4435 24 H0/2024 F 12 B/ 2R RS

e
ik
S

75 W] X ke B R A L 3 5 A B B AR B v H (e ik
TEE, B0, 19, Tk, FRF, AR, K2, Fit

PR B R R LIS MBS B, AR KE 130033

FE 2R XL RS G 2R B 2 BRI 25 [A) BR 8 M 1 A 30T B 2 — , T A% 8 B A5 R 135 M )

R s — 5 TR AT 300 A B IR S i 7 e i R L 0 B S A Tl R 4 (] BRI R W e R R PR Bl B4R TR R U R

BRAZ AR 5 53— 07 T AT W 00 i 3R 0 U2 L 45 8 MR U2 R P 8 U2 T 2 e 2 RSO AR AL RN A3 A TR R T 2 () PR A TR 2 [

I o R 3 ] 2 0 B s ) 2 Ay ) 4 Ji6 A 271 P TR ) 2 e K AR O 2 S HUB5 4 LT 9 T A T2 U0 B ) Dl 2 15 AR F 5 i
Jre S FEAE 245 ] B85 4 00 v A9 IO

R XL RSN SN ERDEEEIR BEERA

FESES 0434 XEFRERS A DOI: 10.3788/A0S241504
1 é’[ - B 1) R BH 13T M 2 [R) 0 45 W S0, DLWE I 5 ] A s Bk
o 2% () BR84S B 355 20 Rt Bk s i) R4 A5 AL
Bt 35 i 2SR B AR B9 & A RGBS AR H 20 28 70 4R AR, [ Pr b 5k T Uf 25 18] PR BE A 5T

e K, 38U BEER BN A S TR R RTR, DLA I RIS, W 2 AU A T s ] PR AR A A

TR AR AR ARG SR B, KA R D5 A ) BR B AR Ak i 32 R —— A BH 93 2l R E

PR R TR R RE e 3, LR G R MR 2 0% Ak, IR0 X2k A 58 AP Rt 58 A0 I B =5 ) 4804, 78

A i BT R TG B2 1k AR # FF R, T N B B XD R 2l A 3t R 2 ) B 05 A R AR Y g B s

M FL 2 S A B T R A S P T AR BT A IF A0 30 b s ) B 85 72 A 0 R o R Y XA

ol i ARBR A XA AU R R F . NIl W B AR SR NI 5 AN I BEOK B I A AR 1 R, 2
F1 RPH X4 58 Ah -1z 5 A1l B s ) 28 vy

Table 1 Summary of typical solar imagers in X ray-extreme ultraviolet-far ultraviolet bands

Satellite/imager (year) Wavelength /nm Ang.ular Ti@c S?acecraft Reference
resolution /(") resolution /s altitude /km
SKYLAB/EUV (1973) 28-135 5 300 407 Ref. [1]
Yohkoh/SXT (1991) 0.3-6.0 2.5 0.5 500 Refs. [2-4]
SOHO/EIT (1995) 17.1, 19.5, 28.4, 30.4 2.6 90 1.5 X10° Refs. [5-7]
TRACE (1998) 17-29 (3 channels) 0.5 30 627 Refs. [8-9]
GOES"/SXI (2001) 0.6-6.0 5.0 60 35786 Ref. [10]
Hinode/XRT (2006) 0.2-20 (9 channels) 1.0 10 650 Refs. [11-12]
STEREO/EUVI (2006) 17.1, 19.5, 28.4, 30.4 1.59 60 Solarand high = ¢ 113)
Earth orbiter
PROBA2/SWAP (2009) 17.4 3.17 60 720 Ref. [14]
SDO/AIA (2010) 9-34 (7 channels), UV, visible 0.6 10 35756 Refs. [15-16]
GOES"/SUVI (2016) 9.4-30.4 (6 channels) 2.5 0.4 35756 Refs. [17-18]
Solar Orbiter/EUI (2021) 17.4, 30.4, 121.6 4.5 (FSI), 0.5 (HRI) 10-600 03 AU(L AU= Refs. [19-20]

1.496 X 10° km)
Notes: a represents GOES-12, GOES-13, GOES-14, and GOES-15 satellites; b represents GOES-16 and GOES-17 satellites.
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Table 2 Summary of typical auroral imagers

Angular/spatial

Satellite/imager (year) resolution* [(*)/km)] Spacecraft altitude Wavelength /nm Image frame rate Reference
DE-1/SAT(1981) 0.32/100 (1-4)R} 121.6-630.0 (several filter) 12 min/frame Ref. [21]
Polar/UVI (1996) 0.03/30 (1-8)R;; 130-190 (4 filter) 37 s/frame Ref. [22]

IMAGE/WIC (2000) 0.18/120 (0.3-7)Ry 140-190 10 s/frame Refs. [23-24]
IMAGE/SI (2000) 0137100 (0.3 7)R,; 195 5 s/frame Ref. [25]

0.26/200 121.6
TIMED/GUVI (2001) 0.8/50 630 km 120-180 (spectrometer) 100 min/frame Ref. [26]
DMSP/SSUSI (2003) 0.8/50 840 km 120-180 (spectrometer) 100 min/frame Ref. [27]
GOLD/FUV (2018) 100 350 km 132-162 30 min/frame Ref. [28]
ICON/FUVI (2019) 0.093/1 575 km 135.6, 157 12 s/frame Ref. [29]

Notes: a represents that spatial resolution refers to resolution of image of projection disk; b represents that R;=—6375.0 km, which is solar

radius.
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Fig. 1 Fabricated mirrors in these wavebands. (a) Reflectanc curves of extreme ultraviolet multilayers; (b) reflectance curves of

140180 nm multilayers; (c) picture of mirror with four extreme ultraviolet multilayers; (d) picture of X-ray grazing-incidence
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Fig. 2 Picture of single photon counting array detector
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Fig. 3 Images of resolution plate taken by single photon plane

array detector. (a) Whole image; (b) partial enlargement

image
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experimental device for overall unit in X ray-extreme

ultraviolet-far ultraviolet bands
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Fig. 6 Diagram of principle of high-precision and high-speed image stabilization
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Fig. 7 Variance of solar pointing signal measured by guide

telescope in orbit
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Fig. 8 Sketch of optomechanical structure for X ray-extreme ultraviolet dualband imager"
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Fig. 9 Solar images captured by solar X-EUV imager of FY-3E". (a) 0.6-8.0 nm X ray images; (b) 19.5 nm extreme ultraviolet image
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Fig. 10 Sketchs of optical paths of spectrometer. (a) X ray channel; (b) extreme ultraviolet channel
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Fig. 11 Solar X ray and 19.5 nm irradiations in 2022 and 2023
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Abstract

Significance

With the development of aerospace technologies and the widespread adoption of communication and

navigation systems, accurate and timely space weather forecasting has become increasingly urgent to mitigate the influence

of catastrophic space weather events on human activities. Since the 1970s, space weather has been actively studied and

applied. Many observational instruments have been developed to monitor solar activity and space environment variations.

In particular, a series of space payloads have been developed for the extremely sensitive wavebands of X-ray, extreme

ultraviolet (EUV), and far ultraviolet (FUV) to monitor changes in the Sun and the terrestrial space environment. Since the

1980s, several key technological breakthroughs have been achieved at Changchun Institute of Optics, Fine Mechanics and

Physics, Chinese Academy of Sciences (CIOMP), including optical elements, single-photon-counting imaging detectors,

and radiometry for X-ray, EUV, and FUV regions. A number of optical elements and detectors have been fabricated, and

calibrations are applied to space payloads.
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Progress EUV multilayer mirrors have been fabricated with working wavelengths including 9.4, 17.1, 19.5, 21.1, and
30.4 nm, with reflectance of 28%, 45%, 35%, 38%, and 38%, respectively [Fig. 1(a)]. Broadband, aperiodic FUV
LaF,/MgF, multilayer mirrors have also been prepared, with a working wavelength range of 140-180 nm and an in-band
average reflectance of 45%. These mirrors also exhibit good out-of-band reflectance suppression [Fig. 1(b)]. For observing
weak EUV and FUV targets, a single-photon-counting imaging detector with a spherical photosensitive surface and
excellent adaptability to space environments has been developed. This includes key technological advancements such as the
fabrication of spherical microchannel plates, the carving of micro-strip anodes, and the processing of weak optoelectronic

pulse signals. The detector has an equivalent pixel size of 45 um, a counting rate of 3.5X 10" s~

, an effective aperture of
@75 mm, and approximately 1600X 1600 equivalent pixels. Test and calibration devices for optical element measurements
in X-ray, EUV, and FUV regions have been established. These devices are equipped with a hollow cathode source, a
laser-produced plasma source, and an X-ray tube. The device’s working wavelength range is from 0.1 nm to 200 nm,
with a spectral resolution of 0.1 nm, a test repeatability of 1%, and a wavelength precision of 0.2 nm. These have been
used to measure the reflectance and transmittance of optical elements and grating efficiencies. To obtain high-resolution
solar images, a high-precision pointing and imaging stabilization technology has been developed. A solar guide telescope
(GT) has been developed at CIOMP, achieving a pointing accuracy of 0.1” and a data update speed of 1 kHz. The GT is
used in payloads onboard FengYun meteorological satellites and the Kua Fu advanced space-based solar observatory
satellite (ASO-S). Based on the breakthroughs in the above key technologies, four payloads have been developed at
CIOMP and are employed in space weather forecasting, warning, and scientific research. An innovative X-ray and EUV
double-wavelength solar imager is developed, which combines an EUV multilayer of normal-incidence optics in the central
part of an X-ray grazing-incidence imaging optics for the FY-3E satellite. This imager covers the 0.6-8.0 nm X-ray
waveband and 19.5 nm EUV dual wavelengths. The instrument serves the function of two separate instruments. The
imager is also equipped with a sensor for the same wavelengths which measures solar irradiance and regularly calibrates the
X-ray and EUV solar images. Figure 9 shows solar images with absolute brightness. A Lyman a solar telescope (LST) has
been developed for solar flare and coronal mass ejection (CME) observations, including a solar corona imager (SCI), a
solar disk imager (SDI), and a white light solar telescope (WST). SCI utilizes a special design combining off-axis reflective
optics and an FUV beam splitter to achieve inner corona imaging in dual wavebands of 121.6 and 700 nm. On-orbit test
results indicate SCI achieves an angular resolution of 4.8”, which is about one-eighth that of METIS/Solar Orbiter. The
SDI’s field of view (FOV) is 38.5", allowing for full solar disk observation. The solar observation area of the SDI is
approximately four times larger than that of EUI/Solar Orbiter. LST is the first to achieve imaging observation of all
regions, from the full solar disk to the inner corona, at Lyman-«, monitoring the real-time process of fine corona and
prominence. These observations have been used for space weather forecasting and scientific research. The AEUV camera
onboard Chang’e-3, as part of the mission’s payload, is the first EUV instrument to be used for observing Earth’s
plasmasphere from lunar orbit. These Earth plasma images are released by the Lunar Exploration and Space Program
Center of China National Space Administration in January 2014. Figure 16 shows the panorama image of Earth’s
plasmasphere captured from the lunar surface. The wide-field auroral imager onboard FY-3D has been developed to
monitor aurora in the 140-180 nm waveband and can image the entire polar region (5000 km X 5000 km) in two minutes.
Compared with DMSP/SSUSI and TIMED/GUVI, it has a higher temporal resolution, offering an advantage for

forecasting and scientific research.

Conclusions and Prospects A series of core space optical technologies in the X-ray, EUV, and FUV wavebands have
been mastered, including the manufacture, testing, and calibration of instruments. A research system has been established
at CIOMP. Several payloads in these wavebands have been developed and launched into lunar orbit, polar orbit, and sun-

synchronous orbit. These payloads play an important role in space weather forecasting and scientific research.

Key words X-ray; extreme ultraviolet; far ultraviolet; space optical technology; space weather
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