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Fig. 6. Schematic diagram of guide telescope and photometer thermal design.

imaging quality of the guide telescope. The guide telescope keeps track of the sun as the instrument orbits, and the front end sunshade
will absorb more energy. To reduce the influence of the sunshade on the tube of the guide telescope, the sunshade and tube are
insulated by the heat insulation pad. The front end of the photometer is equipped with a filter wheel, and it is rotated to select light of
different wavelengths.

Both the guide telescope and the photometer have imaging electric boxes (power consumption of 2.5 W and 4.9 W, respectively),
which are both insulated from the front telescope tube. To avoid the temperature of imaging box of and the photometer becoming too
high, heat dissipation surfaces are set on the surfaces of the imaging electric box. The heat dissipation surface of the imaging electric
box of the guide telescope is the whole surface and the heat dissipation surface of the imaging electric box of the photometer opens to
the + X and + Y directions. In addition, to meet the requirements of the temperature stability of the guide telescope and the
photometer, heating zones are provided on their surfaces, as shown in Fig. 6.

Electrical box

There are a total of six electric boxes. Only the control electric box (25 W), boost electric box (6.9 W), and piezoelectric drive
electric box (8.6 W) are discussed here. The control electric box is installed in the + Z plane of the box with insulation, and both the
boost electrical box and piezoelectric drive box are thermally insulated from the primary optical tube support. Because the electric
box will operate for long periods and generate a large amount of heat, it is necessary to take certain measures to dissipate heat.
Although the control electric box will consume a large amount of power, due to its large size, its temperature can be controlled within
the allowable range simply by opening a heat dissipation surface on its surface. The piezoelectric drive electric box and boost electric
box, because of their relatively small size, cannot meet their temperature requirements even if all the surfaces (except the mounting
surfaces) are used as heat dissipation surface. Therefore, the heat dissipation fins shown in Fig. 7 are attached to the piezoelectric
drive electric box and the boost electric box for heat dissipation.

CCD assembly

3.1. Structure of the CCD assembly

The CCD and its surrounding related structure are shown in Fig. 8. The CCD assembly mainly includes the CCD, focal plane
substrate, thermal aluminum block, thermal straps, radiant plate, signal processing box ect. There is an optical tube at the front end of
the box and a control box at the upper end.

Heat dissipation surface of the Heat dissipation surface

clectric box and fins are of control electric box
sprayed with S781 white paint. P
Heat dissipation Tms |
(125mm*90mm) (170mm>150mm)

iy [

Heat dissipation surface
of boost electric box

Heat dissipation surface of
piezoelectric driving electric box

Fig. 7. Schematic diagram of the thermal design of the electrical box.
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3.2. Passive cooling scheme

As a key element of the entire optical system, the CCD requires a temperature range of -70 °C — -50 °C. To meet the requirements of
CCD in low temperature operation, a heat dissipation device is designed for CCD, including CCD, thermal aluminum block, thermal
straps, radiant plate. The device not only satisfies the requirement of large temperature difference of 80 °C between CCD and
surrounding components, but also meets the requirements of CCD to achieve small motion in three directions of X, Y and Z.

In the thermal design process, on the one hand, the heat transferred to the CCD and the influence on the heat dissipation path of
the CCD are reduced as much as possible, through thermal insulation measures. On the other hand, the heat generated by the CCD is
dissipated in time and the CCD is guaranteed to meet the operation temperature, through thermal conduction measures.

The measures for thermal insulation are as follows: 1) the CCD and thermal aluminum block are insulated from the focal plane
substrate; 2) the focal plane substrate and bracket are thermally insulated by a polyimide insulation pad; 3) the bracket and radiant
plate are insulated from the cover of the box; 4) The thermal aluminum block are gold-plated and covered with three units of MLI; 5)
The thermal straps and inner surface of the box are also covered with three units of MLI.

Interfaces between the CCD and thermal aluminum block, thermal aluminum block and thermal straps, and thermal straps and
radiant plate are both thermally conductive and filled with thermal conduction filler.

Fig. 9 is a schematic diagram of the thermal design heat transfer path of the CCD assembly (radiation heat exchange path between
components is not shown), which depicts the path of heat generated by the internal heat source in the CCD assembly to space. Among
them, R1 — R16 are the thermal resistances between the assemblies, the solid line indicates conduction, and the broken line indicates
radiation. As can be seen from Fig. 9, part of the heat in the CCD assembly is radiated to cold space by the radiant plate, and the other
portion is radiated to space through the heat dissipation surface of the side plate of the box.

4. Thermal balance test

Test scheme

In the thermal balance test for the XEUVI, the space environment was simulated with a space environment simulator and the
absorbed external heat fluxes were simulated by heaters [8][9] [10]. The external heat fluxes absorbed by the MLI surfaces were
simulated by heaters attached to the outer surfaces. The external heat fluxes absorbed by the light entrances (including the entrances
of the primary optical tube, guide telescope, and photometer) were also simulated by attaching a heater to their surfaces. In addition,
the satellite platform was simulated by an aluminum plate10 mm thick, whose temperature was controlled by attaching heaters to its
surface and simultaneously insulating it from the pedestal. Fig. 10 is a physical layout of the XEUVI’s thermal balance test, including
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RzZA |Supp0rt
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Fig. 9. Schematic diagram of the thermal design heat transfer path of the CCD assembly.



S. Li, et al. Optik - International Journal for Light and Electron Optics 203 (2020) 164017

XEUVI
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Fig. 10. Physical layout of the thermal balance test.

Table 3
Description of test equipment.
Number Equipment name Main function
1 Space environment simulator Simulated vacuum environment
and cold black background
2 Main control box Measuring and temperature control of test pieces
3 Comprehensive simulation equipment Testing and detecting
4 Keithley temperature Measuring temperature and collecting data by thermocouple
measuring equipment
5 Power supply equipment Providing heating power
Table 4
Thermal balance test conditions.
No. Condition name Main setting conditions
1 Low-temperature 1 B=88.6°, S = 1414 W/m?, F46 (as/e = 0.15/0.69),
(LT1) S781 (as/e = 0.17/0.86), T= -20 °C.
2 Low-temperature 2 B=57.4", S = 1322 W/m?, F46 (as/e = 0.15/0.69),
(LT2) S781 (as/e = 0.17/0.86), T= -20 °C.
3 Low-temperature 3 T= -30 °C. The external heat flux is 70% of the LT 1, and the rest settings are the same as the LT 1.
(LT3)
4 High-temperature 1 B=88.6°, S = 1414 W/m?, F46 (as/e = 0.36/0.69),
(HT1) S781 (as/e = 0.40/0.86), T=45 °C.
5 High-temperature 2 B=57.4°, § = 1322 W/m?, F46 (as/e = 0.36/0.69),
(HT2) S781 (as/e = 0.40/0.86), T=45 °C.
6 High-temperature 3 T=55 °C. The external heat flux is 130% of the HT 2, and the rest settings are the same as the HT 2.
(HT3)

the XEUVI, space environment simulator, simulation platform, and test equipment. The specific test devices and their functions are
described in Table 3.

Thermal balance test conditions

Six extreme conditions were simulated by varying the external heat fluxes, working mode, distribution of internal heat sources,
and thermal properties of the thermal control layer. The specific settings are listed in Table 4, main including the (-angle (f), solar
constant (S), performance parameter of F46 membrane (F46), performance parameter of S781 white paint (S781), temperature of
simulated platform (T). The internal heat source and the active thermal control always work.

Test Results and Analysis

According to the designed conditions, the thermal balance test was completed in the order from low temperature to high tem-
perature. The degree of vacuum during the thermal balance test was 5 X 10~ > Pa, and the heat sink temperature was 100 K. The test
results are shown in Fig. 11 as temperature curves of the key components of the XEUVI under different conditions.

At the same time, according to the test results, the temperature data the key components under various condition were also
compiled, including CCD, optical system (including lens tube, guide telescope, and photometer), frame (including U-frame and O-
frame), motor (including motor 1 and motor 2) and the electrical box (including boost electric box and piezoelectric drive electric
box), as shown in Table 5.

When the (3 angle is 57.4°, the orbit has a shadow area of 16.7 min, the external heat flux changes greatly, and the lens rotation
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Fig. 11. Temperature curve of the key components.

angle is large. A full sunshine orbit is achieved when the  angle is 88.6°. In this case, the external heat flux is relatively stable and the
lens rotation angle is small. Since the motor, electric box and CCD’s radiant plate have heat dissipation surfaces, their temperatures
are greatly affected by the external heat flux. when the p angle is 57.4°, the external heat flux changes greatly due to the large
rotation angle. Thus, the temperatures of the motor, electric box and CCD fluctuate greatly than at the 3 angle of 88.6°. The remaining
components are coated with MLI and are less affected by external heat flux, so their temperature fluctuations are small.

At the same time, it can be seen from Table 8 that the CCD temperature ranges from -65.6 °C to -56.3 °C, the optical system
temperature ranges from 12.9 °C to 22.0 °C, the frame temperature ranges from -4.6 °C-20.3 °C, the motor temperature ranges from
1.0 °C to 19.8 °C, and the electrical box temperature ranges from -2.0 °C-38.8 °C, which all meet the thermal control indices.

During the test, the turntable pointing is related to the [ angle. When the 3 angle is 88.6°, the pointing mechanism rotates at a
small angle, including LT1, LT3 and HT1. While the 3 angle is 57.4°, the pointing mechanism rotates at a large angle, including LT2,
HT2 and HT3. According to the test results, the rotation angle (pitch angle/azimuth angle) and the current of the turntable motor
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Table 5
Temperature of key components (units : °C).
Name B = 88.6° B =574 Indices
LT1 LT3 HT1 LT2 HT2 HT3
CCD —65.6 — -65.1 —65.6 — -65.1 —65.6 — -65.1 —65.1 - -63.9 —62.2 - -60.4 —58.1 - -56.3 —70 - -50
Lens cone 19.8 - 20.3 19.8 - 20.3 20.3-20.9 20.3 - 20.9 20.3-20.9 21.4 - 22.0 10 - 30
Guide telescope 15.0 -15.5 12.9-13.4 17.1-17.6 18.2-18.7 20.3-20.9 20.9-21.4 10 - 30
Photometer 19.8 - 20.3 20.3 - 20.9 20.3-20.9 20.3 - 20.9 20.3-20.9 20.3-21.4 10 - 30
U-frame 1 9.7 -10.2 —-4.6 --4.1 10.2 -10.7 4.3-438 10.2-11.3 15.0 - 15.5 -5-25
U-frame 2 8.6 -10.2 4.3-6.5 10.2-11.3 10.2-12.3 14.4 - 15.5 18.2-18.7 -5-25
O-frame 1 10.2 -10.7 4.3-49 13.4-13.9 13.9-14.4 15.5 -16.0 19.8 - 20.3 0-30
O-frame 2 6.5-7.0 0.4-1.0 8.6 -9.2 9.2-9.7 12.3-12.9 15.0 - 15.5 0-30
Motor 1 9.7 -10.2 6.5-10.7 8.6 - 10.7 10.2-12.9 12.3 -15.5 15.5-19.8 0-45
Motor 2 87 -9.2 1.0-15 9.7 - 10.2 9.7 - 10.2 12.3-16.6 13.4-19.2 0-45
Piezoelectric drive 4.0-43 —-2.0--0.6 89-9.3 119-17.1 22.4-27.0 28.9 - 33.2 —15-45
electric box
Boost electric box 8.0-8.3 29-3.6 12.5-12.8 17.4 - 22.1 29.6 - 34.8 35.3-38.8 —-15-45
6 6
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Fig. 12. Rotation angle and current at the angle of 88.6°.

under different (3 angles are counted, as shown in Figs. 12-13. It can be seen from the figures that when the B angle is 88.6°, the
rotation range of the pitch angle and the azimuth angle are both form -4° to +4°. When the [} angle is 57.4°, the rotation range of the
pitch angle is from -31° to +31°, and the azimuth angle from -8.3° to +31°. The current of the motor 1 is smaller than that of the
motor 2, and the current of the motor at the  angle of 88.6° is smaller than that at the 3 angle of 57.4°. The average currents of motor
1 and motor 2 at the angle of 88.6° are 0.03A and 0.33A, respectively, and at the angle of 88.6°, 0.15A and 1.0A.

5. Conclusion

The detailed thermal design scheme of the XEUVI was proposed according to the space environment, the XEUVI structural
characteristics and working modes. In general, its thermal design mainly uses passive thermal control measures for thermal
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Fig. 13. Rotation angle and current at the angle of 57.4°.

insulation, thermal conduction, and thermal dissipation. At the same time, active thermal control measures are used for temperature
difference compensation.

To verify the correctness of the thermal design, the XEUVI was subjected to a thermal balance test according to the six planned
conditions. The results of the thermal balance test indicate that the CCD temperature ranges from -65.6 °C to -56.3 °C, the optical
system temperature ranges from 12.9 °C to 22.0 °C, the frame temperature ranges from -4.6 °C-20.3 °C, the motor temperature ranges
from 1.0 °C to 19.8 °C, and the electrical box temperature ranges from — 2 °C to 38.8 °C. All these values meet the requirements of the
thermal control indices, verifying the correctness of the thermal design.
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