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Abstract

Abstract

The extreme ultraviolet (EUV) band covers many spectral lines, and its formation
temperature ranges from tens of thousands to 20,000 degrees, which has a unique ad-
vantage in diagnosing the solar upper atmosphere. Extreme ultraviolet spectroscopy
detection is an important method for exploring solar physical science such as the ori-
gin of the solar wind, coronal heating and the mechanism of solar eruptions. It is also
an effective way to achieve early warning of solar eruptions and monitoring of space
weather between the sun and the Earth. Coronal mass ejections (CMEs) may cause
geomagnetic storms through the interaction with the Earth’s magnetosphere, posing a
significant threat to the space weather between the Sun and the Earth. We can utilize
coronagraphs or extreme ultraviolet (EUV) imagers to obtain the plane-of-sky (POS)
velocity component of CMEs. However, this represents only the projected velocity,
not the true velocity which additionally requires the line-of-sight (LOS) velocity com-
ponent. Detecting the propagation velocity of CMEs in the line-of-sight direction is
the key to achieving accurate space weather prediction and is also the current detection

limitation.

The sun-as-a-star EUV spectroscopic detection with high spectral resolution is an
effective method to obtain the LOS velocity of CME:s in the initial propagation stage
based on previous theoretical research. For the spectral line Fe x11 19.5 nm, when the
spectral resolving power exceeds 500, the LOS velocity of CMEs can be derived from
the enhanced blue wing emission in sun-as-a-star EUV spectrum. However, existing
instruments have insufficient spectral resolution to accurately detect the LOS velocity
of CMEs. Therefore, there is an urgent need for a sun-as-a-star EUV spectrograph with
high spectral resolution. China’s next-generation deep space solar exploration satel-
lites, such as the Solar Polar-orbit Observatory (SPO), also list the sun-as-a-star EUV
spectrograph with high spectral resolution as one of their payloads. The instrument is
specifically designed to detect the CME line-of-sight (LOS) velocity during the initial

propagation stage of CME and improve the level of accurate space weather forecasting.

Focusing on the detection of CME line-of-sight (LOS) velocities, the main research
contents of this subject include three parts: The optical design of a dual-band sun-as-a-
star EUV spectrograph with high spectral resolution, mechanical design and analysis of
instrument structure, and calibration Method for ground detection Of EUV spectrograph

with high spectral resolution.

We first explored the evolution of the optical performance of EUV spectrograph
systems with different grating types. it is concluded that the detection scheme of sun-

as-a-star EUV spectrograph with multilayer concave grating in normal incidence mode
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has the advantages of high spectral resolution and high efficiency. For dual bands of
18.3~21.3 nm and 49.6~52.9 nm, we calculated the initial parameters based on con-
cave grating aberration theory and investigated the influence of various parameters on
optical performance. Through further optimization of system parameters using Zemax
software, the achieved spectral resolving power reached 1165 and 3030 for the two bands
respectively, satisfying the requirement of A/AA > 500 for the detection of the LOS ve-
locity of CMEs. To improve optical efficiency in the normal-incidence structure for the
wavebands, we optimized Al/Mo/B,C and Al/B,C multilayer structures, achieving si-
multaneously high diffraction efficiencies of 12.7% at 19 nm and 13.6% at 50 nm. Based
on spectral resolution and grating efficiency, we evaluated the instrument efficiency and
calculated the photon numbers. Finally, we analyzed the impact of platform stability on
spectral resolution, determining that the pointing stability must be better than +0.002°

during exposure of 60 s to meet the requirement of spectral resolution.

Based on the optical system design, we further studied the mechanical structure
design of the full-disk integrated EUV spectrograph. Considering aspects such as func-
tional requirements, tolerance matching, and the visible light-assisted alignment scheme,
we determined the overall structural design scheme. We explored the influence of dif-
ferent parameters on the mechanical properties of the main cavity. 60%SiC/Al material
has characteristics including low density, low thermal expansion coefficient and large
Young’s modulus, meeting the design requirements of overall weight and low deforma-
tion. The design of reinforcing ribs increased the stiffness of the cavity in the length
direction. The height of the flexible support is between 40~45 mm can better resist the
thermal deformation from the satellite platform and maintaining the structural stiffness.
Considering practical load constraints and material processing, we employed finite el-
ement analysis (FEA) to design and optimize the EUV spectrograph structure. The
results showed that the axial deformation is within the range of +0.1 mm, the incident
angle error is within the range of +0.05°, and the stress generated by vibration (specific
value) is within the safety margin. These results fully satisfy the structural stiffness and

strength requirements.

To obtain high-spectral-resolution EUV spectra, we further studied the ground cal-
ibration methods with high spectral resolution for sun-as-a-star EUV spectrograph. We
selected a narrow-linewidth hollow cathode lamp as the EUV radiation source, which
generates multiple emission lines across the 18sim30 nm wavelength range. Based on
the existing concave varied-line-spacing (VLS) grating and the sSCMOS detector which
has validated in the The Solar Upper Transition Region Imager (SUTRI), we developed
a EUV spectrograph for testing and calibration method research. The spectra of He 11
24.303 nm. He 11 25.632 nm and He 11 30.378 nm are obtained by using helium gas

as the ionization source. By analyzing the spectral characteristics of sun-as-a-star EUV
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spectrograph, we proposed a spectral processing method incorporating dark-field sub-
traction, thermal and damaged pixels identification and correction, and spectral tilt recti-
fication. The one-dimensional spectrum is obtained by integrating the two-dimensional
spectrum along the height of the slit. The method can improve the signal-to-noise ratio
(SNR) and significantly reduce the amount of downstream data and ensuring spectral
resolution. Through the above methods, the spectral resolutions of the three spectral
lines we obtained were 745, 788, and 865 respectively, which was 3 times than that of

the existing international similar equipment SDO/EVE.

This study focuses on sun-as-a-star EUV spectrograph detection methodology,
achieving the high-spectral-resolution optical design, structural-mechanical analysis,
and ground calibration. The research establishes a robust technical foundation for the
development of Full-disk Integrated Spectrograph (FIS) mounted on SPO and enables
the precise detection of LOS velocity of CMEs.

Key Words: Coronal mass ejections, Extreme ultraviolet spectra, Dual band, High

spectral resolution, Ground detection calibration method
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Figure 1-1  a) Solar Irradiance Reference Spectrum (SIRS) obtained at solar minimum in
March and April 2008. (Important emission lines and continua are identified); b)
Evolution of solar EUV irradiance for Fe 1x 17.1 nm within six hours. Radiance
enhancement indicated by the blue dashed line corresponds to the solar flare while the
red dashed line represents the background radiation of quiet sun. The radiance
weakening relative to the background radiation is the corona dimming induced by the

coronal mass ejection.
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ZILETERCHE ST A B X

(6) W5 A B2 e Bt o T AR RIS H R T IS MILL AR, X
FhUEYE R B L H A LA AR, X R AR SN B B R B XE AW 1 LA 5
WAF, Teizkn. FAmk. SIS BOT B R AR

(7) BEAMRPIANREAE 2 b 4, U RE I o 2 TR R0 AT A PHR 5% 1 ]
BADEHE, FH HA ARG E AR S5 TR 2 S BB R AT

(8) MeEAME X5 QAR B, AL ERIRAR SRR
AR, FERT AR 7 B A A T B 5 YA i

IEPR R, R BAR S AR T A B o FEFE AT SR BRI B JE 2%
B, VARICPEI THORM AT, ACEIMREN T AR B A e . FEE AT
G5 MIBHAWTISIITTIE , A PH 2 KR B BB IR 58 /M40 g ok AR B A
PRl R B

1.2 £HERSREIMERNVHIRFERENX

G H BB SN SCRE R BHAE A — B B R TF R YETEL I, B A 3K
A F % A P A S 8 i Bl 7P, AR P BRI P A 3 Al —
LR 2R 1 1SR AN AL R R I BEHERT CME; 38 1 3% 4 W 3L S 8 0 CME ) i %
OB PL ) B 5 8 IR TN [R5 2 2 8] Y S IB N R] AFRFEAN [ K BH R U2
AR & S . 7350, 4z HIRRL MRS SRS SO/ R BN fOET RIS, T
IR FHAME B2 126 ORI HA B R AR 2 T

Fe Xl 195.12 Fe XV 284.16
—~ Bx10° [ ¢ | T RT i a— |
°'< o fCME B i fCME
"o 4x10'F AR ax10" ¢ AR ‘
-,—2 ftot \ fmt I
f}'E 3)(104 F 1[obs / 3X1O4 E 1lobs
[&] ’) l
S 2x10'} [ 2% 10
- [\ I/H\*\
B 1xq0'f g// N 1x10°F 7 H :
-og - - - B o o [ N -
= 0 0
1948 1950 1952 1954 283.8 2840 2842 2844
Wavelength (/-ﬂ\) Wavelength (A)
12 BOUEINNG CME SR WIMPEEA R BUS ) Fe xu 19.5 nm il Fe xv 28.4 nm %2648

JEE CRZE) B s 85 1 ORZe). ISR Wi vl 738 CME [f# ) #)% (Yang
et al., 2022)

Figure 1-2  Fe x11 19.5 nm and Fe xv 28.4 nm spectral line profile (black line) and Gaussian

fitting result (gray line) of the entire stellar integral predicted by the model during the
CME eruption. The visual velocity of CME can be obtained from the enhancement of
blue wings(Yang et al., 2022).
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TEKBHE E RSB EIEST T, CME W R L& B Bt 1) 8 B2 ks A 44
e 7R BEIHR A TG B r AE AL Y G BRI BT T R RIS ) AR A E
FIJH 2238 A0, 0 e R PR 28 A% i) e 3 o g B k45 CME [ ) 2 3%
Hudson et al. (2011) ¢, Chamberlin (2016) DA JTian et al. (2012) Z54578 T HEBEAN
CME % A4 3 FE i i 2k 2 330 45i4% s Xu et al. (2022) % 5T SDO/EVE K4t
4 H ARG EdE, Eh52]—1 CME Y&k 0 Bov il # A, y)20 5
E 7l ARG & CME a3 B R Al A T4, Yang et al. (2022) S544 7 |
CME M H Z A AMERRRIRITIAY, FH-456 EVE WG L M A 205 CME
M 1A] 4 H O AR 20 1) Fe xir 19.5 nm Al Fe xv 28.4 nm Z5i% 4R 5 B, 450 W,
YRR AMCIEA T HEA T 500 B, HCEE AT LR 2 52 BB SR 1) i A% i ml ol
FHge (1-2), PR EE G BN PR v, B8 LB i3] CME
AR R B o X — R AT S0 4 H AR 704 58 A i AR T o ey 4 D 2K
ST W R FOCIE A FER R e s O TR X HEIRAE, R
IR BHAZE B AN [l BE A Y., 3SR 22 i BRSO GIEIRN s h T3R5 58 821 CME
BAEIAR, BRI HERTR/NT Imine BIAORFREXTZ W EL. mtik o P
R 1) 70 R B AH AR T BT I BRI VAT 5T

1.3 £HPERSREIMERMFARIVK
1.3.1 ESr&BERAREI BN ERER

20 4l 50 4R, SR T HA K AR £ AN R 25 K i (Tousey,
1986), FiFF T KPR AN GIEARII e . 15 R E &S T 0SO RI P E,
A AR BT I 4 H AR AR S AR, 2R T 40 nm DA YR FAAR 25405t
. 20 A 70 4R, DABRSERIAEZ N E, FHiE TR ARSI RE TA
(TR, 2 4 A5 PO AN R BHTE 3h J8 1 4 H T AR 728 S e ik A5l .

OGS R AR, X e g H AR A GRS A AT PASR A U Ay 5

AR WA RN E e %, WE -3, 28l SDO-EVE H MEGS-
A(Woods et al., 2012; Crotser et al., 2007) . % 5 28 H 450 A GG 25 S5 R4 A1 Y G
Kb M R AN B R SR, EEhpegE . JEC . SUMIRIN g A . B
IS TG 4 H AR 2 5 A GI I FE 2R P Z R i 7=, R
BAEFIRI A5 CEAE OG22y B AR B, #il4n OSO 1/3/5 S5 B & EI)
GIS #frf (Behring, 1970; Hinteregger et al., 1969; Kastner et al., 1974), %t
W% ZRHE, GEE TR =5 B R RS 08 B B e

AT HTEE A HER , MEGS-A SR H T HEZ 2RI, @ b 5w
T, VRIS MG 0K RO US98 . MEGS-A 76 20 nm
PR GG 2 FEAR R 200 Aoy, 345 T CME Ik (Del Zanna et al., 2018),
BEJEHH (Woods et al., 2011). H &0 FJF 7481k (Brooks et al., 2017), {E5) XI5
T A B R (Toriumi et al., 2020) %&— R 515 HI R .

B RZ IR ASHMTHD G %, W1-4P7KR , 244l SDO-EVE H MEGS-B(Woods
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Spherical grating
(rulings vertical)

Entrance slits
(shit #1 at top,
slit #2 at bottom)

0™ order

Detector face

Pl 1-3  BOASHMNEEHE (MEGS-A) 4 F i B B 5 A i 48 0 15 428541 (Crotser
et al., 2007)
Figure 1-3  Schematic diagram of full-disk integrated EUV spectrometer (MEGS-A) with

single concave grating in grazing incidence mode(Crotser et al., 2007).

First grating (rulings horizontal)

Entrance slit

\

1" image of slit Vel ~ |
(Intermediate slit)//' I@ % ‘/Detector
2 |

\ 0" order,

2™ grating

‘\Second grating (rulings vertical)

Pl 1-4  GEASDRME EHE (MEGS-B) 43 H B B3R 0 E % R 0 5 4245 #a P (Crotser
et al., 2007)

Figure 1-4 Schematic diagram of full-disk integrated EUV spectrometer (MEGS-B) with
double concave grating in normal incidence mode (Crotser et al., 2007).
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Solar Radiation

Y

Entrance Aperture ¥ Pointing Deviation

¥— Solar Disk Extension
Diffraction
Grating
(fixed)

Center of—

Rotation
Parabolic
Mirror
Rotating
Subassemly
~/— Exit Slit
&.-I
Channel S
Electron
Multiplier

Bl 1-5  BEASHEmEH + S AEBE (EUVS) 4 H i B B 58 4 e ik B8y 24k i 1l
(Schmidtke et al., 2006)
Figure 1-5 Schematic diagram of full-disk integrated EUV spectrometer (EUVS) with plane
grating in grazing incidence mode matching focusing mirror (Schmidtke et al., 2006).

Photodiode Detector Orders
and Channel numbers

Field Stop
R
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. Spectrometer Transmission Grating *1 Channel 3
. Entrance Slit (5000 bars/mm)
k_ﬂf 0 Channel 2
SSI%{ Wind }\11:1‘111111nmln5 g‘h‘m Film
o "
cflector et (150 1m) - 41 Channel 1
e

Aluminum Coated (150 nm) Photodiodes

Pl 1-6 @S0 iiDEHl (SEM) 4 F i B B 88 AL B8 U 5 R 451l (Judge et al., 1998)
Figure 1-6  Schematic diagram of full-disk integrated EUV spectrometer (SEM) with
transmission grating (Judge et al., 1998).
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et al., 2012; Crotser et al., 2007). 1% J5 Z 8 WIS Z1 £ 07 1 AH .28 E A M1 DG A
TESE — G B G R ORAE AU B BR i Ber 5 S A SR 258 A, A gk
BRI YIRS R MRS . T TIEAS SR, SEASEM AL
TIHGAIAR AR LB, RIS R GRS HEAR SR -

5= 2R B ASPFEOYCHE T2, in1-50 78, 254l SOL-ACES(Schmidtke et al.,
2006), FITRiIAH Aeros-A/B & F 37 EUVS(Schmidtke et al., 1977) Fl
AE-C/E i) EUVS(Hinteregger et al., 1973)., 1% 7 LA R Feds, e K
PSETAR: P TDEE A Tei, RIFER A G A5 F 5w R
o WTPHEDGHE A GO TG AR EDIRE, TR UM AR
BRI R AHOT IS IMRST, B TR E . [FIERE G 2R A Wi K
IR BRI SR BN AR T, W SOHRIR SIS, AMURH TG HERmsE T, [
I IS AT B AL PR RE T . ELERIN 2575 SR Bl R SR i B I 2R A0, A%
TR

FIUR I ESHEM %, WE1-6fr~, 25l SOHO/SEM(Judge et al., 1998)
F1 EVE-ESP(Pesnell et al., 2012). REFEMHEEAR. 4E. 18CH . BHHEM
AR S L R PHAR S 2 M IS A R SR SR S B WO, 4
S E 2 B B 2 A TR IR IR0 . X PP 4 H TR 0 AR GRS A BB A% 1145558 B
KAIEFEIRE IS, B FERER.

i LR, DU RAAA R, B R M HOE R B AR, BIA
W L B IS HER A AR TR 2R, TOYESE P CME W bR 185 M BEAL 1] 18 B2 A i it
R

132 ERXEHREIMENH AR EE B R

A _ETHAE 90 4R AFF IR R FHAR S AMRIAH K BRIIWEIT, ZHRMET
F&E IR R 255 . 2021 £ Xz 3 %5 E B &S, H EEEMKRE
X PRI R s, Ll T IREE K H 20 (Zhang et al., 2022;
Chen et al., 2022); 2022 FEH RG2S AT H ARG L2 (SATech-01) #5217
46.5 nm A} 248 K BH 1% 4 SUTRI (Solar Upper Transition Region Imager) JIji f| F
ML (AN L-7) , BEEARAS B A BE A U X B A B I B, Sl T 3R oK
[H 2ok 38 X500 (Bai et al., 2023).,

TERCEE A CIER I T T, 22 )2 BT G2 588, 1] PARE I 18 B ol 6 AR ik
AR, AR TT RRE X R BH Y EEAF 58 B S MR . B K B AR R &
THAREN CRICFPE I G A g gy (2021-2035) % rht B A 4
i, CERANSE T, REICA —E RO, (HAREAMEREERIN i To AT A 5
fite AR 1548, MEZEEFEHALGIN, HFFUHOKERE /MGG A £
FFRER FHAN S8 A E R HM A 25— 257

S AR KE, BN TR E RS E BRI .

T2 ZFEoCrR T, KBEICHLT (B4R 45, 2024) FIFIGER2E £ b 1L
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4 H AU AN I AT ST

(465 A) 23-Sep—2022 17:49:12 |

b) SUTRI Ne VI

—1000 =500 (o] 500 1000
X (arcsec)

B 1-7  a) 46.5 nm B EHp kB 12 (SUTRI)(Bai et al., 2023)., b) 9 J] 23 H Miif¥) 46.5
nm K PHE{%E (Bai et al., 2023)

Figure 1-7  (a) Solar Upper Transition Region Imager (Bai et al., 2023).(b) Solar image at
the wavelength of 46.5 nm observed on September 23" (Bai et al., 2023).

IR (CF 1l 4%, 2021) # R G R KR 2 JZ AT B TR R T G2E 1
BEARG I . EFXPAREIEEE, & T Mo/Si (Zhang et al., 2019; Wang et al., 2020),
Sc/Si (Wu et al., 2022), Ni/Ti(Feng et al., 2023) 25 R[] 2 2 IRARHH G, GESHRL
PR NI BB R, 22 RO C A Bk B [ PR Se K o E XGRS
Z RS, £ ILIRE AR AR T RGNSt SR, Caur
T Mo/Si Z 2 e (Feng et al., 2021), Cr/C £ ZHEEHME (Feng et al., 2022) &5
ZME RO, B T IRIEIFSY (Werner et al., 2022).

TECHEL A T, KB CHLIT RN E 5K R 205 S S0 0 s 3 4% B & R 52 3%
Fem I Zem TR A . B S R 205 5 52 56 == A A 48— R 20 b AR il
TEEEINETE M (R 2R 4%, 2012) FINBEGHE (M55, 2014) 4G TT
1, RECZ OIS T HIKAEOR, BT HRZIMBARSE, BT FERE
Mz 2 T AR GAliEd 4%, 2020), KBEIEHLET M _E TS HERIF ARG
WAL ZIIPL, RGHBFFE M AR R GEAR , RIRHRETHEMHERE EHEK
BB —EBU T KR BAMZI mhi R (ZE R 45, 2015; 2254575, 2015),
Pet e BRGNP RE -

RS GTEIRIN 75 B M 2, MG R TR R VT 22 )2 B, it
TR, WERAERIACE, [RGB . SRS AMRIIFT K, RBOA
[ THI T T 288 1o 258 BE ) 2 2 B Je Z0 i, 652 vy 4 4 B2 IV T Y il 22 2 el o R T
AR AEE S, A BRI i R FR SR B 2 2 R M TG, TR PHAR S5 a5
JERERM .

. EEAEHE A N — AR K BRI 22 1 K PR PR SCE (Solar Polar-
orbit Observatory, SPO), PAKBHARDXHEY . i i mks BE &k 2R, KF
TS IR R AT DXCF) TE TR SAZ I (RBICHE 4%, 2023). SPO HRHE 2R 5 /ME
Mg, Hro G2k Bl /b8 (Multi-band EUV Imager, MEI) Fi4:H
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TR 22 A0 G Y (Full-disk Integrated Spectrograph, FIS) W& {N#S, 43 HI5L
PAE 17.1 nm, 19.3 nm, 30.4 nm jX =AEEBRR & 28R (2"7) 450 iE,
PASAE 18.3~21.3 nm i Be i Y6 73 PR 22 /M GIBER I .

gi B, A4 H A AR S G AR i A iR SR, BT 2 Ak
A PARAG CME TER) IR L R B BO IR a3 8, A SR K PH = 2 RS Bl R
S0 E RIS E B, [ I 4x H AR R AN AR T R R R
K

(1) ZP B CME BMUAFRIHRAZ, M2 g, Hitba HTHH
A3 G AN T B[R] B 0 22 25O IR Bt B A RS R A TR o A58 b ipe B M AL I
FrE RS 45« Fe vin 18.521 nm, Fe x 18.454 nm, Fe x1 18.823 nm, Fe x11 19.512
nm, Fe x1r20.204 nm, Fe x1v 21.132 nm, Six1149.9 nm, He150.4 nm #1 O 111 52.6
nm %5, JH S R BU LA R BRI W RHE RS 20T AR, A 84578 CME R
[ T 1 55 AR 5

(2) =B HER: CME WAL 1R B B 1) 2 B FPRT R 800 =5 2 = e i 2>
R ARAIE, 25K 4 H AR MR S AN SO GG 0 PrA A S| 500 4, MHXHE
it SDO/EVE 5 2.5 £%;

(3) mETE R CME J& Tt (Btor8h) A%, Hit4a HimH
GG R PR TR BR R 1 438/, A BB SERE . KGR s A 1ot
FEHATIRIT

1117 =l MR S8 AN GEERI A 5 SR GEE 3 BRI JE LAS I CME 41 i)
WP 4 RS BURSEANRHDEHRN, (RG LT EHIBF R A4
KA RN TRAIL, ERIPRA XL BT
Ho

[ 4% CME )46 1% 48 W Bl ) ol BEE IR i B 2475 oK, KRR TR EETT R 2 i Bt
EOGIE A FERIPD AT SR S A T A RS ST . FEER T
b, ERCE R[] IR i 2 AN B G A BRI SRR . I AR Ty
KA, A GIMEASE I Z B B, BRI G %8 40 nm DAR AT AL
FAREAR, ~FHEDGHE + RES T BRES T B0 PR Rk MOLHERCE
Ui, MTHEDGH R MEE . BRI EDIRE, AT PR TH2E ot r il
AT, b T R 22 0SSR B AR 58 MR AL B AR . PRI EE X R AR RE 3K, Al
Ee A NEINTR o o E SRR N EOE 731

TEGRTT b, A GRS G52 T RS BT 3R R
AT FEFRI R, WVATHE PR G5 ARG BT 75 % 1) (] Fof o AT 2 A ot i 2 45 4
TIRORME R . MM FoRE, B A& B ERR RS . IRk R4k
FOCSFH 1A RE , 3RS B AR SUAEAE S e XU o« PRI 77 2T 4R 2i A PR fE
SRR, B S5 AT R AR Ty 22 RE

H TS A TovE ok 5 AT Ba A TR e A, H H BB E E SRS T 58
PRI 5E, PR 75 A AR T A ) 2 A T BN v, DRAIE S 40 2 i i
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Rl E A TAE

B, SRR 2 i D K B B2 ) R S B v, R SE B H b
23 [8) R AR B A oA . AL E b B RASKRHLRIRFN ], #Ext
FRE R HAR, S5 E R SEhritdK-F, SE T 58, dEFTie s iR o g 4%
AU, FRIC—F RIS, PG —ERACR . AR T3 TT EAE
AR SN T T ) BE AR S R0 B} = ek ) 3-S5 L o7

L4 ARIHARABTSETRH

L5 ERA, BeERANEBON T IRIERIRE R AR REH L, moti o s 4
H AR 1 S8 A G PRI 2 I B CME FER) iR A3 B Be AL i s . 46578 CME
IR S AR I AR Y S, REREHY B FRATT S L H s 8] KOS i« (H2 EA 3
EHE RS, TR R — RN RK o A ST X% 2 H b, 45
A H ETE AR SN TO R K, TR ReE R a4 H AR A AL
TTIEATTE, 25 SPO TLEAUFA B 43 H I ER 1 58 4 35 A 2amy AT i B4
fitio FARBFTE A :

AT A H AR AR SRR SR A SR A e aE BIE A 2 B
fifl, ELIE M YE MR 2= BE R E5H 22 Y B RS o M EAHR 2= 3e 2 R T M
HDOCH G R G EAR S, SO R T BT eR EIE 1 9% T i
A BT RS, AR R A BT R ORGSRy N R
HREEH Syt i Bt L SIS0k

5 =5 F W SOCHHEA RO 450 h RGOE AR . ARE
Sl 58 CME 1 4a {1k B Bt 1) i P2 200 H Arfl € 42 H i AR 0 i S A e (U
REENS , RERIL MR RDEIIE R RE OLib P, RUNHAE) L,
e A0 E SRR T 5

P SRR, BB 18.3~21.3 nm F1 49.6~52.9 nm 7} 1A
SRR RGO G A REE AL, BT M YT R e e o p i 4 H i AR 2y
I BOE BT . AT SRS M YEHHE Z B OHTE T A F T S8
XFRGOEAIERERIE I, B2 REVIRSEL . ARG Zemax 55625 AT,
RGIEPInGL a7 1P e XS W L L e R M S P e e IM G RO Y G S g A
TR MZREEH, TR RGENERBCRADE T Safa-FaRE M £ H
TR 2R S ERE O T 7 BRI 1

TR F BT R S L0 4 H B e i s S EIE U R T 22 PERE R 2
HIT R4 H IRV 5 S I S5 BT A 220 b . AR B e Z D5 oy
Br (THRERER . PRIEKERE . UHVLRCSE) B E 4 H AR A s U S5 i et
A o BTN TR RS, AN A BROCEU IRR ST 1A R SO
PRI PERERY SR, I 4 H BV A S AR A S R BT A = A

SN E L Sg 4 H AR MRS AME TN, I R R = DG PR A
bR TTIEDTIE . AT Jotidhn 4 H B ARk B0m e i HER bl
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S HUL T 2T 0 T A S« R LA AR R SRR IR ) 2 U AR AT A DA 5% A e A
JEUR L DA R G PR I AR ok, AR5 T SE 0 B A T T AE R B
AT SCMOS 5, B R E AR IR R e IR G, HIT e 7>
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FLERERAECTARNES, HEH T2 TS RE.
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2% & HmBMR SISO A J 22 Hrr ik

$2E 2HERSREIMCEMUAENNZSITTEE

4z H R S SN IR N T A8 X T o6 X OE RGBT 450 )2
DLAL B s I TEARFHF IS N A . N T S AR M DD E I (R G b e
PERERYTASRLAL . JEi UL IREHRI N ) S IR AL M, AT N4 1A
JIEE AR TE B RGBT R B MR EHHMR RIS . S50 24100
AR Bl A BRI AT S5 DA B . TAREBRPFBE I, e g4 H AR 2y
BRI e A M AT A BT S i T B LAl

2.1 MEfR=ER

H T 486 K 22 B RE RIS 58 A MR S 25 A s ZUW N, 25 B DG 2 R A o = 1Y
IR, AH AL A 2 R M ad 2 1Y RS s e jioe i o i M DG E — @ AR
AR T EHONRERIIGE, MECT DG RSN S KR TG TR
W, BEfSARERTHERAE, B TR MRS GO S A&

[MTTRT G MHME 22 BRI AT R &8 DG G 22 RGBT I BIS LR, AR
Rowland #2 ), I fiBeutler (1945) T2 K15 (Light Path Function, f&]
PR LPF) XTEKTAIYEMHME 23025 1 T 58 RS R0/ HrFl s 45 . Namioka (1959a,b,c);
Namioka et al. (1976), Haber (1950) FINoda et al. (1974a,b, 1989) £& A7 Beulter [¥]
WFFEEEA X 22 [ 2540 . AR 22 (8 S5 AL FHA [w] T AL A 1458 25 BRAS AT T Rb
FEAAT, PAS T HESEER MY S =R . AN ET Beulter FUAFSY, A
R R B A ERTHD A A 22308, 45 1 T BRI [ 2 BeE v rm (B8
[N GR35 T UM 2Ly T ) R SRR SRR MR 3R A
o X LERBA R IR RO CERTT 5248, @ b G =R &K
FEEEAIE,, PASRAS SR G i HER A G RCE.

JERE R A 1) A AL s S SR B, SO M. RIEZ R K
FARDERERE, FHil S BRI A AR R ARA T, MR WSy, SRR
I B, SRR R & R 2= R0k

JeFE %

BTN CMR I E L ARR R, PRI S EHHALL O (0, 0, 0), x. v,
2 B B EMA L T ). BB EI LT I RPPA T M 2 & T ), B x-y TR
T, x-z R, E2-17R. WM A (x, vy, z) SASTEBKIECH
RHMWEE P (&, o, 1), HFEHRUMTHRERZB (x7, vy, 27) & &, o
MR 250, o A1 153 33783 M 20 £ 5 [ R AR AR I i ) 2
PR BRI M 20 2y [l BE AR AR I s ) ELRE B . € KR P s B A e B T )
FEES, PO I O SOeE LI B . AT A L (2-1) FoR
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AR PR %L :
F = AP + BP + (w/d)mi 2-1)
K (2-1) FomhEkimi e Zerh e R . Horb d e s 212 [l
:
y
. I 3

_____________________________
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2-1 B Jehbk % n e

Figure 2-1 Schematic Diagram of Spherical Grating Diffraction

BEE, RIYEMER, m MATHSOR, A W ASDERK . ASHE AP IR ek BP
] 73550 Xk R P A Ao 7 -

(2-2)

(AP =(x—-&*+(-wi+(z-1)
(BPY* =" =&+ () —w)+ (-2 - 1)

A A FA B R I x-y SN IESE , HRUE A REEE R O RIES
YR (xBh) RIS a, B SBEE M O RBVIEL SIRERIAMN , WA
T B B AR AT o 2 o -

X =rcosa

x" =r'cos
< g (2-3)

y=rsina

|V =r'sinp

K (2-3) WAL B R BINBE r, 17, o Bl f RFR . FEJGEERE
Fatt, BT ASDER LR SRS ERIAE TN, B, 7, a M B
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RIA e R SLBRASTRE (AST B OrgiEEs) . Mg Oett.oz
FREMEMWIEE) A ARANTEA, B X s B2 S5 SRR
ARBRME, AT RS EEE I

XETERIE O, YR AT — S P 3 B Ty L (2-4) , If
AIFRR EM e (2-5). A RARA LA T IRAS & BPIANEUE 7501 R =X
(2-6):

(R=&*+u*+1>-R*=0 (2-4)
E—2RE+uw*+1°=0 (2-5)
=R+ [R— (w?+ )] 2:6)

b ROpyeHRm A g XU (2-6) SFxUA MRS, &A1R
REMCOAE, #HUEEIN Pl Ttk ARy o) —dim. £ExC (2-6) AOLRl I
PATRBURI IR (2-7), BN e IBER. o, [

W+ 2 W+ W+’

= + + 2-7
¢ 2R 8R3 16R5 7)

AR L (2-1), BATLAAGHEE AP JBITAUSE . R, 0. a 7
RAPEREFRIAA, TR ATRIGASHE . R, 1 pONZERIIRTHDEE BP 1)
e ABPLL AP R 2R A5 (2-8), 530 (2-3) A1 (2-4) A (2-8)
AR (2-9):

(AP = (x =&+ (y—w)’ +(z - )

(2-8)
=2+ + 22+ E + W+ 17— 2xE - 2yw — 2zl

(AP)? = 1 + 22 + 2RE — 2x€ — 2yw — 2zl (2-9)

AN (2-3) A1 (2-7) TR (2-9) Ax. yo & ARARRE O A S S H

(AP)2 =(r-— wsinoc)2+w2 (cosza— %cosa) + 12 (1 — %cosa) — 2z + z*

w* +1)°
8R*

w* + 1)

+
AR?

r
(1 — —cosa) +
R

<1 - %cosa) + -
(2-10)
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K b SR P FITF 7 H 2t — P AT R, AT ASPEEOERE N :

. 1 5 cos’a  cosa 1,/1 cosa Iz z°
AP=r—-wsina+ -w" | — - — | + =/ (—— > -4+ — 4
g * 2 < r R ) 2 r R r 2r
(w2 +12)2 <1 cosa) 1 jssina cos’a  cosa
+— —_— - — e +_w —
8R? r R 2 r r R
1l owsina (1 cosa wsin o
_pwsina (- _ ) + 2z + 2
2 r r R 2r2 = )
+(w2+12)2wsina (l_cosa)_m +1 48in” a cosza_cosa
8R2 r r R 2 r2 r R
1 ,w?sin’a (1 cosa w?sin’ a 2
2 (—— ) Juwsta oy
27 2 TR o T2z )

2
w* (cos’a cosa
8r2 r R

@2-11)
X (2-11) BIRERER L F g AP T, FRATRC (2-11) #Bpan (2-12)

FURIFBR, FIFEH, BP WATAFRR K (2-13):

AP:F1+F2+F3+F4+F5+“' (2-12)

BP=F+F, + F; + F/ + F + - (2-13)

A (2-12) IR T (2-1) FaksUhp—ita. X (2-12)

(2-13) HEZIAI 3 5IFRA (2-14) H (2-15):

F, =r—-wsina,
2 . 2
F = 1w2 cos“a  cosa lwgsm(x cos“a  cosa
2 r R 2 r r R
1 4 sin a [ cos’a _cosa
+=w + e,
2 2 r R
2
F %12<1 cosa> lz+z
r r
P
F, 512 sma( co}s{a) wsma( 2]z +z2)
o= (w +1%)? < cosa)
> " 8R2  \r R 2’
Fo= —w* [ cos?a _ cosa 3w smacos2a (cosa B cosa>2
6 8r2 R r R ’
F (w +12)2wsma<1 cosa>
L .
S r
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rFl’ =r' —wsinp,
, 1 5 coszﬂ cos 1 3sinp coszﬁ cos f
2 = —W —_ + —w —_
2 r R 2 r r R
) 2
+lw4sm p (cos”f cosp
2 r'? r' R
Fo=ip(L_cosh) 12 27
2 r R r 2
Yo _ 1lp smp (1 cosp wsin f , 2 (2-15)
F, = 51 w—r, TR + o2 (21z" + z'7),
P (w2 + 12)2 l B cos f
> 8rR2 \r R )’
Fo= —w* [ cos? cos f 2 3w’ sinﬁcoszﬂ cosf cosp 2
6 - Sr/2 r/ R 8r/3 r’ R ’
o= (w2 + 12)2 wsin f 1 cos f
L 7 B 8R2 r' r R
B BRI A (2-1) o, FRRCRE AL F B3 (2-16):
F=ﬂ+5+&+m+ﬂ+@+@+m+§wm (2-16)

H Fi+ F)"fl Fy + Fy” 32406 7 B s 442 F+ F3° S5R5mM%EE
K, Fy+ F WNRGEEZG—ELW, Fs+ F5" 5SREPERZEM . R DE
B, PR RDERIE o F IR EDGHEREF A o PR NV iZE T2, B (2-17),
W L7 I CARBR AL F O 1 R0 [RIAE R 155 T2, WAt (2-18), W SouAeiT
PIAS DT 8 ) —Bifi 20 s (2-19) A (2-20), B

IF _, (2-17)
ow
OF
oF _, 2-18
= (2-18)
O(F\+F)) 0(F,+F)) O0(F;+F])
oF _ oL+ F) otht b)) ot mi (2-19)
ow ow ow ow d
O(F,+F)) 0(F,+F)) O(F;+F])
oF _ oL+ F) oLt l) ot mi (2-20)
ol ol ol ol d

2 (2-19) A1 (2-20) HE9S I B R TE BRI R S, A A fE
[ P8 R SR ARG . PRARAO L R Ge1EaN (2-19) 1 (2-20) HEgs%
WA 0, (HSEBRIIEA BT H A RER 2 4B 0 2. — e RGE AW
ARAR A, A BRI AL B RATER

AT R PAR e LR, MEFRIE 0L N A R e A —E 1 AT
i, BOE ASHUA SR AR S, ISR STE B SR, Hik
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A 10T % REARHADRES S PRS0 M5 [ REREZEA
BRI £A/4 1, R

w
AFw:,/lQ g—idlﬂﬁ%

+2£ IF ] 2-21)
AF=[7%d1<2

-1 ol 4

Horb Wt B2 405 i SRR SERE L AT AT 2 4 T S %)
ARE.

AR A (2-16) W —I0 Fy + F " WDERER BT om0 (2-22),
MR 2 I P (2-17) FaC (2-18), HR o B—Firfin 3t (2-23), Ff (2-14)
1 (2-15) AR A 2-23) RIVRTASEUATECHI S 200 2 i) SR a0, BDEHE
JikE (2-24):

F) = Fi+ F += - ml (2-22)
oF°  O(F, + F)

1 1 1 mA

—~ + 24 2-23
ow ow d ( )
<é>mﬂ=sma+smﬂ (2-24)

PR AR (2-16) HAYEE I F,+ F,", H3 o 19—l § 30 (2-25):

oF, + F)) W cos’a  cosa N cos’f  cosf
ow B r R r’ R

3 5 |sina cos’a cosa
2 — 2-25
+ 2 w l r < r R ) ( )

. 2
_sinp (COS P COSﬂ)] 4 =0

r’ r! R

cos’a  cosa + cos’ § _cosp

r R r R

AR S (2-25) WPRYER—T0, HZIULLCY 0 pymbfe, mI5E] (2-26),
A BRI [ 2 B CHE 7T NI SRR AR (HX (2-25) HABILLZ s
AGRymbrg s, BlanHies o5 RGERYE A K

TR

XT—MCREE, B TR CHITT RS, b 720 14 TR IR T 5 1
i R AR A T4 H AR A A G AR L, FRATTRHEE R 58 R HE 43
PERA B EOKR , M@ I T AL RO AR BRI, e S kit
A B TR AR A I BRI, FRATTAME & BT R AR A
(2-26) H—4fEH:

0 (2-26)
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r= Rcosa
(2-27)
r' = Rcos f

BEI ASE AL E ARG SE AL E AT 14 1 A AGH il R R A HARR B L
HLE I 5 et =i o0 AR Y], GReik e bl b, s Bghsy < B =
(Rowland Circle)”, #11&l (2-2) Fras. 3 (2-25) wlA0, XAHHEGTE5H R LA
FEHATRIEIS N 0, XADERE 7 T FHERES, EHER T R oitRmg
%, BESIRIERGIE B iR B AR o . (EGHE 2 i & == [ 20113 1 iy i
I T RRIEYE R 7 B, BE 7 SERIAN AR S IR I o

2-2 B Jehhk % m &

Figure 2-2 Schematic Diagram of Rowland Circle

FAPITEIE BRI IO, TAFIIEAA IR (226) kT o
SR R R

cos’ a % cos>f  mAb, __cosa +cosf

(2-28)
TO Tl doR R
2, 3by , 4by ,
d=d0 <1+?w—7w +FLU (2—29)

BRI AR R (2-29) #IR, do AWML ZILRIEE, d 556
HHEE @ AR ZIERIAIEE, byy by by NZREREH AN

£ Beulter [#)#/F5% , Namioka, Haber F1 Noda % A\ T /A2 B E RS X U T
Tt Z= B BT T A AT R AT, PR TR . P, AT, 4
S YEEEAS [) 1 B R 22 B8 43 M. Harada et al. (1998), Noda et al. (1974b,
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1989), WHHISC (2005) 53X (2-15) FEATHPEANAIfAT s EDULAG & A AT AT XA
TR R T RIS, ok FY RE TR R, B ARE T R
WL, Fy RETIMERERESM, 5 Beulter (US4 R—5, HA—I#E
WY 1SRRI R X, X AN .

A AT YRR R B T A T R AR AR E A BT AT REAR M AR A e
PEMDEHHR Z AN RS, HHERHRE YDk (R G BRI 24

ZiE TR AR AR A AR, FATA ASRAG 4 H AU i 541
WA AL ERXN T2 2R R RS, FA TR
P T AR R S8, Rt 2EE— 2] Zemax, SHADOW VUI 455t
AR, ARSI AT R A

Zemax ;23 Z MO BOTEME, RO RGN,
Lt . ERIENEERT 7 ARGUEEL. TR T I A 2= Bodlidi th SR
o Zemax SCRPICEGBER . ARELDE AL RIZRBOGIE BR LA R PG~ G R L
i, FERSCEIEHBIT . A Z T S SR PR Al 507 T A3 BB . A S0
X T YA E2E SR AR R GE 28 22 00 M 2 BB A 58 A o

SHADOW J&—A> {2 I TR RGEMIRE Y, 5 013E T ] A S 4k
(del Rio et al., 2011a), ‘EX:TIUAISFLIBETE, B Z218 537 IR ,
MIMTE BT U2 A RO SN . SHADOW S S ST AR % [ e[
A RRSTAEA ML, AN AT AR X R SGERI N T RER . ST
AR R G CEL E, SHADOW B85 E ) 2, ik 241X
SHRBIR R RS, JOHDEIE ARG . ASSOR R BT R GOEE PR
IO} E IV

22 NEFLEWLTAE
221 BENESWHE

TE TAEG AL T, A RRICIRZ AR AR AT NI — M, TR R
SR BTHUSA FREATT, @IS iR . W FI N A P Z [ R AR, M3 T LA
ke (AR R AR) . W (WJJ-RAERR) . PHORE, SFAsgtanEl
JERERE, WP AR AR, AR BTy AR E, AR . NI
AR Z ) i) & R AR HAR T T 4528 (Moaveni, 2008; 22ERT, T #%, 2010).

FER R BCHEA T 0 AT Z i, AT an T ik, e g it By
ST AEHE A Ll L

(1) BLitE: MRRESTCZBE, MR FRICHE ;

() [ PRI 2T, AR E R YR A ]

(3) A lmFEME: BORAESSAN 5 TR 12k REAH TR ;

4) BE: ARSI KRR RAIER R, RN ER:

(5) /NEIE: AESNAE T P AR AT RIS 1/ N TS5 T LT R
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28 & HIBUMCEIN ORI 2 0 5 1

O-.W O-.V.V
T.. T..
1’-1;7 /_J’" —
N4
7, Cxy Uﬁ
»
T
“ T, X T, v X
N7 - X -
Tyx i

() (®)
Pl 2-3  a) G9krp AR oTiRm R 5w b) P iR A

Figure 2-3  a) Stress components of any unit element in the structure; b) Plane - stress state.

TN B P 2-3 a) FFR MOTTRAEHI I B BT, X A=
PRTERL, — I AN ISE R R A, BIEAT EIIE RS oy o, Bl 0,
SRR 100 1,0 B 10 ELERE SRR, B4 xRy HAH
291, D HERHEI S, SRS AR TE I, W 2-3b) iR, TN
HVIE, WS Z IR TE RS o, RIBTREA) ©,, Rl oy ATRA O, WP R
DIV . WSy, AT A S AN I

5= [u U]T (2-30)
T

e=le. € 7. (2-31)
T

o= [O’x o) Txy] (2-32)

Horbvu F0w 40508 x By TM0iRS, e, €, 433120 x Ry D7 I IE RV AZ,
Vay Ny FIRISY N g o F SR A2 T W A T L AR 7 R R A8 5 (8% 22 [T 5K 2R
(2-33):

1
ex = —(0y — poy)

€, = —(o,— poy) (2-33)
B+
Yxy= 7T T

PR RE ALY S AR AR, BRI T
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du
| &
e=leg, = d_y (2-34)
y ou ov
Xy I /—
dy 0x

Horp E NSRRI He . R U R AR R 00K |, iF A (3-32)

or
oy £ 1 u 0 |]e £,
o, |= — 2 u 1 1O €, | = D £y (2-35)
Txy 0 0 T” yxy yxy

1 u O
u 1 0 (2-36)
MEEFAL TP HRIRAS I, A BRI CIb 7R 280 2 T iP5 2 A%

agx aTxy
+—24/f.=0
{ 0x oy S

or do (2-37)

xy y
+—24+£,=0
0x oy Ty

ST S, S, 585 x Ly I T LB 4

ko R BT ) LT HT, T B O A
VRSO 2 7 RIRIRS O, FFDA 2 7 I IE RIS €, 245 0, {HIERS oy A0, I
o Ty R A 5 P T 3 DR, T 0y 7 o B R A o
KA.

RSN, P LR DA RERS . B RIS AR, [
REFIHH AR, BB AR AR, AT DA R

222 BhERTSHAE

YT RS g

A BRIC T 18 Jo s ZEXF S5 A3 70 o & PRLEAT RGBT, X1
A, BATCHGE ORI = AIE UL B0, A TAIE2-daffr7m i = A TE I
MBI, A A BROCIE R SRR -

“AHRICINE2-4bf7R, HAERE— SR x MLy T AL u F1 v #R5 x Al
y ABARIEAN G, FRATRT AGE A1 UL RS AR RTE x Al y J7 1] (1 BT A% -
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o "X

(a) (b)
Pl 2-4  a) gifaRlnh=MBHoc; b) SVm B YOREE

Figure 2-4 a) The structure is divided into triangular elements; b) Schematic diagram of a

three-node triangular element.

{u = Nju; + N;ju; + N,u, (2-38)

v=N;v;+ N;v;+ N,v,
Hr, Nio N HlLN, EICRRE BPAIT A bR EE , BRZOR
OB

1
Ni = 2—(61,- + bl'x + Cl'y)

N; = ﬂ(af +bjx+c¢;y) (2-39)
1
N,, = ﬂ(am +b,x +c,y)
Hp A BITET, a;v bis v oy BURATT R XA Y AeAR (50
(2-40)) HLiE.

a4 =XV = XmYjs 4 = X Vi = Xi Vo Ay = XiVj = XV
bj=y; = Vm bj =Vm —Vis by=yi—Y) (2-40)
¢ = —(xj - Xp)s ¢; = —(x,, — x;), cp = —(x; — xj)

2 (2-38) WA (2-41) Ponpfiffdon:
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R
;i

e = ul _ N, O ;i 0 N, O u; _ NsE (2-41)
v 0O N, O i 0 N,y
um
Um

o u, BT BR BRI, N FORTEREOER:, hal (2-41) wIf5:

(2-42)

0 N, N, 0 N,

N, 0 N,
N = J
0 N;

0 Mn0]
L (GTH VR BT (STH Y
AR AZFINI S Z B K FR (2-33), i BIR BRI RE B T 4RI FRIC N A2 Ty
A

e = BS' (2-43)
X B AT AS R, FRRA
0x ox
i aNj a]Vm
B=] 0 — 0 — 0 (2-44)
oy dy ay
| dy  Ox dy ox dy ox |

MRS e AR SL A N PRI AZ Z [ R AR (2-34) , fy bk B o A BT aT
RAFEICN SN :

(2-45)

FTC R R
AN BTG 2T MR A BRI R A
TIER T4 L, SRR A BT Z A TR ELAE I o FRATT DA
AT R ARFIRS HICZ A AR ), dEmAe 7 i RIS B X A
X E2-4b BRI = R S AT, B S B x My BT R
R, MITH R AT ER N (2-46).
R, &JT

R*=|R, R, R; R,

iy (2-46)
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T
5t = [u’.“ v ut ot u*] (2-47)

P U W Uy Uy Uy
R e SV (SSk 32 NIk R VR AT LT D SR (S P iV s e
PABAESN T o 0 =AY U2 B Y 7 T DASE o e 8% I 54 (A% T ST B
A, FATTAR (2-47) SRFTREAAER B AL -

TR, FRTCHE RIS AN A w] 205l o (2-41) A1 (2-43) 2o, Ff
WRHEARS A 8% i AKX (2-46) WIRSN 1B (2-50).

Ut = N§* (2-48)
£ = Bo* (2-49)
W Ry + -+ + U5 R, = {8} T{R®) (2-50)

FA TR ELIC RE L AE A B TC Y T AR S RAE A TR vV BBV, Al3k
TFEATTR RS A (2-51). F53K (2-45) F1 (2-49) dlF AKX (2-51), it
— R, MRIE R AR BTG (2-52) o AKX AR, WY 0
ATAFR L (2-53).

/ [e*1TodV (2-51)
Ve
[6*]" R* = [5*]" < / B"DB dV) 5* (2-52)
/ [e*1TodV (2-53)
Ve
Hr, %
k¢ = / B'DBd4V (2-54)
v,
R¢ = k°5° (2-55)
k€ = // B'DBtdxdy (2-56)
A

T SO TR (2-55), % AREN TR fE, Hop k, 7R BT
IR R, 322 R R YRR EE . BROC RO RIS AR AR R E o ~F-THT 1)
IR T ), BTN ¢, B IER Sy o RISV ) 7,0 Al 7, S 0, 3K
(2-54) APRF=EmR A R, sl (2-56) P,

FC AT AL

ba s e TE R Pa iR EVIve o VN U S IR N2 N T D S T L A
IAESSH_ B o Ty, Hob S i R AR B0 S, AT RIS )
A R AR R T ) A AEAS BT, IR BRI AN 3R I T e i 2 B
JU R, A& BT R AR R Al 2R s (2-57) . (2-58),
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g Ml q G N RBU R BRI ) %4, Fy A0 Fy BIOAAY il BB /Y

SR ICTT KA 6
F¢ = // Nlgrdxdy (2-57)
A
Ff = / NTgtds (2-58)
S

T
g= e ) (2-59)

T
a= o, 4] (2-60)

, T
Fl=|F Fy Fp F, Fuo Fy 2-61)
T
F; = [Fiqx Figy Figx Figy Fmgx quy] (2-62)
PSRN Ty

AV e/ N BRI, BB IAREIZ RIS 43 O R @A e . REE
HBaeun= (2-63) PR, A Mg & 55 313N SV ASRE . BVARFR S aEAILE
RIS PH6e. B/NAREIRHM AN (2-64).

H:/15TDetdxdy—/uTgtdxdy—/uthds (2-63)
o2 Q s

SII=0 (2-64)

R (2-43) FH-F-HI DR BT BEAERE (2-56) 4iF AU (2-63) Hrid) B,
ARREHIERAN, AIEEPISUG RGNSV AERE (2-65) , ZAALE T RGERY AR
TG, ne AR IE R ICEL

n n
=Y 5Tk (2-65)
i=1 i=1

FA TR PR BRI BRI BERTFEEA TSRO, i RERSHRAT S (A MU BE AR K (2-
66). Mz (2-65) WHE—HFIR N amBEILBNE RNV ARE (2-67), Hf b
PR BT RS

K=Yk (2-66)

3 e = %6TK6 (2-67)
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3 (2:63) ARG AR S BRI 2T B RE T st (2:68) %,
Soofon, S AR BETER, Fy. F, B U RIS 0 A 800
VR TSN (2:69) F:%d pRBURIZRIN JR 0, A B4 ) S e T 47
M (2:70) .

HFz—/uTgtdxdy—/uthds
Q S

: . (2-68)
==Y & // NTgtdxdy- ) &7 / NTgtds=-6"F,-6"F,
e=1 A e=1 S
F=F,+F, (2-69)
nt =s8'F (2-70)

HARGER RN (2-71). MmN AaelERE, 50 (2-71) nTREFOR
W (2-72) BB, H AR A BRI R (2-73)

1
I1= Zne—HF = EﬁTK(S—(STF (2-71)
e
oIl
= =0 2-72
5 (2-72)
Ké6=F (2-73)

7wy v < S s 11 LA - SN = S s e T 1P 0 v 27 S it
MALora, WA A NS, LR By AN R A

223 HMABRESHAE

T2 AT B R G H I TP HPIRAS , B T B ST 72k . 938 ) i 3
FORS L, TRBEEHIE B L AR B . B SR (5 I S L, SR
BTy TR RIS, B TS A A M P T B
AR

3 R JE 4 T DA MR 5 ST, FFBE 2.2.2 /N4 8 15 B
TR KR, TIERIER (2-74) Rl (2-75). Fot FS I FS 40 BI04 R
OIS A, i R RTIEE ,  MICHE, p WRPRMERE, p bR
RS, 8 W4T, 8 7 . s Me 1 Ce A %5 5 i TCHI AR I
FALIEER , P4 91N B TC B A B E IR R, st (2-76) A1 (2-77)
.

Fe=- / NTpiidV = - / N'pNdV & = -M°5 (2-74)
v, v.
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F; = —/ NTurdv = —/ NTuN v 6° = —C°6° (2-75)
v, V.
M¢ = / NTpNdv (2-76)
v,
ce:/ NTuNdv (2-77)
v,

G5 B ATREITH) F, #1 F,;, & IMETA R BooiERE R M, FICiH e
R T MRS R HERE C 4351 (2-80) F1 (2-81).

n
F,=-) M =-M (2-78)
e=1
n
F,=-) C%=-Cé (2-79)
e=1
n
M = Z M¢ (2-80)
e=1
n
c=)ce (2-81)

e=1

WO TERS Sy 2Py e Bl b, 5K (2-73) A MURess st i s FipE e Jy
IR (2-78) F0(2-79) A A (2-73), 1538 BRI RN

Mé+C6+Ké6=F (2-82)

TEJa S ai ot R, JA LR A RIGHER AT 45 T2 e -
XF TR IR SR AL, A BRI AT BT S L 1 o o i VT SR AR S A 14 7
Prafif. ANSYS {08 —FRal KA BROC B fF, BBfSSCHe . # WL i
PRSEZ AR A RT3 . MHEET DA APDL i 43t ERY L4 ANSYS Ff,
Workbench £ ALHL, SRARS G AL PEEE - BET ] — BT, 3RO 7 s ACUriY
B 5o 4 H BRI ERE R 2] Solidworks HEAT —4ERRRL, H-HET
ANSYS Workbench ~F- 53 70 W% . BSZIEAHC R ML, XHEEHIEAT Jp2a i
L.
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53 E ARG R G TR R

BIE TRAAEMURFHALFEEREARER

BEXT CME M) A% 4 9 Bt 1 e FE AR B B F b, AN B SG et T L
GG BRI 4 H BV A E RN TR . O T SE B AR e R, A
XA RIS R GE R oA P R A MU EAT T0FSE, e 200 5 e DL B AR 7

%=,

3.1 WiKEREBHERSREICERNFKR

4= H AR A 28 A G E% A 3 B2 & Fe vir 18.521 nm, Fe x 18.454 nm, Fe X1
18.823 nm, Fe xm 19.512 nm, Fe xmr 20.204 nm, Fe x1v 21.132 nm, Si xi1 49.9
nm, He150.4 nm F1 O 11 52.6 nm SEA% 58 M B ML AU AE i 48, X SE i 26 1Y)
JERGREEAE 0.014 MK £ 1.58 MK [l A, % BN B2 4334 18.3~21.3 nm
1 49.6~52.9 nm, {UFRAIMY; @ #at 40", REAEXEEAS H ST AMGIER
Mo HOGHE o PEARGTEORNMILT 500, 42 SDO/EVE 1) 2.5 £%, fRuEREME i 1%
LI B SRR CME W46 A% 45 Iy Bo A i 3 B (Lu, 2023; Xu et al., 2022; Yang
etal.,, 2022). CME Jg & REMS4ERFEL 7081, A T35 CME J& K i) 22 i 7,
AL E] A HER BRAG T 1 min. (UASAEME LS5 KBH H 2 MR 2545 (The
Sun Coronal Ejection Tracker, f&jfK SunCET) i)z faf 4 H 1EIFR /0 H £ ARG
(Mason et al., 2021), ZIGIECRA T 5 MEGS-A RO %, HEM R
T 10, FIS By FELMFHRANEE 3-1 Fros.
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A 3-1 WYBeA H i B B 2R AN % A 8 U oK

Table 3-1 The main scientific requirements of dual-band sun-as-a-star extreme ultraviolet

spectrograph
WA 40
CME {3 /MK 0.014~1.58
K78 Fl/nm 18.3~21.3 i1 49.6~52.9

Fe vir 18.521 nm, Fe x 18.454 nm, Fe x1 18.823 nm, Fe x11 19.512 nm,

FRIEREZ Fe x111 20.204 nm, Fe x1v 21.132 nm, Six1149.9 nm, He150.4 nm 1 O 11 52.6 nm
T PEAR T >500
I (R] 43 /s <60
SNR >10

32 AREFEMRFRCFIERERETAE

N TR BRA R G A5 WG E e S R TR B
F TR EH AR RN Bl S A . Senb I S d Pk . BReME. 386 LA
LR g e A/ N AT X E T IUMA FDE OG- S5 638 B
FOEFREE, NIFEE FIS L i £ HE 2%

321 NIEDPHERTHAME

H Ak 58 A I & 55 B0 ar 4l i 32 2O TE A S5 . SR A S 45k Al C-T
BUZERE , FE AL T (V1] ] 8 e PRyt U 4 2 R AN~ T ] £ BE e L
PR R EHREL . R T ER R AR R 7 GRS S B AR, FAVERXT
18~22 nm FF R PA_EA R BB RINS FUAFSE . R IR Z5F A6 278 1 7 S an
3-1 R, X REE T =MW TR A G EAR KT a) Z22BEM
HEHHE AR TR SRR TR/NMIAGHH, REQER/, RG22
M e A R T B 2R . HINODE/EIS 25 2841 A BHSGE BRI 40 e B 4
1 T %27 % (Culhane et al., 2007); b) MG AT 7 56 WKAEAS R Gl
KA, ATpAZH sy (1) AER RS54l SDO/EVE-MEGSA(Crotser et al.,
2007), HTHREDCHESPEAST, RHE SRR R, ERAHE: (2) B
B E5H , T RATE A B BT BE AL A '3 4 #E28 (Behring, 1970; Hinteregger et al.,
1969; Kastner et al., 1974); (3) [MITEASZEEYEME, Hobas LiE 2Bk /MR 2%,
R R AR, REEIRIS St 20 B3 (Underwood, 1998; Hettrick et al.,
1983); ¢) ~“FIHIEHMHEAST C-T A5 %, %07 SR H e LI & Rl A 2D S 4l v (i
M BE T IS B 2 8 R AP T [ 2R, S BARSEM AT S 2 351 A
THEEBMRES, EIMiZ T £t R K (Tondello et al., 1989; Bonfante
et al., 1990; Aspnes, 1982),

30



53 E ARG R G TR R
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MEAHEAS TR MEXHHEAT TR
e e e e e e e e e e e - ——— e e e e e e e e e e = 4
c) SEESLHE J/
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IR B EREAE
FEAHHRAHFNC-THE

Pl 3-1 ARG RBERIMER SO AR EE; a) MTEDEHHEAS % b) M e
AGTiI%s o) FileHHEA G C-T Ji%
Figure 3-1 Comparison of the different optical structures for Extreme Ultraviolet
spectrograph; a) The scheme of normal incidence with a concave grating; b) The
scheme of grazing incidence with a concave grating; c) The grazing incidence C-T

scheme with a plane grating.
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AR LEHDENi %, C-T #en C-T BDEEAUIR

Figure 3-2 a) The spot sizes of different structures in the dispersion direction and b) The
corresponding changes of spectral resolution with wavelength. ’Normal’’ represents the
normal incidence scheme, ”’off-RC” expresses the off-Rowland circle structure scheme,

”RC” means the Rowland circle structure scheme, ”VLG” represents the scheme of a

concave varied line-spacing grating, and ”’C-T” indicate the scheme of a C-T type

spectrometer.

W EARANFE S, PesE RT 5 —oh K X 58 = 10x0.033 mm, A H{ A1)
MG fes AT 0.67°, PLAVHTZE SRR/ 11 2R £5 25 A4 ) [R) B R mT B PRIk A 1571 &
AL RN 3-2 7w, IEAMESHM A AR 10, ASPE (Fese 2 et L)
FEES) o 600 mm, HHE L OR8N a0 R ) b 591.7 mm.
W 22 )2 sk ] o 2R PR, il 3R A420h 598.2 mm, ZI 2k TR 3505.8
line - mm~!,

BB = B AT AEAG AL AR 85° (RIS R 5°), ASPE R 104.1 mm,
S A 187.98 mm. S A BRI [ e BRSO, HRAEAR N 600 mm, %2 B
HIEAS SR8 B 2RSS AR 857, JEHIHE I U TH
SELREEM, %125 2400 line - mm™' . VIS LR EEA T A ST N 877,
ASPE 237 mm, H SR 235 mm, MR T WTE AR LR, SO RN
1200 line - mm™~",

C-T AU FE AN 807, TR 780 mm, i F [l LR FE-F- TG, %14k
B2 FE Sk 2400 line - mm ™',

K3-2 a) J&/R TSRS RO M YEBER ST Hed 1B A S 4544 A 1T i
AR B CTER ST /)N, 43 312 33.5~35.6 um il 15~28 um; HEZ =[5, &
= RIS RDCBER TR, FEAE PR 160~175 pum JEFE N, 298 1E ALY
LEREY 4.7~4.9 £, MTAIAE Ze BRI 7 2210 6~10 fi%. T C-T BEEM7E R I K
[l NDGBEROT 28 AR, $5e/ MGBERST SR 75 um, S JOEHER ST 210 um. %45
SR A G S RN TR AR Ze BEYCM B =2 BN, FEB T R e T R S
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[Fi] 5% e [0 T i S B Y 5 T 4 2 BRI o SR B B BER R T
LB BEE T IEAR 25, A RBV N B AR BB R ST .

TLFPANR 7 SE7E 18~22 nm [ £k A 1L 5124 - 0.4729 nm/mm, 0.1816 nm/mm,
0.1202 nm/mm. 0.788 nm/mm . 0.3639 nm/mm, T] 815 [5] 7 L )G R4 HR 41
% 3-3b) fiis. fHE3-2b) A4, 1IE ASTEERII GG o A G , T B 18~22
nm {6 BEAR R T 1000, 350 A STEEF AN [R] A B A 6% 4 B AR TR TR]
H AR 2R RS GG 2 BEAR SR T 10005 B 22 (R AR B8 728 610 L N RE S 2k
PRI IGIE A HER BB 18~22 nm i3 Fl N DG 4 HEA 4524 800~1000; 3
B 22 BOCHG N2 % FE, SGik ar FEAR 2k 600, AH# SDO/EVE-MEGSA
T ERTE 2~3 £ MFEDEHHREAST C-T 87 BAE— IR 4211 18~22 nm FEiiEL
IF, X ATE BT A B BOR TS = G o AR Gt

IEAREEH . JED =R BRI PA R C-T BUZEH A6 is o A
SRk 1190~1265, 632~689, 800~000, 900~1300, 300~600, HJI1E A G4
PRI TR AR LR BRI i 22 )G o FEAS T vy st B T LT [ T [ o 4R B
SO, TR BRSSO R R — 2 L

322 (THIUERTUE

Z EROM R R P (AR E R LU S, FRATH A X LR 7 2 10 s 5
FHATIATT R, B3-3/8/R T A FDEEE5H 1 AT SRCR bt i K 254k

TG G SO B 42 S A XG4T, MR o DR E B 2 R 46 TG
IR FEMCE M B, B H A B4 Au, Pt, Ag, A1, XT 18~22
nm JEz, FRATEERE Au BLE MR, DCECSAEMTR, A ™o A REhie it 5 n 2
FEESEM R FH B0t AT S5 A4 ) AT SR AR

XHFAED 2S5, Fet 214 Bk 3505.8 line - mm ™', (5Z5HK 0.5, fif
M Au BUZE, ASTAE R 857 JEMMARTEIRCRINE3-37R, 1% RRIRE
2B AR T, 7E 18~22 nm K JuE N IATH R AN 5.0%. B =[5 45
P TITAAR LR PR YR T R AR C-T BUL5HAR R I T 3 A5+, BRI 458 i 1)
FEMHBEAR BT )2 Au i), HZSHRIFEN 0.5,

X2 2 BT TE S e A 52, A0 I B i 5 AN S B2 IS 1
BURFRARAR, RFTREIITZ 2. 7E 18~22 nm P Bz, MM B A1
}& Mo/Si, Al/Zr, A/Mo/B,C F Al/Mo/SiC 2545 GFilEEE 45, 2022), FRATHE &
ek AUMo/B,C £ 25K, (/L4 B,C/Mo/Al [1.5 nm/3 nm/5.3 nm]'>, A
SHABCEN 1. G2 )2 REOT I ST IR 19.0 nm Ak BE(E, 290
24.0%, BHE AT HALT R . AriRCR il &2 5820k 1.80 nm, MA7HIECR
R 5% BT 5E A 2.4 nm, BEASIH A SERIERINTE K. ATRAE Y, MG
W & 2 )2 BEZEAHE TE AR B BTSRRI 15%, HHL Au B2 DT
MHEE 30 A BT 540 R IR SRR 200 5%~10% , 1E ASTE5#) 5 £ 2 BT Ye i
AR R TR I G B A B R L3
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Figure 3-3 Comparison of diffraction efficiencies for different schemes

-1st Diffraction efficiency (a.u.)
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323 MENMIENHEEREBERSREINIERUA R

Lo Xt RIS, SR IR A S B E AL RO M REBE R BN, AT DASRA:
HEE B, AR IKT IR RS, BRI RER i+,
A B TR R AL TR I AT S I L2 R RS AT ATE R AR
YL BT PR ERATH B 1) S35 TR AP B2 R MR SRR A BRI K
JE R EREEAR R —2 (2070 5%) . L, TE SR 4 H AR A ERE L
HA R RGP, RN 5N i ARG S RReR, & CME #q
SRR o
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HI B ISR . BRIEHE . J5 B IS A LA K CMOS SRR 4L, APHAR S 2 2k
SERTHI BRI A A ST B BRIEEH L, SEHRRAAR R SN S (6 WO 7 T R 2
AR Lo BB Rl TSGR B AT WO ZL IS EE A RS, IR B
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Figure 3-4 The optical design of the dual-band sun-as-a-star extreme ultraviolet

spectrograph

BEX) CME )R AL 3% B Bedb 1) s SERPRSHETRI , ARE iR TNBL. midt
PR R 4 H ARSI EIERIN T K, HHEERT 18~22 nm X EUHFTE 1A
T ARG AR RE A . FRAT A BRI IE ST e A 25 A 2 2 1]
HYEHITT 5, BEAEARAT 1000 DAL YEHE 2 ARSI R T 10% AIRTHRR, a4
T IE R Y CIE 7 HER I S AR E A R AT RIAE R TR, FRATRA
BITEATE, BT BBIEE BT DA ERE T -
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B4W KBRS EERARESNLBLFR

I 48 22 J2 B 1M YE L A S SRR 7 58, ARt 2B XU B4
H AR i S AN E R A e E R . AT E e T MR e EE, TR R e
FRESH, HWHRFAFRSEOT 4 H A RO SOtAERER . A
I ZEMAX S562 3R R0 B 4x H AR AR AN G (U2 RS RO R
it RN G2 ZBOCMERT, RGN BERSCRRDE T . &5
AT T PG RE O R G 0 BRI S .

4.1 AREHEHHSHIRF I F RN
4.1.1 HEXZFRZEVHESE

(AR EHE 7 PR B R T . MR ISR R FeR b » Stk
PR G Pl 2 S0 RN, TEBCTHINE H  ADERE/ NI Z @ ROk Al
S TEARD G SR TEPAE TR . A et E g (R
Jetl R AR AR R A R A G R IR I RO/ o o pRaE R . 4
BICK/ NG LG RUE WXL FR (BF5 45 PREE S e *; A ¥ AP 5
JEEAE; JH A4, 2010):

dl mr’

— = 4-1)
dA dcosf(A)cosy
dA
Ad; =3e— 4-2
d = e (4-2)
di
Ady = C,E 4-3)

Hs (4-1) NRGEWLEH, X (4-2) Mgl oo/ MR 2, K
(4-3) SAPREEB LA TEEERS B IEHEH 5E . 4SR0S 50 B M e g 2= 1
WA, d ROEHHEEL, A(D) BASDEER N A WX AR, v 2K
Mg -5 ASHEERIEA, m 2R, v 2IHATERE, e AHEMEHRITK
N, el BRBEIRI L

WeBE SHEEBR 2 FAE— BRI R AR, AT (4-4) 5,

P r cosa
rcos f(A)

WSO S RMAHEIC . REERCF KRR, FATH A EA S0 E
W BEFEE

FATH H A AR RN 2048x2048 T FER A, HARICR S 11 um.
XFFRER B 18.3~21.3 nm, ARPERAEER, PRABRTH AR 2 A Lot

(4-4)
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REW T HE. N T ORE RO R EL, FRATHH 3 AR . B 19 nm Ayi%k
B OB, 7 ER5 1000 DA_ERSGIE - ARG, 152 TEA R 0.019 nm,
RPZX (4-2) HrgRIas vl 20 BE e MK 2275 /T 0.019 nm, D% R G2 1) (314 £
BCH: 0.5758 nm/mm.,

TR m =-1 9%, NP HRGERN TIEASEE, 78 () Fi
PRI AR -5 AFHOCLICA v FEEBODN, BOMPE R ERLT 1, P12t
AT ZBERTHTFA cosp(A) FIERMIZR T 5 AFHELIESH cosy 5EM, L (4-1)
AN RS R R R

d =0.57587+ 4-5)
BRSO e a4 5 A IE e &, B B SPEABhn, et St 2
AR T TR 22 B A e TR, MSERiin TAEH &, FRi142
AT DAKESEHI ) 20 26 25 B s il 3600 line - mm™" DAPY, JEMi#%L d >277.78 nm.
KRR e E A (4-5) o, BRSSP r >482.4 mm,
N 25 B BT RN, TR B R B A0 i, I R (g i B A R
W ZF AL . Tt TR AR (2-26) FILR@Bl (4-1) AHTRI50,
T I E R PR, TR ER AR MR, REZILREE.
KA AR SR S A S5 280 AT A FR IS (SRR R R T K X 5
X BT 600250100 mm, JGEFHHTEF P <600 mm, f£AF (3-5) T[]
YoMk d <345.48 nm. YuHbE L. B EPREEUE Bk

27778 nm < p < 345.46 nm
(4-6)

482.46 mm < r' < 600 mm

IR H G2 ROT [F B RR ] T ASHE KBS r<600 mm,

BRBE 55 BT H R E AN (4-3) (4-4) E—2DAht. I ASES ALY
BRI, AT AT A AA A R EUE, JEMEORRIE RN 1, g TE S
PRBE B0 S RE R AR —2, WA T RS BAE R TE RN 33 um. SRAEAN TR S E AL
BN B bRAR SR, S hnpead s AR TR RS R G, WA S T
AT B IR T ASR SR e e, PR e Bk 4% s FE 8T 10 mm, 2 MEGS-A
1) 5 e

BT 18.3~21.3 nm P EGIE o M e, I IR B 2 MG 451 2
B T, K i B S8 S S5 S B0 B . PI2E
E IS 0S5 S50 S5 UEE L3R 4-1.

412 ARERFSHAL BRI

KORERIORPIADPIFBRAMZE dA B R fE T L TR BE R dl,
WL AR PR SERE, AT RIS GIE - BRI ER . e (4-1) SURT5E
WL R (&2 7RI -5 A EZIc A v Bsgmg) -
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41 PB4 H i B SME L2 S B i I s

Table 4-1 Initial value ranges of various parameters

S0 35 B /nm 183~213 49.6~529
e v i /um 33

B 4% = B /mm 10

IIE N -1

et £/nm 277.78 ~ 343.62

24 % 5 /(line - mm ™) 2910.2 ~ 3600
NS <5

AGE /mm < 600

fiigtfar 3.92 ~8.19 10.37 ~ 13.45
H EHE/mm 485.04 ~ 600 485.04 ~ 600

2.104

281 a) ¥—Dispersion - rA| | ¢ b) [-©-Dispersion - alpha
=25 1 =2102
o
Ez.4 £
S, E 24
=2
) c
5 22 L
5 £ 2.098
%21 g
a6 2 2
0 2096 1
191 D
1.8 ——— 2094
500 525 550 575 600 625 650 675 700 0 05 1 15 2 25 3 35 4 45 5
rA (mm) alpha (deg)
22 : - - . . : : : : . :

c) 3f
g2 1 £28 ]
£ Ez.e
E 2 E24
c c
S S22
P19t &

2 g 2
2 @
D 18 L 0 18 [
16}
17 : . . : : . 1.4 . : : : : . :
270 280 290 300 310 320 330 340 500 525 550 575 600 625 650 675 700
p (nm) R (mm)

Pl d4-1 U@l a) AGHE. b) ASHm. o) JeliFEEm d) Sehhih 3=z

Figure 4-1

IR &R

The relationships between the linear dispersion and respectively a) the distance

from slit to grating, b) the incident angle, c) the grating constant, and d) the radius of

curvature of the grating
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d/ mr'
— = 4-7
dA  dcosf(A) “-7)
2
. cos” B(A) “s)
cos a + cos f(4) 7 cos® a
R r

A 3.3.2 /NI AL AR, SEMR IR m WIRE -1, PR AT i 74P TR
A (2-26) oA (4-8) Bl Kt (2-23). TmERESMT
(2-26). 5P (4-8) FIFEA=MAERECKER (49) RALEHL (4-7), BEEEE
K A, ASH o JEFES . ASPE r FOEHIT RS R L aiCh
. (4-10):

sin® B(A) + cos? B(A) = 1 (4-9)

2
1- <§ +sina>

2
Vl—sin2a+\/1—<§+sina> 2
R

1 —sin“ «
2
d\/l - <§+sina>

Horp A SIS BRI BUE S 3R 0°< a <5° F1277.78 nm < d < 345.48
nm. FRAGAN a=1", AGPVE r=600 mm, SEHZI2% 5 N=3505.8 line -
mm™", e AR R=600 mm, W4} BIETE EARASH S L O WX R, 15
SIUIPA-TFT A . PP, (SURAY 2 (B O B it b PR B T B
T R ASFTREE « AS A R G 5 18 T ) o

4.1.3 AREXFSEZIFER~THIZM

R ass RoF HuE TRRIRST RIS, P AP E T ARG KE, A
SRR RE TAREM L . AL =Ry

d_
di

r (4-10)

w, = rsina +r’, sin f(4) (4-11)

Hort gy 2 49.6~52.9 nm JEE I 0 B 50 nm 1 SRR BE . S0
TR (2-23). FAMERESRM (2-26). HHEKE (4-8) FIFEMA=MARECKER
(4-9) A LA R G2E T

50 + d sina \2
- ()

d _50+dsina

w=rsina + (4-12)

X 2 d
m_'_ 1— 50+dSlIl(X
\ d 1 —sin’a
R B r
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RILAR 2 FE R R B S o SEMMEE . AGTE r FOGHEI R 242
R WUANZHE . ASHAFDCHEE S BUE 3 50 - 0°< a <5° 127778 nm < d <
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Figure 4-2 The relationships between the overall Width and respectively a) the distance

from slit to grating, b) the incident angle, c) the grating constant, and d) the radius of
curvature of the grating

42 fRUTER

RS SEI RIS, DA BRI AL F0 5 5 A S a. JEitE %L
d. ASPE r FOEHHE 12 R Z X &R, FATHH Zemax FAFEXHMUAR G
SRR G BT IE— 2L A . AT RIS A IR R (E 43 73 2h 600 mm F
1°, ARG eI & 4-3 . ©. @ 4r 53R 18.3~21.3 nm Fil 49.2~52.9
nm PRTHHEL . ASIELBIASE A 600 mm, AHFHE 17, 19 nm fRTEHH A
4.82°, HSPE A 591.70 mm, AJTHENZC A B AR T S0 E B AE ) BRSO 51
mm, RS A ]I A I B AT 58 N S A R B B 1) [ o 54,
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Figure 4-3  Optical optimization results of the instrument
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Table 4-2  Optimization results of various optical parameters

P K mm 19 50
P 5% Fe iE /mm 33

Med& = FE /mm 10

IRV -1

e Hh R 242 /mm 598.2

FEM & £/nm 285.24

2| 2% % B /(line - mm™}) 3505.8
NIy 1

A G /mm 600

fiigtfar 4.82 11.11
H 5 /mm 591.70 573.29

AFRBAREFPEFR TR RINE 4 — 4 2) PR, £Y it wEH
Peag b LRI Z0E L, 5 AY GETT AR RAE CHUT TR ERER T o X
APCRFEE A Z AR BT R T, ATAR DS U R SRR K 1
HOT T ADEHER ST 3, Wi 4-4b) s, 1 18.3~21.3 nm JBL, @HUTT i
FEHERIAE 33~35 pm JEHE N5 SEBREAE GO 0 BB B 8.47 mm, #ipl4E
JBETT TR R SE 2 9.89 mm., 7E 49.6~52.9 nm B, HU Y ERER e 33~36
pm R A 5 JEBREAE RO T A B BE R 8.51 mm, i BRAE R D5 1A Y RSH o 9.65
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mm., Z5EN Y I EL, AT ATRASAH N K G iE - B, R 4 -5 Bk
18.3~21.3 nm P B0 E14E 80k 0.4748 nm/mm, YEEEAM 3R AL 254 0.0163 nm,
FHN. AT 7 BEAR 2R 11655 49.6~52.9 nm I Br (A 2k (4 #h 0.4729 nm/mm
HeiE P AL 2978 0.0165 nm,  AHR G HE - HEA 2R 3030,

a) . b) 40
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Figure 4-4 (a) The spot size considering the slit width in the dispersion direction and (b)
spectral resolution at two wavelength ranges of 18.3~21.3 nm and 49.6~52.9 nm
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Figure 4-5 Spectral resolutions of the two wavelength bands
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Frifaad 2 e RIRCR . RIS TReRSE, WRAEN (4-13) FOR:
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et al., 2009; Sciortino et al., 2016; 2= 34, 2023), H 17nm PA_F 3R Al JEEE
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MRS =F W8T, X T IE AR EE5 kil , R 22 5T REE A 3L
PETHR RN B SR, SR AR UEY A AT S 30% (Lemen et al., 2012; Culhane
etal, 2007), ZEBEMKITNEFEAFEZ 2B, EEREINSGE. fa0ib
LR, FoATTEXT 18.3~21.3 nm #E#E AUMo/B,C £ JZ 45 ; 7F 49.6~52.9
nm JEE P, B MBI AUB,C Fil AUSc 45, [alFE3% R s brm T e BRI 14
%I B RE AUBC Z 2 BEZE .

Z )2 e v

M 4.3 NTEDEEEE SR, FATE 1 B9 AL A 3505.8 line-mm™"
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MR U A JE 1 B,C/AL [12.5 nm/21 nm], PYANJE 1% B,C/Mo/Al
[1.5 nm/3nm/6.1 nm] F1 74 E A H) B,C/Mo/Al [1.5 nm/3 nm/5 nm], Hf—2
B, C/AL 454 F SRk 12 15 49.6~52.9 nm 35 B 1 I 1%, )21 B,C/Mo/Al 45 H
KA 18.3~21.3 nm i Bl 1 SR 38 . Fe R R 4544 g B4C/AL [12.5 nm/21 nm]?
+ B,C/Mo/Al [1.5 nm/3nm/6.1 nm]* + B,C/Mo/Al [1.5 nm/3 nm/5 nm]°

FIER| LR, ZIRBOCME AR AECR CAE B AT AR i B
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Figure 4-6 The transmittance curve of 250 nm Al Film Filter
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Figure 4-7 Schematic diagram of the multilayer grating structure
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BT 0.8 BUREL, AT MiZinE 4 —8a) FrR. W 19 nm P75
BORZ)R 10.8%, 50 nm P UL AT I RCR LN 11.6%.

SRRV

IR S ICR TR (4-13) 115, HPENERME TR E; 2]
46.5 nm H 55 A K BH A 154 SUTRI A ] 9 B =X CMOS #£l#% (Harada et al.,
2019), WIHAR 0.5 115 RARCRI & & 4 —8b) FrzR, 19.3 nm [T AL
%7 0.016, 50 nm PRSI HI LR, 0.0067.

0.12 - 0.018
% v, Multilayer Grating d

3‘ a) . (Al/Mo/B ,C) \ b)
c : 0.015 - _
g 0.09 4 : Etot = Ty x Eg x Ty x Eq4
= 0.012 -
s
S 0.061 .2 0.009 v 49.6nm 52 91m
B N |E N/
© 529 | L 0-006
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a J 0.003 1
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Pl4-8  ZIARBEHN a) TRl b) 10E5AEBeR I
Figure 4-8 (a) The diffraction efficiency of B, C/Mo/Al multilayer and (b) the total efficiency
curve of the instrument.
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ot 1(1) (photons - em™ - ™1 - AT!) S H 5 9 A B4 R (Del Zanna,
2019), A PAE i CHIANTI ﬁz@@a& WA (Dere et al., 1997), A A A I FR4ERY T
B, HERNA G, 25155 A=0.033 mm 10 mm, E,, ARz (4-13)
TR BAERMACE, AL NBRE oW, W DAE & @ HOFE T RO NS
S50 4 0.0052 nm. ny, PRGSO A pesd e BE 7 ) B 1 AL X (4-14)
BB TR G T EENE M LA 4 - 9 B

WG = BE T I ) R PR SR s BEAR [R] , FeArTm] DA I RR 70 e 4 g B2 7 1m] 1Y) 909
MR R EPE m A B A GERNEM . HIE 4 -9 B, 18.3~21.3 nm i [
WALE T Fe viir 18.521 nm, Fe x 18.454 nm, Fe x118.823 nm, Fe x11 19.512 nm,
Fe x111 20.204 nm, Fe x1v 21.132 nm 8 & 512k, M6 TEREA 2] 2000~10900 1~
F o 49.6~52.9 nm JELFE NS T Sixi149.9 nm, He150.4 nm A1 O 11 52.6 nm %5 %
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Figure 4-9 Theoretical photon number and Signal-to-Noise Ratio
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Figure 4-10 Schematic diagram of degradation of spectral resolution caused by the

stability of satellite platform
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& WA A B R, P& BB S8 = i 7 . FRATEEH SR R i
TS A Zemax BF5E T AR AS AR ZES R IEIE 2 HER 40, X T 19nm 1)
WK, A Zemax BEALAE BITUAAAN R A IR ZE TS LA B . ASFIRZE D 5
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S, THRARME 4-11 Urn. BIRPREARRRR RIS L N Wi &,
YPARRFR R G IR AT Il & 2k ) 2l 4 98 (FWHM) 1B Ri%Lk
P EARZEX IS PR N R . I, SEhRis PR Ad, WPAFRR A

_da
7 dl

Hrp AY FoRBAE T T, o FomEl 4-11 Gt )ik 208 2= 1
PIEATE. FE 19nm AL, SEBESERE Y 2924 33.5 um, PUSCR RIS FAS 1LY
BB o 48314 105.9 pm, 54.2 um, 21.9 pm A1 10.6 um, HX (4-15) AI1EAH
IS A YERE 40 35243 504 0.052 nm., 0.030 nm. 0.0190 nm 1 0.0166 nm, FA15 K
TE 19 nm A YEiE/HEAS R T 1000, BPYEiEE 58/ 0.019 nm, ¥E 60s BEFGHT
) N AR W R 75K, B i ARe JE R HiIHE £0.002°/s DAY

AT S CME WG A% 35 [ B 1) 3 B RS HERRI , A BN IR AL 2 )2 5 M
TAYCAIHR I Ty R B AT A TR AT T 320400, SRR T3 Br 4 H TR 401
EAMEREAPEE T . FRATT T SEARE U E M 22 58 DA S 4k BRI B 5215
RMARGITCION R FR, B THRERST . ASPE . WY, e a i sEE gt
SRR BUE, A T ASI . AR . Sl S22 A X
P (RS & EHCEMETTaHER) FOG RO A Zemax
PR X R G T 00, BRAS S B B OGS o AR & 2 A O 1000
(18.3~21.3 nm) F1 2000 (49.6~52.9 nm) . K T & BHRIE AN I BRI YE2F300%
TATEIAL T Z 245, BRI B,C/Mo/Al DA K B,C/AL Z 245, it
T R AL R AR TR I IE B AL BRIk 0.016 A4
0.0067, FEBEG 60s B} 2575045 51128 2000~10900 F1 1800~5300 46T+, Nk
Fo o il Tk 3] 44~104 Fl1 42~72. S J53A 1500 T3 & R e BN OGS 7 HF
FE, 24-F-E 148 R BEEBR R A (60s) LT +0.002°/s B, A figy
JEICTE ST HER AR oK

AZ AY? + o2 (4-15)

48



54 E DB H B SR O30T

100 - - T - - " " 100
80 a) [-36" +36"] 80 b) [-18” +18"]
= 1
g o 3
£ £
z 40y z
20
Y o NP S NN Y o N H O HE N8N
ST N & ® Y o M o D7 gV & ® QT 0T M o
Spectra shift /mm Spectra shift /mm
100 - T T T T y g 100 T T T T
80 c) [7.2"+72"] A 80 d) [-3.6"+3.6"]
S 5
é 60 _é 60
3 407 > 40
=z =
20 20
0L ——— — 0o——— e
U L T S L Y 5 N H S H»AN e B
S S,’.\ N 99 oY O M o N 95 ) 99 DT 9T M o
Spectra shift /mm Spectra shift /mm

4-11 EHEREES NN a) +0.01/s, b) +0.005/s, ¢) +0.002"/s fi1d) +0.001°/s I}%f
Jeil o B s m
Figure 4-11 Influence on Spectral Resolution when Platform Stability is a) +0.01°/s, b)
+0.005°/s, ¢) +0.002°/s and d) +0.001°/s
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B5E KBS HERARESNLBUBR T

TESR B eA BT AL b, AF I IF R TR0 B4 H TR i 5 o
TERX ISR AT E SOMIIRENE . JEHE 0 0 B ORUEA n] DL AR Bl e
I3 BT K, B S ET IO T 5 BRI RIS RO T B T2
RERYSE MR, &5 & SE R KA A BROC A 7 i1 R B AR S5 BT 5 g
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5.1 gEgER
511 IhEEEK

LR BOT E RIS AR Z I T 2 i REN S RS BE R IRAE A 227
L, I PRAE AR BG5S o SRR BH AR 58 AR S i AR Ry ] DL SIGY T 43
L, HAERZHRIXI R SN B A 3 2R, i SN BORH G e AR
BURE, DIIERR TARIE SO GIE  HER 2 Ah, AT RECRIIE H AR B RR 2
EABOTE R S TR S TRINE S AR S E R R, B SE4i 1 5
HAABAT, FATEEE T ARS8 #oK

(D) KRR e HEAR A PRAIE T BB T B S 45N T R A
RS B2 . et HOR AN B R BT 7 58, TS5 A T R SR AEAE 5K B i
TR G s TR A IRE S, R AR REIE IR RERE T
ARREETER . IR T ARIB R RIRSEE , HH 2 AR Ao kiR il 4y
M A ZE AT, FRIE 582 2250 WO H 45 A R 22 R T J i B n] S ) By S
SEMBBOT T EI . W RE A iR 2E T EORIETHOL T S UM A
TaRZE . A E SRR R 2E . ARSI R2E . RS IREVE TR
WIESHIAETE . FEPLaA T B0 B RS IR R A ATE . DR B4R S
JE S RE BEM R AR ZESE . ZEMBOT LR AR LB IRIETN , HobF b BRI T REERR 2
AR, MRS e R AR M EEASR B, AR R 8, ARG ffe e
Vs TR FE S B E . B2, RE. mhili. IRSEAFETEIL TR
P S DAL I TR o3 L TR R B S h 2 21 () g A

(2) EEATTR: TSP SS X B o 2R AR, B BEAs H il
RSN R AR TR AR 8kg, HIHAMERGTH R EAFRAER X T8 X &
= 800x250x200 mm DA . [AIMEEAS EAUETER B A RER/N, (B2 RElR
UL AT AR B ). BRI Z AR SS AT o0t o i g 42 o
e AEH TR AR AT R R R I A WA D7 LG A R R BR R AR e
AR, BRI AR TR K (T 55).

3) BiisgedioR: MM SR QAR AU, Jesr ool el R g R A L
TR 25 RS 2L AR SN, T SRR SR AN ST A i, RS X
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PRS- S RMAL PEEOR B FERM RS b, IR, A, 5
PAFRIA R SEMBOT B RE RIRETS Y 7 A R TS e e R MR
A SR 5 Qe S5 F By, HANR AR AL FoAA8 0 I IER PFEE
(Fox, 2011)., HA 2 4 i 770 FE R AR (Schuehle, 1994) %5,

@) SRR AR A A S AT 2 B R, — 5 T PR TR 77k
I 3E 0 K AR A AR TG RIREN  F3— D7 TR UEC R, TR BT BRI R i
FERTHE T . T AR UG ERAIMAAEEZE, S5RTT I % B 451
AT

(5) ZICMHIT R KSR ST ] WIC T 7322 —, R ILEHIZL A
TEIIATAE 2 ™ 5 MR e X A0 5% SN S A B, DR I ANl PRy it el 2 A 4 ol
TR AERIHEA o LA PR EE PR S8 A RS i i, PO I B
BT, ATRUEPT A G DA AT BT, XOEEARE . IR
HER T R A EOR (K 2F, 2011),

(6) PRGN FOK: BATs TR o S K AE R TR IR 351637
BEZ WA, UM, T A S S RPN 2, XS PAGEE MR T
F R (BRI, 2024),

512 REMEEXR

(AR EEAA REAR I8 21 0 HE R ORI T REA I 2ot A 220K Ffi il
WHER—Rptr &, WREAIERLR IR, IR &E S80I
ToRE. K S-1a5ha) #ARERNTAEE. b) AGPVERARE. o) WAME
WG . d) SRS EEDEE PRI, WS RS LOEE S AT
] 1000 fENAH, PIFRRGEMNAZENFCANE 5-1 Proas. Hb ASPERNIH I E
RIS FEAE 0.1 mm JEEI Y, S A AR 2 202 A R RIS JEAE +0.05°, 1
Pedg 1Al EOGHN T3 AN 5 1) VB 2 P BOCIERE R T AL B/, Gk P
FRPGMRIN

% 5-1 et 250 il

Table 5-1 The tolerance allocation for assembly and alignment

ZHL INFE
M SR B A B +0.1 mm
SN B SR B R +0.1 mm
PRI g 22255 BB RS B +0.05°
e B A R +0.05°
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ER B HA e B IR R 58 b AN BOR BEE S U %4k, BB
WA ARG, RAGHE, RENRFERNIYHAER SRS T T, il
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Figure 5-1 a) The influence of the machining precision of the radius of curvature, b) the
alignment precision of the distance from slit to grating, c) the alignment precision of the
distance from grating to detector, and d) the angle of the detector on the spectral

resolution respectively.
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Figure 5-2  Alignment Scheme Design Based on Visible Light
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(1) 3kt BB AE s LR S R R AR, SRR A [F]
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(4) A AN REERTAARE, 30 R G2 R R i 225016
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%2 18] AH H 520 (SPICE Consortium et al., 2020; Halain et al., 2012);

(5) IS RN & BERE R AL AR VAR T I (R i 521 (Villalba et al.,
2020);
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Figure 5-3  Schematic Diagram of C/SiC Ceramic Matrix Composite Cavity Structure
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Figure 5-4 Schematic Diagram of Honeycomb Aluminum Plate Cavity Structure
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Table 5-2 Comparison of the physical properties and machinability of different materials

kL C/SiC WEsEER 60% SiC/Al
B FF [(g/cm?) 2.0 / 3.1
SR B/ GPa 70 / 200
P Ik 2 50/(107/K) 1.03 / 8.5
Jitt R B /M Pa 150 / 460
FLBR /% 7 ¥ 7
I RS /mm 2.5~3 R AT 2K il 2
Fe 1 T ST P yots yoss
T HZ + D Rz Bl T

523 IEEENEVTIT AR 1 F AR R R 0T

N T B RS R AR A B AT AT L i R R, U
A AR T R E AR . SRR IEHCRF 2 GERF R A5, FHAER A DAY
R T PR e R i s o P R 22 B f K — KUY 22, e A
S KR AL, R Z ISR AR 5 A, AR ERIE 14570
AL, B AFRA TR A R B B R AT 2 AT A, R A B e A4
), BRI R A .

TEEAR N EBARMUE T FETER,, FATHH ANSYS workbench X Jf (R #E47—4>
KRAEEEA M, BARBEWT : EEFERA R 60% SiC/AL HyH Ik RE B
B, R R AR RS2 T R A/ NSS4 R RS £ 1 SR e e B
7, FIREHY HARBE N 0.855 XS PE SR MRl A, = A SRR I R A
ROFRCE N L mm, AR 12 MBET T, &I SMETIRZ 0.1 MPa
(—AMRAE) BES, WEERME S -5a) R, BEEkEssdn .
PR IR H B RRAETE . R R KA 0 0.13 mm, flgk . Sl
HORIXSAETE B0 0.11 mm, AN IE 22 220 AT SR o
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Figure 5-5 Deformation analysis under one atmospheric pressure before and after adding
stiffeners, a) Deformation without stiffeners; b) Deformation with stiffeners
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Figure 5-7 Influence of substrate deformation on the instrument with flexible supports of
58 mm, 43 mm and 28 mm heights from top to bottom
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Figure 5-10  Structural design scheme of dual-band sun-as-a-star extreme ultraviolet
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Table 5-3  The physical properties of the materials used

psh R (g/em’)  BAMERIE: (GPa) UK 2% (107%/K)  JERIRSE (MPa)

Si 2.3 190 4.2
60% SiC/Al 3.2 160 9 460
A BRE4E 2.71 69 23 240
4132 8.1 141 1~3 240
TC4 k&4 4.5 109 9.1 890

(b) JrfHi st

T % 5 A B 50 B

(AR SR L AL 2 5 TEET R, JUHZ KR B SR,
FOARPERNRE AL . RN T 45 % 10°C IRZERVREM AL 0L, #
B PSR I8 5-3 B, AR A T RIR R 4R S5 454, 42 R RA%
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Table 5-4  Acceleration test conditions

Tl iR A i 1) Nz R
x,yz  12g  GREIEKJEHREF Smin <(0.5~1.0) g/s

B b

A SRS AT BB ARG A S A (Y B R AR SRR 1L, XSRS AN
W TE I, AR SRR B — @Rt & 5 IR . i THE 8O- & Wi — i
AETFARMIE, S5HAR)—Br B, BB S 5 RS MRSl . X T 2SR 38
—BORULEEH I — BT R AT 100 Hz,

FEX AR REAR S, FAI AT T ISP, AR = AN 5-18 Fii, il
ANHrIRBUILER 5-6. —BrdiiR 239.32 Hz, Z5HAHXTRE . 45 IREY = BRI
ANOHIRBERI] BB R AU A A T LA BT

% 5-5 AR
Table 5-5 The first to sixth frequencies
TG FH—br HF S=Fr U FHLBr AR
Wi (Hz) 239.32 309.93 33549 485.59 677.18 737.21

#5-6  HiNBrR%

Table 5-6  The first to sixth vibration mode descriptions

Wi (Hz) [ratEBES
239.32 RERE Y S35
309.93 HLBLT X ShE 20
335.49 AR X Rl ERS)
485.59 HAkGe Z Wit 5

677.18 JER a7 Z R RSN
737.21 HALAIYEHE AT X Sl 42280

1ESE I 5 B
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Table 5-7 Sinusoidal test conditions

J7In] AR I EE/E A 0~P(g)/(mm)
(Hz) KER IhEVESe
X, Y, Z 10~20 7.5mm Smm
20~100 12 8
EREipr 2 Oct/min 4 Oct/min
y = Asin(wt + C) (5-6)
= % = wA cos(wt + C) 5-7)
dzy 2 .
a=—=—-w"Asin(wt + C) (5-8)
dr?
w=2rf (5-9)

#¢5-8 £ Workbench iy A I %55 9 11 5% 1AL A 1

Table 5-8  Certification-Level sinusoidal test conditions input in workbench

PR (Hz) N33 / W {E (mm/(s%))
10 29609
15 66620
20 12%x10°
100 12%x10°

S MR R R ik R 0.02, fli ] se e vE T IE SR IR sh A, A
100H z {y B 45 SR a1 5-19 FioR . = A5 W ) de R A 5t BRAE SCHE R AL
R 414 Bk 145.49 MPa (X [i]). 134.1 MPa (Y |f]). 64.07 MPa (Z []), %
25 BE S AR LR BN T AN A AR IR

R DL 3 5> B
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N

P15-19 M EE MRS x. y. z IESZIRS 5D o A
Figure 5-19  Stress distribution of sinusoidal vibration analysis in x, y and z directions from
top to bottom
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BERLIR B -t B G220 X, s i LR S S5 A 52 g . 3%
TR AT Bt _E AT RENLAR Sh A, BEJE LU RIFER 0.02, finzk 45444 1e
SPO FMFHLVE A E H LIRS IS Az, BRI 5-9. [FFEHFRATE e5—ik
WS IPIBA . DREERS REH ZR AP 5-20 JIT 7R, AL Ay A AMRIRTHE, FH
WERIMERE. Bl Ay Rl Ay BRIGAIE, B0 dBloct, THEMTREREIER. S K
i, B PSD, By g¥/Hz, p 5 S WG (5-10) 148, H
Ht Sy M FHE S T S B e i R DR A, f A fo SRR . S
25 58 B M LR 38 414l 35 5-10.

%59 BIPLYRZhIA%E A

Table 5-9 Random vibration test conditions

WG (H 2) BER Usdlee
DAL (°/Hz) Il (¢°/Hz)
10~100 + 3dB/oct + 3dB/oct
100~600 0.2 0.08
600~2000 -9dB/oct -9dB/oct
YR i 12.81 grms 8.1grms
i} [¥] 2 min 1 min
J il X.Y. Z X.Y. Z
PSD
(g?/Hz) Y

|
|
A, 1A,
|
|

' : X
Jo T fi /2 AH2)

Bl 5-20 i ik n Bl

Figure 5-20 Schematic Diagram of Power Spectral Density Curve

fob
S = Sy (5-10)
0
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#¢5-10 £ Workbench iy A )% e Bt BL B A5 5 1

Table 5-10  Certification-Level random vibration test conditions input in workbench

PR (Hz) I G*/(Hz)
10 2.02%x 1072
100 0.2
600 0.2
2000 55x 1073

BENLRSh 2T G 2R AN 5-21 s, G528 DA 3o JETHER . TRE SRk SCH A7
BN K, 4518 765.78 MPa (X [a]). 550.96 MPa (Y |f]). 293.47 MPa (Z
n]) , LAMEEE 0, KGRI ESENTR, EXBAENIIRARKR, &
b Bt AR AR S BB LB A Y 7

A B BT 2 R IR G IE ARG 454 1 4 H TRIAR 205 52 A1 R 7y
&, I F A H B MR SN ERE N AT . AR E Je M ZT7 % R
SEGTBIT TR, AR BRI . Bisde. ZRADEIMH S hiedok, &
ZEVEBCTT R ASCR] DR BRI 75K o ARG HTXS T AR S5, FROTIRIE T
R S RO H A PERE R 2, 8 704 i AR AP RO PERE , 63 1 60%
SIC/AVVEO S B R B AARE , NS B T4 A (AR SE BET5 T A WU A 1
B WAL X AR AT 0 BRI, AT AR 5 B SR S 1Y
J1ZEVERE, TSR R S S R BEAE 40~45 mm I, A] DA HRPLTL A
FERATE, [FINPRIEZSHRIEE . S5 G, ARFEIE—2R A IR s
RV BRSO, IR ALE . SEMHELE . PesEnbt i ARSI R
HPESE, FHRHI BRI T 4 G A
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Figure 5-21
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Fo6E 2HERSHEIMCEHERMNERS EHR

& HAR RS S ETE (BT a0 FR AR T 1000, 3 ALY b TG 352
ARICTEWRHTT R, FIATEI RGP M I E AR5 0TS . otk
FAELTER 2 D BRI TV SDEIR, HE 18~30 nm P BRIG A IR S . N
T IR E b AWETE, AR 555 = HUA e CMOS S0 85311
TR RS, H S MEIMEIR R GEVT R AT A I E AR R S8 fJa LTS
TEMA B A, JPREIEIIL, 52 e Bam A B A .

6.1 B/HIENPRMEINEIRT R

L RE AR R G LTRSS IR 4 H TR AME i SO, ANl 6-1
I o RSN AU BHA AN SR SN ST 5 i SCRR 2 2 B 5 00 B4 H ki
IR SR — 8, T A pkgE . uBeh . LA RIS R AL A
W by TR R EAE A T AT, B ERYERAE 107 Pa DUF . Ry T HRIEFE
FLAS HP PR PRI AR RS, ATl BB T AR SE AR, SR AT RN 25 s
R TR W BT % . R T H AR Jesaoofh 5 M R 25 2
Sb, WOMICE TAHREER. mE. HA . fR SRS

WA CIE R 8L 4= H i B MO Aok E
GAS A
| | Gl
L EUV ! ‘i | ———————— N

| b 5
v L a0 2
............................... s

WS

p s
&ﬁiiﬁ!ﬂ i

Pl 6-1 Kl b )i 587 R e

Figure 6-1 Schematic Testing and calibration Scheme

E LA E TR RS T (DPP) fRESMETE, HaaE LIkt
AR RGE LA IR R, TARER SIS, T AMIRE TR/, e
/NT 0.04 nm, W] T ARE BEHUDCHE 0 HER I B UARSE nT R R
FOMEL, BORTLEMAE 20~120 nm, AT T2 BAKE RS (Vigil etal., 2021),
R T BRIE BE VRS T 2 A ] AR IR e b, sS4 H AR 2y
MBI B E R . R SRAD IR A AR, VLR B 227 R GEA
MIAICIR . BERS T2 DL LA AR TN 755K
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6.2 HIESR A SIELZIT

TR e A BT T R AN 6-2 s, R 75 MEGS-A R BI ALY
Tes i . KBRS BRAEDE | 223 i B8 A DB BRAE IR 20 vl WYEHN L1 A1 R
LIANCZS[E S0 1 R B R & DA AR DN N1 s e WS e TR A Wi DE 731 IE: e 5 9/ i
R GRS A . BRI T W T )5 B A, bR IO
NHETEDEE R B O . SR A EE M RUE T RN 5 SN S Y B %
BRIAZ LR BEC MBS B MO Y8, FE SR T HEE AR BER A, S
THCEIMBESPERER . MGG FIeE, SEME TSGR AERE > Pt
DAL . FATET MM ZHIE, XA St T e 74 .

CMOS
PRI 25

Pel 6-2 K M b DG SOE Y B i I R

Figure 6-2 Schematic Optical design scheme of the testing and calibration system.

(1] T A 5% B ' A 05 A i S A G T BB 20 4R 43 A SR iR B A IR 1R 22 1
HE, fH L P RESRPIFR/MEE (Rl TR RFEReEkit, £
BARAL D SRR M S RO 45 S5 oS E T RS RGiE
IHERAD G LEN , RGP LB 2R LRSS
WEREBAGE . A, BHE. G AkRR, JuE T REREERST RIS
TCIFRIAIRT L R R . RERDCERTT TR ZE R B 262 (2-24) . BRIEDE
M rmEELAN (2-26). BRIEAX (2-29) FILEEARL (4-1).

TSR R L A i@ (2-24), (2-26), (2-29) K (4-1) [HL5
GAE . RIE (2-26) , BEmEH il Ze a2t 2 A SRR SR K A
R, R SRS R L GRS . A, @A by, by F by =AM
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LBESET DA INEHS R A5 2, TR TGS/ #E% (Kita et al., 1983; f2%
Yk &= 2012),

WAE RS EIUREAT DRl AR . BOm 2 % FE AR 2 phot
o] A RER T R G RIS PR . AT AR i BR T AR 2R BE A, 1%
JEME AT TR, HllR 4R R = 5649 mm, =AML REL by, by
F by 43K =20, 4.558 x 107, —1.184 x 10*, Yol rproofi & 2 46 %5 & 4 1200
I/mm(Kita et al., 1983), JGHHR S} 50 (FEHEZIZEF71A) %30 mm, B2 SEHE O
(LI 237 mm, AT 870 (HIRfh 3°) , HEMA IO 5 MA L
AT, RN BIVA L) HE ELEE B0 235 mm(Koike et al., 2000), HOGHE RS 15
2| 18 nm FIfTHI AR 77.696°, 30 nm BT AR 74287, FETHIAL A YCEE 55 R
14.86 mm, T3S 20500 R ~F 13x13 mm, B SZ7 I0-E 4 0) 2e 2B A T AL 3
A IR AT .

FEREAL A IS BRI T A S PR, b2 RO g %
SIPERIE . A FR SR &l 25 A 5IE) GSENSE 2020BSI sCMOS #$#% ,
ZIRAF 2RI T SUTRI A S /MG 80 H (Bai et al., 2023). % CMOS #£
M5 2048 x 2048, 25T R/ 6.5 um x6.5 um, HRERAEERE, FATRE
3R RN I/ NRERE G, Bipkastg B/ 0F S 3 MR EA e . B IE
FZIEMA ORI 1, PRAEM SERE 22 /00 19.5 um A BEARIEYGIE A TTBRE FE
o A E R AE DL R 20 umy, ZEAE G R RAF R R, ik on T PR pesgat 55
G HER TR S5 4h, RN TR i BEALE AT B AnfE SRR R, 39
Pt m BEA RT3 R A GIE &, WPk s BT In) HEA TG 0% 8 A nT AR
fENE L, PRBaEm ) E T S mm, & MEGS-A 1) 2.5 f5. 3 6-1 {415t T
AL 45 T RE S 4K

RTIRAFRE I E bR R G EFERE, BT R 61 sS4, AT
SHADOW VUI Y4B i 51 8 PP Al % 2 48 i 6% 4> #E% (del Rio et al., 2011b).,
FEXTH bR B 18~30 nm, £:7% SDO/EVE bR /7 52, BB =4
HL B2k He 11 24.303 nm, He 11 25.632 nm fil He 11 30.378 nm, FH%} 50 & FLiX BN
0.5 :1: 3, FREETIE MG A 367, mT 34" MATEK, Pessm B iy
PGS PRI OLB E A 3.43°, %A% a EOYCHEZI 2605 1 A6 BE R <1k 46.7 mm,
16 THT 43 PR S PR 3 S8k /NS Bl x 0 -0.6656~0.6656 cm, y: -0.6656~0.6656 cm,
Wy TR  FTDASRAS AN RIS LT x 7 T SR, R e SRR B S PR R
REBCE R 2048 AR SR AR RIS AR A B E B 5000 HRFEHLGHRTE
BRIMZRE GO, S5 BIUZS R AR 6-3 frn, T EEMEBEEE R,
ARG R I 2 . ML S5 R AT AR B =4 4k 54 iR 0.03149
nm, 0.02925 nm 1 0.03147 nm, XJ M OGiE A 772, 876, 965, KR HM
TAIZAZ 2 BESGHERT sSCMOS HR30 25 A e Ay 58, A LA A1 B 7 2
A DA E PR RO PR, B SIS A FEER A E AR TR K
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% 6-1 K bs RG-S E
Table 6-1 Schematic Optical parameters of the systom

EXS R 24 Bl
Wnr ®36
WK G /nm 18~30
Mg R ~F/(mmxmm) 0.020x5
et 5 #2242 R/mm 5649
228 9% B /(line-mm ™ ") 1200
AR B b, =20, by = 4.558 x 10%, b, = 1.184 x 10*
RTFHIR m +1
NS al 87
st pr 75.44 (25.63nm)
A r,/mm 237
H S ry/mm 235
B2 S8 PRI )N 2048 x 2048
50 R 5F/(um X pm) 6.5%6.5
g 25.63 nm E
B 4. f/ 3037nm |
o A l E

T T T T T T T T T T T T T T T T T T T T T T

L1

JIII!I‘!I‘IIIIIIIIlIIIIIII.<ILI“I}IJI\IL

-0.6 =4 -0.2 0.0 ¢z 0.4 0.8

x (cm)

Pl 6-3 3£ T SHADOW VUI 2kt bk rF Badthit) i% R 4¢ 18 ~ 30 nm WLk MR, 5k
MR HIE 24.3nm, 25.63nm Fi1 30.37nm
Figure 6-3 Schematic The simulated spectral resolution in 18 ~ 30 nm of the system using
SHADOW ray tracing software. The corresponding spectrum from left to right are
24.3nm, 25.63nm, and 30.37nm, respectively.
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6.3 HBTETALIZERR 2 G il

M TSI E AR RGBT NI 6-4 B, AREE. UM, RIS 2 ]
WAL ES R, BAZ R ESE 2 KEERE. R MEBE K]
AU T RGBS 4 H AR BERIERAL, T2 e - SeHe:
R (e el B IR C R A TR AL . SEHHER (B S 45
1) BEE . JREIEET S sCMOS FINUE R AL, PR 28 SME ST RO <
Wi, HAEAE R A AP AT A PRSSNP4 3 Hh
e BT BAE LA TR

AL
CMOS Fillz &=
(A

2 ARAT

EN RS

P 64 KxMiz b RSt e}

Figure 6-4 Schematic Structural design of the testing and calibration system.

SIS R AR 2 A e S PR A ST A ARG, 7
FUAS PSRN, 38 o SRk S5 A Rl SR 0 5 (52 BN T AR A i e i o HE R A 5%
SMIETE . AT f t el UMM R R Al e A i a5 A Bt B T
R BEORIUE . SR AT S Al o SR P U A sSCMOS S5 25 AU 4y S5 A4 2 A T
TR, DM TR SR PR A SRR A H S A AR A 5, SRRl A S5 T ST 4
R 7GR EEA G R

6.3.1 IREIIMCIRARGIZIT

D BIRAT B FI IR TR AR, 3Ry 10 Pa Z2dy, MDGEE R4 EAEH
SIEEH, IR ESERRT 107 Pa, I SMEIR S5 GRS 2 7 AE
100 fHY s 22 . M2 Tkl ALl AR iy, HIEZIAAER 2 Bk
MBI, HIFHRBROT B0 RE, APRYEFAR RSG5 e A . HR
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el R RS AP 2%, 2003; 5KZR-F, 2007).

Pl 6-5 BB AR R G I

Figure 6-5 Schematic Schematic diagram of the extreme ultraviolet light source system.

HIRARG R INE 6-5 FiR . Z0 2GS EMESZ4 . LM
TRCHR/ ML B SR A S s, 220 IR T B S, nPRREEA R
(RFSeE . 220 E —E RSFRGESL, @ L AR A,
5 WA AR HE A AR I 2% S AR A AT BB . YEVRS YEis SOR W & B8
FHRMMES, Y BB % & HiCube 80 FRZH 3K, MOBHE 14 I
Ml ISO100 Ay ELZS 12 CIMELZS , A REhH L) 25.96 Lis. 225 RS0 B2 FE Al 2
7.5L/s (6.11), BHIE TBASHSTIIREAE 10 Pafi, 225 RGEH MM ELSS
HT 3% 1077 Pa, JR] I GO F AR SR
6.32 RiTEMEt

Serihiz i it

e 4 H i LS SR AZ O e, e R R IR R A
TR, HALSE MR TR R R 5T . AR EM R E2- 2505 B AR B
P, B EME AR 6-6 FT. Mt (AP E & PUAS CF63 ¥k 2286811, 41
BISIEIRCMEEE R . R g ik . Bk B AR A R, H— 10
GBS . SR 22 5 TE 24 H0R A CF150 Y2254, B
TR G 5L B AR 2 b, TR 25442 1SO100 #: 0, HTFhE =S,

WA EMHER S, 58 5% B ASC LA LO E . SEL T 6
FE R anE 6-6 FRiIfiE . AN AR 87°, RIBEM R, THEHREK
18~30 nm ATl 77.696°~74.287°,

BT ASGARBEXEIER LT AR o, MASHER MR, S BEYGH
Hr O A S A TN TR Y . S LR TRR, FRATH E MR BN LAY
FEMHE AT AN 6-FT7R o x. y [ PR W] 38 o L3 I T ok Ui, Pl
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Pl 6-6 ST 1A D Pl

Figure 6-6 Schematic Grating vacuum cavity (top view)

o A HIEHE B I B AR 52, DA I 2= [ FLAL A TiR2E.
P AR R AT 253 AT M x .y mieie e, SPEDGIZIZenyin TiR2E. O
Mt B AN TR 22 S e A e 2B 1 25 (Suematsu et al., 2019). fif ] H 2%
Fe G SEHCINE 2 BHOTERE , IR e A B, AR G 82 b TAETT i
REAS TR M 25 . 2 Iy Il A v BE VA1 W] 66 0.1 mm JEEf I E 7, #MEE
MRS AR R T 5 == 4 SR B | A RF 254k

BRI R G- et e i1 v v

W5 A VR 2R G R (Al ok e i s AR 4, R s ik R AN YA 22 B
ATAE 3° BT A RARIE 870 AS A, ZAEERIN TiRZE £0.1°, FREERUEN 7%
BAEFAR R E 20 RGN, Pesdr— &0 Bl N v AT TIESE R, 556
L TR TAT o WAL TR A O A C O B A B e s R K, PRIEAS
Bk 237 mm, 1 Li%RZE +£0.1 mm,

PeAESERE N TR R 2 pm, PRa% 55 O 4400 Ye2r BRI, e
FroeBER 10.5 um, JEEEI A 0.03 mm, FTH T X R AEAR 2 il 37
Pl BRAERIAPELR 304 REEN, B THEESPMN, Sl st ERmAEL
.

BEMIZS 255 - e bt e 8 v v

PRI s Ol AT v SO TR, AR ARIIE L N A8 5h £10 mm, YoM LA
A B A G 21.506 mm, ARYEIESUEF SRR . RIS EOEE % (13 mm)
WBE NI/ (36.5 mm) ., SEiHEAE KN (63 mm) 25560
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P 67 ol it e

Figure 6-7 Schematic Structural design of the grating adjustment

B, AT CHER AG S DG AR EREA RS 170°, I TiRZER-1° ~ 0%, I
FEAS RT 5 0 TRS BE RERS PRUESRI A8 rT U B TER - 11~31 nmo FR A%
PRESFIBETT T2 2% TR ST I A AN BE DAL LB ASOMIA I 28 A 1) v 1)
B, RIS R E S B A . SCMOS it i M B BBk A . 2 SIS
TRV B S B SRS AL o

6.4 SIEDPERREIN RS ERR
6.4.1 SEEFETAMEEE MK

IEIE N 12 ik A

RGN0 k8 TR, SRR 150 nm, BG4 15 mm, fE
AEAMEIAT L . 20 FRSF 05 S A4 RO A I = R B « FRATEE K F )
S EON HAF L R T T, 1SR E S A L anE 6-8 Frow, A R
TE 18~30 nm 3 Bl N B 1L %8 26%~50% .

JEHIHT SR A

Fethess 7 EUA I H AR B EEM, SBSTHE, e — AT EReE N
2% ~ 5% , HOFEEZIFEDHPT SR8 E -7 TRTHCE R, SEeTT R
AR—F, TR RRTHRCE R 6-9 BN,
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. o
RRRNRRRRRRRRRN LRRE
il il

Transmittar

avelength (nm

Pel 6-8 Al B8 i ik 40K &4 2R
Figure 6-8 Schematic The result of the transmittance of the Al film filter

Shimadzu 30-002 grating 5—2Cnm 12001/ mm
T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T 1
.08
.08

.04

.02

Absclute diffraction efficiency

[0 P E I T B SR BT

15 Z0 25 a0 35
Wavelsngth {nm}

L]
.
Ll

Pel 6-9 SJebir St R SR
Figure 6-9 Schematic The result of the grating diffraction efficiency
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6.4.2 TS MEHRF G5 L

& H RV ERE ST E PR R ST M 6-10 FroR . RGERYAEIH 120K
ABOCKFA B G . Je R & — it . Ed FH et
T BRgE . SEHDERRCE 2, RINBRRASTENAS A AT e iRy
ML 18], e RS IERER T sSCMOS MALALEMIAZ, B S E A
A PSS ERR A& (He) MBI UA, ATRATAS 18~30 nm fyAR 5
SIS

Pl 6-10 i £ 2 b R e S el

Figure 6-10 Schematic Diagram of the ground testing and calibration system

6.4.3 RESNCEMAEIRS SR HIBLIBT EZHR

Lok 5B BRIAR LA, ARG T He UA R EDGIE KIS, 4
B 6-12a) s, 250 BRI A GHERR GRS , AR 60 s KBRS LARE
TIMES, XS AR A BT, B S R A 2, 8
B EDGIE R R B A B3, I IRATER MR i B Ak B 07 ok 52 i )
fEMELE, HTEIGLOGIE R . T4 H AR AN, Pede A w2
PEE NS E ARSI, 2 6-12 a) RIS AR esE = OR
[F47) JCREEE—8, WA BREE )y AT B i e B mo G R L

BEXPA BAR AL, FROTER T 30N BE A A -

1) KEADGEMEZ Wil g, Z0ENEREGSRRE 1%, KRR
R REEARL Z50m, G52RILIE 6-12b), M Al i 73 B = 4% He ML BTG . 1K
WEZHEWNAE. ASHCERAATFCLRAANAL K R . He H Bk 4500
1 SDO-EVE W K EFREERE, AIHATER] 6-15b) WA ALK N Hen
24.303 nm. He 11 25.632 nm DA % He 1 30.378 nm,
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Pl 6-11 Mt 45 e s ZR e o A

Figure 6-11 Schematic Assembling process of the ground testing and calibration system

2) WHIFFAIE R 6-12b) Bl G PR, IMRER, BERR. IRBRELER
SETT ) B NN RS EREE S A0 : FRATI BT A BRI A T SRR R BRI 1E
BB IAIMRER . R R e P EDE RS I IR, IR 2 (E I B R LA
RN BURAAC R S E R HE, FEKT BIER S B0OAE A SRR, FFiX
B8 U EL RN BRI L

3) RAEIE 6-12 b) SR EI MR, FAFRIEATRI RS B ) = U0k
FAREAATIBR R, DA R TR0 B G 7 HEAR I S0 .

XTI AE , FRATTIT 3 HeaE B T7 1) B i 2048 1706, 1534
HEFEHARL, 2R M0E 6-13 Pivn . SISO E—FrRpLiE CREm) E
XFECRIL, G YT R M IS e e L R 2R T

A 6-2 4 H B B3R S JE AL Sl it 28 15 ki o) Wi

Table 6-2 Schematic Measured spectral lines and spectral resolution from the instrument

LR He 124.303 nm He 1125.632 nm He 11 30.378 nm
FeiE S HE% (FWHM)/ nm 0.0326 0.0325 0.0351
b G pa s ZN| 745 788 865

FIH BRI A RIS (S52k), HRNGEETE, BRI tns 9
SR [ EIE A AR 45T, 455 132 6-2, He 11 24.303 nm. He 11 25.632 nm DL J%
He 11 30.378 nm = 25154 SCMDGIE 73 BEA G537k 745, 788, 865, H{iEZER
FAR—2L.

ARG RN b T SE G S I R, SR A A B T A B AR b
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Pl 6-12 JBRPENLAR IR IR . a) BURIEIG: b) W55 He WGk
Figure 6-12 Schematic The Helium spectrogram measured from the instrument . (a) Raw

spectrogram; (b) Spectrogram obtained by subtracting the dark field

100
(a) One raw 50 - (b?z —'—ll\fia;m'ed
80 —— Integrated spectrum . e
04 &, Ad= 0.0325 nm Hell /
o 60 1 > R | 30.37 nm
h— h—1 30 4
172) I [
= et Wordlen sit fum)
= C g 204 .\ Hell
04 He ll v 25.63nm
10 24.30 nm iy
0 4
0
—20 T T L] L] T T
20 22 24 26 28 30 20 22 24 26 28 30
Wavelength (nm) Wavelength (nm)

Pl 6-13 a) WiHEIEG—1TRDE (ADEgk) Sa&minmpeit (Hligk) fxrte b) FlH&

MJGEREVEROEIE A ERER . NI, S A a R, Wk
He 11 25.632 nm %2k ki as, AREIREF5 A0 0.0325 nm
Figure 6-13 Schematic (a) Comparison between the dark field corrected spectrum extracted
from one raw (thin dashed line) and slit-integrated spectrum (thick solid line). (b)

Calculating the spectral resolution from the slit-integration spectrum. The dash-dot
line represents the measured spectra, the solid lines are the Gaussian fitting result of
these spectral lines. The inset figure shows the zoom-in result of He 11 25.632 nm line,

with a spectral resolution of 0.0325 nm.
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PEHETTLI PRI 8 o it B ) A PR 5 24 R TT LG B 7 42—, HLA4 H TR
IR AN AL B BT R Bede DN, FIRTH RO T A bR s, TR
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