®51% %5 7H/2024 F£ 4 B/HREH,

el HE LR AR R AN TR ) 7 A DG % B A B 52 2 e

1,2 1,2¢
T RE
R E R BE Y AT ST, AU SRR A E ST S PG, dEsT 1001905
SRR R SRR A, TR ARSE 523808

WE RPN ANDEIR T2 0 T T 8 D E RS, JF HLTE BT RR G 2 A R0 S O AR A T R B
(BN NCR TR S bR W s o A R TR SN AN S s R N B A i L AR ol R o
o AR A SR A SR Y 7 A AR LR A 58 A1 S TR N T Y 23 BERE D O Ak, O R BT v B AR A B A OB IR Y R

KEEIR ALt BV mUaE; BURSMDEIR

MESES 0437 XEIREE A

1 5 7

FI 1987 4F A ATTE Uk B v s i e 5 AR
5 A U OGO TR K i Ot
TRE B SR L TR T B ) S RS U 2 B T
PO BB BTz N T A 2
AR BT o AR E Tz sl B R R A T
W 1) 3 B - A 20 BEOL B BE 3 BRI e R
FEOL T AR R (1 fs=10 " s) 54
JGUE L AT LA S I ORE A A5 A R AR RUEE R LT gl
J1oF PR AR o HE— 20 M, Bl AT X BT AR
(1as=10 " s) RUEE T PR 3l 77 2 38 fb o 7 0 48 2= 0
fELE T BT AR R S WO 1 o il 100 B 7R AR (e V)
PR B 5835 BT AR O I, AATTE X 1 BE 5 o - i
B AR B AT T IRARE T . M JLAR R/
K B B BE L 1 B AR G IR AT LLHE — B R
F [ f) SN AR ROM R SR T I B T is AR R
B OO AL S R B R BRI RN OGS A A
Bl o 7 AR 7 BRI T B, nlLLSE B 8] g B AT G i
5 D A S B AR B S R AR AT X T B A i ] R
R R B B R R AR AN il
oAU R A2 O PR R LA AR AS AT AF A g Al L A
AHe 5 AT g AR B B S AN BT RR O IR A R
T oA TR K R Y TR N, AT A S SRR g3 B R Y
BRI AR o X G AR T AT 5 AR T A
R JUA k2% (Hz) 2 1T 8 2% 19 %8 £k 98 B 58 41 Ol
AL, ) JH AT S0 LA X A A 45 4 ' 22 0 K T AT
BB o ARG 3 O U 7E A B A B G e i)

DOI: 10.3788/CJL231498

PN 2 I S RS O 1 M L, R et g A 2230 )
TR (A SR AN TR AT SE I BRI AR
A S5 BT A T A W SR AR IR EAT T A T AT 5 K
18, A SR AT ER S I BATFD B[] 43 L 40 K 25 (6] 4 B 1 A
JBERAR

4> HE G B F R 1% (ARPES) 52 30 76 TF 58 A1 B i
HL - 45 44 77 TR LA IhRE 19 3l i 4 BERE T, e R Ak
PR E MR F R —" 7E ARPES L5, MR}
HY LT B e IR SR A S R A TR AR S B
T AT A WA o FE 2 AR L PO R A B
ARPES A 89 B Kk A, LA AR - i o 45 ¥4 BF 58 10
PO, Ml T OB A 4> #F ARPES (Tr-ARPES) B9 &
JET L Tr-ARPES 454 1T ARPES Al P ifos AR
o o A S VR A 5 R BRER S K b . — SR S £ A Tk
AR R S K R R SR B AR S L S — e
PRI FEL 45 4 B B 58 A bk b o 33 A A PR Jbk o o B 3
SRR e AT A B TR AE R AT LS Sk e G R
ZIEATI

Tr-ARPES H fifi F #4 3 21 4h - 18 58 78 6 U5 nl LA 3
FARZe Mt 2= 0N 77 AR A0 St 2 A AR T i AR R AL
B 3 iR AT LARE R 75 S M A TR R A K o, F
FL AT R A 97 T e i SE B i RE R R e BER L AR
T, AR 3 vk 7 A B 0 fok b o 7 BB R R N T
7 eV, S B B X A W EE % N T 0.81 AL R
DL A HLYK X 3 BT ) H A A ) i O 4
JB B B B . A T SE BT R A LUK X
Y, AT TR T R RO N ORI ORI
A A ER AR AT LA R B 5 A R Bl A G

Wi BEH. 2023-12-11; fEEBH: 2024-01-17; RABH. 2024-02-05; MEBH X HE: 2024-02-20
HEE£WMB: FRAKBEIS (92150103, 61690221) . b FE Rl 24 B fa ag S7 353 ml A 5% 40 580 & 4F H1 AR (YSBR-059)

BEIEE . zhaokun@iphy.ac.cn

0701002-1


https://dx.doi.org/10.3788/CJL231498
mailto:E-mail:zhaokun@iphy.ac.cn
mailto:E-mail:zhaokun@iphy.ac.cn

®E 5145 £ 7H/2024 £ 4 B/HRE#N

EENXE R EIE

B AR AR A, 8 O (B AT DL gk
— A S P RTE S AR AN (XUV )RR . B F
SR T R 5% A0 ik v 2 3 MR ) TR B iR B
T-RE &, b — 2 i 7 25 ] DUR) H — 22 i 3 Y
6T R4S, AT H I XUV IR FE Tr-ARPES 52586 &
P EEAER

AR SCFE T S Il ot vy 52 000 23 K 2 O N vy 0
R YOS B P AR i, 2R IS far S B A R AN
) s T O 3 RN R D R A 58 AR RER 1 o HE R AR . I
Je B R A 2R A TR B At i O R B R ok o
CRIEY S YIS R Ya Ly SE
2 TR U B 3K SO

1o U I 7R 7= 2B AT DA 2 28 ML) = 20 1 A0 AT 3
LM — R O ik o R S SR R L R
Hh ) S S o R A S R O Dk P R B i 2
Ao AT IR EIRE S B U T B B S R B B Bl Ok
R BT N 108~10" W/em™™ . BT, W3 K
5 HL - I AR SO S gl B, AT T B A 2% [l 3
REREMEE . e T B E A BB, Hi 75
A8 A T L B RE 5 L MO F BhBE 77 AR 1 AR B R Ah
X IR S i B R U U R A o IR SO ik o AR
Y 1 R T U0 IOk v AR 3 3 B R AR O IR 43 ST A OGS
BBV O X R 10 B8 3 R IR Bl OGO T g
AT RO . eI — A v YOS D ik A 1 S ]
e %) BT e Bk v 20, A Ay BT fik v e G ] o Sy BIR B
6 Rk A 2 G R

B 58 A0 U B Y 43 57 % RE L il Pk
TE AR U U, AT — A R A L R R R
A LA EIE . BHar, ol i A F Tr-ARPES (1)
7% 28 e A 5R A 6 R I O o T e R R
Y 5 ) &, K RORD IO 8 14 E AT M 3 R ik e
e B T A R L H 1985 A W K ik wb i ok
(CPA)H A )t LAk, &k 52 A 306 B 0% 15 1 R 15
TR B AT, ko g8 /N T 30 fs 19 Bk
AR BTz N R U e B ST BT R i = A
S BRI A OGRSk o BB i 0T LA E) 1 m)
PLE 3l T3R8 G AE M A W A Y A0 S7 B AP
ik w9 B A0 R AN R 1~10 kHz'™ 3T SE AR
AT R R A WO R R
82N R AN TR ) P R I T F9E . Chiang %6 fifi
FHA B BB 5 A SOG4 5 DK Sl o 1% 35 42 401 R 4 T 3
4 MHz, 4380 TR g s . s WA HER
3R 50~100 kHz B9 8K 5 A OB 8% 7= A8 = YO % 19
HaE

AR T8 T A HOGE  C e O HA WAL
POk, JF B4R BB, D T IS S AR o R B R
AR IR s PR, 2014 4E |, Rothhardt 25
DL O A AT AL BB T HEWMFE RN

150 kHz 9 7K % 9 B i 28 4856 IR . [A) 4F Hadrich %1
i FHCEF BOGAS 45 G DU I AH T 6 5, i 8 = MR
600 kHz ik g 1 R 150 wJ ik v 58 FE R 29 fs (9 9K 35
6, 345 T % 1 & 1k 310" photon/s BY 1 Y IO
PR o AR A AT E — 250 9K Sl 0O 1 B A R R T 2
10.7 MHz *', 2016 4F , Miuiller 25" i F /\ B& A0 T & h{
AT T IR ad 1 kW R oOeH . i H AT R
WO B BEE X IR B 43K T 10 kW L B 1
2019 4E LA , AMITHE Tr-ARPES Ji F v 3% 3k i FH 5k 52
A OGRS P A R B, O G R T 10 kHZ T,
I Tr-ARPES £k (1) 58 & 4> 9% LG5 5] 150 meV.,
Puppin % W AE 2019 4F i 5 & 4 2% R 500 kHz
1) 3 T B DL LR BG4 1L S 5 R O R (OPCPA)
JEUR ARG T RER R N 121 meV G Tl B 2%
10" photon/s(FE B iy b I 1 % 73 &, R R AY B 9% 5
YO P GRS R TR R OO IR IE N
A F Tr-ARPES. [f]4F , Mills 25 i Fj 8 2 WK Ny
60 MHz . B bk #h g 1 & 200 nJ 1938 BOG L 80O% 25 L 1
B CRD B s (SEC) , 15 8] T fig it 0 % 22 meV .
J6 7l &5 S 10" photon/s B PR 2% 5 IR IO IR .
2023 4F , Csizmadia %" {ifi F 1 & 4 % 100 kHz | ik
s RN 6 s G EF O E S TRE R RN
120 meV F G HE AT I8 355 o B 65 DS OB IR . [RI4E
Wang 45" fifi 51 52 41 % 0 400 kHz ., K 48 J5 ik b 58 BE
Sk 25 fs I CLF BOE IR, 3-8 T RER /0 HEFE R 96 meV
B D' T T 9T I PR R R I OB UR | O ik )
210" photon/s.

E YR WOL W E 2R L A AZ KA
K55 CASE) B 52, 7= Az () Jik i 356 O 25 B AIC 32 bk o
B WAL Ty 330 T LA B T A b sk Sy 35 il 114 4 [T 25 3%
7 DU RE B8 (1 ) 458 oA A7 PP 000 235 4 A 008 v 1Y) D (L T
R A [ A BOE R MO O 2 5 i BAR Y 7
RIKFEOE . 20154, Emaury &5 ] 8 52 4508 N
2.4 MHz 038 9= 37 4% 8 Bk o 58 B2 N 870 fs JE 2t &
45 % 108 fs DLy A fm S I, A5 3 7O i & o 5X
10" photon/s By 28 4Pt , B I SE L T4 H] AV R 3
B B UGE . 2014 4F , Lorek 257 i 4> [
ARl B #E 100 kHz 8 508 NS08 7% 73l
i iy 4.4X10" photon/s [ /& YOI B T . 2020 4F Yb
42 [ 25 BOC % P46 0 T Tr-ARPES H 4%, Liu 257
fifi 5 & 00 % 0 150 kHz | Jik v 58 2 SR 280 fs | P ik v
fefE R 133 pI A TR EERELM MBI (YD: KGW)
R A B R BOE R AR T RERE S HER R 21.5 meV |
67 i B 2.5X 10° photon/s A4 24 By 5 YOI B 6 IR .
Cucini % i 51 & S5 2K R 200 kHz  Jik 58 A 250 fs Y
OPCPA B , B fg & 70 FF R 4 T+ £ 19 meV., Lee
AUV FHEET Yh: KGW Y 5 42 4 % 250 kHz |, Jbk 58
h 190 fs B 3O %% , 8 2o H = 4549 0K 8 3845 Lk ik,
HE— 2K PR AR SR AN Y R B A R P T 2 16 meV .

0701002-2



®E 5145 £ 7H/2024 £ 4 B/HRE#N

=R X E R BLR IR

2022 4F , Guo %" i F 5 & 45 % 250 kHz | Jbk i 5
F 461 s 3 T BELZBAMA(Yb: YAG) ) 4 [ 2%
WOGHR RS T REE 2 HER N 9~18 meV 1Y i Ik I
XS HOE B 2R 4 KRR U UK 3 Tr-ARPES 9 iz £ fig
EOPER T RSN IR ) K B AT
SR S T R SR O R LR IR g
kg Bl ) 4 7 2 SOG4 RN R D RO R oG AR R R R
FERET W,

7 % T T B2 TG 1% | Ik TE A 2R A BT Rl R (% B
TR 25 O % 27 0, ) 7 2 ) 48 08t . 4% A 57 (CEP)
o 1 20 ) 01O 7 AR e R I R BT A Bk b T A
WE 2 W WO i Y B G . O T8 B i R
CEP B & 1y /0 Ji 10t 5 28 w5 8 5 00 Ik 1 4 I 3
% e K HXT CEP 2 M /NW LR 2% . eS| K|
FH R BT AR CEP i foe M, H i K it
P B IR A, DYl T e R MR HL CEP
FE B O CR A% o R OE S 8 R W S B A,
ME LA S 3R /D R Bk b 9 0K, 75 A R sk 2 ok
SR B R AS TR G5 43 R AT 20 BB L 35 B 4
DR R EOE R B RS . B R, 2R T R IR 5
T B 25 A0 B FD ok ob P AR B 2 R IREE o 2013 4F
Krebs 2 fifi Fi /b J& 01 8k 52 41 Fh F J5 R0 2% OPCPA
SR L5 R T B R N 600 kHz ik G R 6.6 s
CEP f& a2 09 3K sh 0 , JF 3k — 2B 3k 43 7 XUV i 4k
T, X R R A BT RD bk o v BE A 338 as. 2017 4,
Furch 2" fdi ] 7 22 OPCPA 1y CEP %4 5& 1Y ik i 9%
Bk 7 fs BOOG TR, 7F 100 kHz 318 35 F 4615 7 bk vh 98
R 160 as B 917 Bl B0 ik w2 5 Al AT Sk &5 SR 4R T
% 130 as A 47, ot F il i 15 F T 10° photon/pulse'™ .
2018 4, Harth 45" {fi Jil 8k 52 A 4R 3% #% , 28 3 W 42
OPCPA J5 13 2| # & Jil 2y 200 kHz . ik b 58 & K
6.1 fs . CEP %2 09 9K 8l 30 , 3845 17 2D Bl &0 ik b 17
FIC IRk i — S TR AR TR R
Mikaelsson %"/ FI| 1 4% w1 T 42 45 R A 48 A Bl Bb o
LLBLA YT/ B T ST A
M AR F RO AR EMF G, BHATe A kHz &
AR IK PO C 2B 5 T Pk AE R N 1 m ik
B8 7 s CEP R a2 B $8 A5 , A MK ] T8 i ) 5 ik o
Ay &

3 OB E s A

e 2 AN G TR A T, i ARPES il 5, 75 5 — o
SO HR GRS o BE S R 0 PR AR &
S G Bl BB R & S AR R A B R Y BE T 45
F05 B o A A B o PR RE 1 H 7 0 BT 2 2 0 B A A
HE P K Sl H o, DT A B RE S A B S A BB 254
Xif AR B 2R W R AR B TR ik e S A
Ko WG, 02 o S B TR) PN R R T R
JEHL T o RO AHELAE FRE A R ™ E G T Bl e o A

3 i Rl L SR T G VA S B A Nl TR i S VA 0B
Wi, 5 AR AR5 3l e AN AR S LR N — & ik
whEIT RO DR R R R A IR SO
Az e TR A MG TR o e AR R R U IR 1
A OR R I8 R 4 e DL SR R UG Ik L
P A R R B O Y Bk el A, BT
D)7 B o R RE IR T A YO B
M58 3R A B PO AR B 4 T X AR /DN 58 21 BT 75 19
AH AL DG T 45 124t R X PRI X, PRT Ot v o0 520 001 46 1 OO Ui
BB B s AR ™0 O T R R e T R R U U A
HoFa o, AMTRE T & Fhcdt 5 vk . W A
PERT T Tr-ARPES B i YO PG IR, L i M ™ 4
FEFE 1 prs, Hirp SHG R %58, THG R =
543
8T 3 5 B4 19 7 VR O Ak R A UOR = UG
W7 A AR A DCTE A5 1 R B R L R R IR Y
AL FEE i LR =000 1 - B Gouy A4V 512 Y
RS E LT KB (Ake,,,) , BT F1E B F 5 AR
A yierion ) R 58 5 A0 SR 1) 188 AR AH 57 51 A B 2 T T30
(A ) o TE 1R U B 7= A2 S50 v 3 7 23
PE A VR R X8 0 SO, S B A A DE A& . R D
Ak B4 AR S DG LA 0] R
Pk’
p ZthwéA@(l—?y/m)’ b
A p HAALVTEL SR ;A N IRENOE I K 5 0, HE A
BE B SCBE A2 5 po R B HE KSR 5 AS Sy B AT A g IR
WU I Ry W B R B TR
o R e BT A AL R B, M P K
820 nm i, AH 43 VT it <, 7 Bifi 45 i AR AR fe an gl 17
FE 7R o
A DL Y Bl AR 2 A2 B s/ 0s | R A7 D FE T 55 1
REBE R . R R & YO I A BT IR S OB Y
ik w8 5k AR X AR, T A R A RS R
Ty 2R SO A DS B S B — 8 A4 15 s ik e A B
o RN R LR A LS IR BE R A TSR BE ) [ s
e B A0 R K Bl T A BB A kAR I A ok T Bk
fif o Puppin 8877 A AR mE I RN AR A1 R X 3K )
WO 1 R D I HEHF B A BBE 5 Cucini 5 TR
A I W R B 5 5 Ojeda %5 (i A7 A3 7K ¥ 25 40 1)
R (gas cell) &5 4, A FH 4 i 25 49 52 1 BICE RN L 28
oo
XF T Tr-ARPES f H , 980 /NIK 20 I K2 3 <
A F T A R R R A v A SO A TR 7
PRI (e R R U U 7 A e AR AR SR U
W B = A Ay i B TR U R R 1) 7 A AR e
8 Bl ok i e R 40 - B, AR 5 0 ik ol i) e o A2 0 R K
BlOG AT LB 25 5 35 3] 185 YR 7 A T i 1) U {1 T R
RS AT A QUL ) B I = I la o <

0701002-3



®E 5145 £ 7H/2024 £ 4 B/HRE#N

=ik

F 1 AN U PO R Y 3 e TR
Table 1 Summary of fluxes of typical high-harmonic light sources

Ref Pulse energy Pulse Repetition Photon flux Scheme for higher conversion Gas target t
< of driving laser duration /fs  rate /kHz at sample efficiency 7as target ype
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' 800 nm photon energy of 36.3 eV 400 mm
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785 nm photon energy of 32.6 eV 600 mm
300 pJ @ 110’ photon/s @ central . .
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[55] 1000 pJ @ 6 100 2.8X10" photon/s @ central ~ Focusing with focal length of Water cooled
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67 uJ @ 2.5%X10° photon/s @ central . .
59 5 > s 3as
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. 29 pJ @ 610" photon/s @ central N . . Gas jet +
[60] 515 nm 290 200 photon energy of 16.9 eV SHG + tight focusing separation chamber
[62] 88 uJ @ 161 950 710" photon/s @ central THG + annular beam + Gas jet + counter
343 nm ’ photon energy of 25.3 eV tight focusing nozzle
[56] 12 4] @ 95 400 2> 10" photon/s @ central Post compression+two-color  Gas jet + counter
515 nm photon energy of 21.6 eV field +-tight focusing nozzle
. 10 pJ @ 210" photon/s @ central o Gas jet + counter
= [ OP 3 N
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0.33 pJ @ 10" photon/s @ central .
- : 2 < .
[54] 1045 nm 120 60000 photon energy of 25 eV SEC Gas jet
10000 Wl T S AR AE MIHz LA Y R T 503 8 U DO TR
5 =l T PR S SR A 7 R AT G e
= NN \ N =
‘> 1000 ; SR AR Ay B TN K 5 R B AR R iR R S R 1 o
o
2 e Hoeh SRR R 5 52 PR T Tr-ARPES
o . . . . . .
& 100 ; W . Mills % fff i 74200 % 0 60 MHz B9 )6 27 #%
o
£ v ot i B R 1 5 K, 78O 738 B 1K F)) 10" photon/s 1Y
3] 7=0.97, _ SN . . "
g 105 [A] B, B A Jok it BT 5 1) 016 7 BN 21 2000, 1 X o
% 5 o 3 o DN e BT 5 ) o R A R AN B A BRI IR
]
AR y RN T N
| 11E6 s - s et A D A 3R Bl IO 77 A B B R ik e, DAL Ok T Rl

beam radius [m]

BT 3R E) G 4 S 820 nm I 55 17 B i85 I I8 X 1L fr) AH 43z T
e A
Fig. 1 Phase matching pressure corresponding to 17th order
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Wang 45 i X5 3 e & bk b )5 46 73 80 17 H A
Tr-ARPES H i I i 1% fe = 0t 38 5 o K hg i .
/b JE) B B R 1 B R A RO A T LAk e R A
AT TT ) FH 356 401 9K ) 6 SFe 3R A58 va0 14 1R RO D 7 A K
R H AR MHz DL b B B 2 U U AL
BRGS0y AR T — A = R
g e LAk ) B R RS D 7 AR T A 9 Bk v e

JH e Bk e B /D JR I % 3R sl O A DR ARG 68 1Y
U PO T
4 BEfRDEIRIT

A 5 A1 w85 U R G IR T 5 58 I AN RE ke /D B8
AEOETEAL . Dy T A AR TG DL AR s U
e, DL A o] o0 i 25 W RO % 45 X BE R AT AT
fiF, 75 2 HLA o SR AR 0O HL & 4 B oA
TE ) 727 W5 B9 3T - PR D S 6 o, 7 2 RE AR 2y e A
[ 7 9% 8 7 #8 B5Leg 1 " QORD R 2R A1 DB IR i BT AR
AR T8 B AN B UK Y v U D, S I RE A 0 R A 5 4
I/ N B G ASCAE R B TR 8 . D6 RE R nI R A B 56
SIEIRTT LATERE i B9 PR Tr 1) BE SR - E 2
A HLIH X, fF ARPES 45 JRUAS i) — 4 GE 45 I 2 9 i %)

0701002-4



®E 5145 £ 7H/2024 £ 4 B/HRE#N

SN XTI L ST B A B A TR R
AL B D RE

AL T8 M A TR B T ARPES 52K 4815 =
fiE 20 3, 1 S BXORG 20 REHE S5 A I . H R
B PR I ARPES SRk, Hir # R 23T 1 me V™,
BEH P HEF N 1~10 meV 19 ARPES % £k fiE 1% 52 B )
R 207 S RB 9 e AR VRS S 1 B I, Ry b RL 2 F
FE 1 2 ] 0 QUL 2o 8 4 J8 — i I Ak 9 b H T 25 X
ARG AL F MR B AR H faf % BE U (CDW)
AR H 4B 2 ot 25 28 B 1 i S R R B L T X e
RE B 4 FE A SR A GTR B TS HORE I ok AT SR A
RO H A

DL 1R A 2 W R R R B S ARPES 1l LU R
AIF 5% A 7 00 B 3T %) BB Ay 45 44 B2 A0 Bt 2% A an R 4 Xt
Hpysgm . oA T HF5E 0 B AR 454 S T3l

SR E o B B AT I ) SR B R Y ARPES . Tr-

ARPES 78 ARPES (5L iy I im A T 252 3 -8 I 455 e
S TR 58 A IR AR SR I T I R A R R T
JeH . BT B — o REPEOLE A RO, T
PR AT TR R B T . SRS ARPES r
B B MG IR AN [R], Tr-ARPES B9 1% 28 41 42 38 O Al
D AR I S = K b v FE AR CRD R EE A A K i
I, Tr-ARPES F7 i FH A9 45 48 41 TR AR sk 1k 31 # 2
ARPES Y& U8 (% &5 & . H AT, Tr-ARPES # 4k A
| 1 fie 7 BE & 4> RN 16 meV, H Xt R (% 1 1A 43
B Z R 250 5!, Tr-ARPES 7 I 6] 43 3% F1 g 15 45 3%
S ) S BOBC R AT DA R IR B 0 a4, T
Al 12 B Y 2 B0 B — AT AR T v OO I O TR
298 o AT AT S BUASR A5 LA 2 N FE R R T B
SHME IR B e Ak, T I BB R OO O R AR B A
T Nl = a8 = S S = N 7 - = T
5 B

H HI AT 658 A1 6 TR B e Ak 1 O S PR
FET O G B g 43 S R I T 4 R R el 2 2
FEC 2 B A %) G 3 i g H e 3 TS DG
B A — B 8 XCT (X-ray Czerny-Turner) 45
AR e i R A SR AR R B S o ok
Je TS W B Bk R AR 20 Hh S ke 8% B DAk R
Jeo WA B R B B T G | B b B i T
MR A G BE T B ST DA A v R b Bk g
B PR A A S A0 IR DR B T S8 YE B Y O T fE R
Wk A, (H A 2 51 A bk Rl (6T, 3 A A TE L B
AN AT DL I 4 R 1 e /N 2 T B A Ok B4 Bt
[ J B0 Al 4 I e 22 2 I A B mT LAk
B UG U O LT AN &5 AR &9, (A H T
i 2 WA NV 0 D DS A = R 2 e e e
A B UG TR AR B 2R G T RR IR RE B

AT i 25 W WA DI 3 TX € B D T L P 2 i A X R 4

F19 I ] 43 9% 4RI R 4k 43 BER AR L T ARG R SR B
T 5 25 WSO 3% ) P AR 58 A0 By b Jok v £ 4k 7 JB - 18 43
T HE A B T RO B Ok A B B A A LA RO
Pk e S B P A 2 R A 2 TR R e A A e A = (] Y
WG, T A AR 5% A O T B AR A At 2 A TS
R PR Bl S A AR B B S RO T AT R
GG I T ZAR SR AME IR B SEETE , FL [a] 23 B
AT LA B [ BT R g TRl 0 BR AT RE 2% 1R 4
i EOROE TG AL RE 08 X B 58 b 2ot 3% AT 4 B R I
T, AT BEAS SC I i b E 47 3 ) 2 AR . A
TSI T 22 8D 1A e A
TE% 22 B v, — B M 2 220 20 i 3 5 2 D' H AN TR B
KL oA T2 22 1 6 55 28 gl 4R 5% LA
P R TROCIE I, SO H HH T OB IR A s 7 ik
37 5 M D' 1SR B WAL B4 T Ol 1 R AR R By
58 AT AR, 48 A Sy — B [U1 TG 7% 221 2 D il — Bk
B 6 B/ T T R — BT TR 20 2O e A
-3 YA G 1 ASCRT LA S B S RO 3 Y TR e 0 A
3 H ARG R TG M 20 2 B e g AR T 2%
(LT

5 BEHE 0 BE NI 8] 53 3% 3 B
7 F 5 L 5 99 2 LB E 25 0 F D 43 3% A

By T8 g R S o EXF T Tr-ARPES 85 5 22
I AT 19 % R S 0 ok U, A B AR AT 4R A

/|

44

% 725 1) e 1 43 B %, S8 F Tr-ARPES B9 RE 5 43 HE% h
100 meV, B [6] 43 B 3 2 100 fs & 47 Tr-

ARPES 4 & 20 913 (AE) Btk T XUV 1Y 3% 2% 95 )&
(AEywy) 25 [8) L fof 2500 3 A% 9 BE 1 B 58 (AE) Fil
ARPES 43 #r #5 FI BE 5 0 R (AE ypees)'

AE = /AEZy + AE% + AE 2 iprs o (2)
;E\: EP AE/\RPESJ‘E AI%L, /J\ :J: 10 meV E) ﬁ /J\ ﬂ: AP;XUVMYLG21 o /fj‘ii
FHEL AT XUV [ 5 A s fifa U 5 i XUV
LR ve A LR IR N

Af = COSF (3)
(mo.p)As
A, =2 £ As, (4)
mo, p mo, p

A AAF AR 5350 8 F AT 5 4 22 (CDM) FilEg 1 4%
% (OPM) St B B €2 A3 B4 i 8 28 56 5 2 CDM G 1Y
AT £ 5 0 0 OPM G0 [ 58 A £ 5 m M AT 56 IR
o Fl 6,43 58 CDM Fl OPM G it 2 28 55 132 5 p oy H 55
B As i th S AE A OB EER S . CDM At OPM S
M7 7 R a0 5] 2 B R

Grazioli %" A3 BV K R 1.2 m A4 20 2 {UFE
1B 88 A0 1 XUV L BE K /N 9 120 pm, Ojeda %5
J 3 XUV G K /N Ry 57~139 pm, B (6 {3 B fiE &
O3 BEAR PR32 XUV B SR/ S2 MR o B2 7000 52 56

0701002-5



®E 5145 £ 7H/2024 £ 4 B/HRE#N

grating

diffracted
light
incident
light

®) cone with half angle y

cone with half angle vy

K2 et on B E . (a)CDM; (b)) OPM
Fig. 2 Schematics of grating installation””. (a) CDM; (b) OPM

F8 BT 100 2 9 25 () WU ol 230 D't Gl 6 S 2041518 ) B4 ik o
9L JE (A,,,) XUV ZE G 8 Bk o 58 5 (A2, 3 7]

P

At= [ ALy + ALl o (5)

XUV 305 09 bk v 5 BE 52 21 0% U5 26 v ALK 20

A9 bk R 5 A R ), 37 B XUV bk w28 25 G A B Dk e i

1051 25 5 B — A 0 ok ol JR B o AT ke B4 Ik el i i
Al RN N

0.5
Ar~—"|m|IN, (6)
;

s A g Jikom TR 5 ¢ S OB3E; A XUV KN
XUV B G2 i SC M 20 2 . 38w o 1 /N el ok
F8 ok e AT, 5 20/ U 2 A E A 21 2k . OPMOE
W e TG ARAL 3 5 ) FOCAE 2 2 A7 AR S ASS TR H
HECSR 31 ) 20 26 502 e CDM Ja /NS 22, BCH: ok e i
{78 /T COM UG o {H R B OPM S i 8
Sy BRRE J) LA b F) 20 26 % BE 9 CDMOGIE ™ o JE K5
R KA B T RS BT R R A HER Y R R
ACH b 1 XUV R BE B AR 235 XUV 7 A Ak 1 £5 3
FART S TR R K R OR A AT LA N 20 2 8
£ D' M 5 B 5 649 23 DG ORI 1] % B A 2
PN o REIE B AP Y Bk 22 | R 28 RVR TS A B
AR I 2% xF B ASCrh /Y A8 iR BT KOt M E AT R Al
TR
BB XUV e ik e e i Sl AL 285 Ay v 38 A
W XUV % 26 58 B FIER I 5'6 ik v G 325 21 1Y 5 4 P A
PRy
AE v X Aty = 1825 meV « s, (7)
SR, R T B G ASORE fok i JR 98 1 S W), SE PR Y Tr-
ARPES R i 5 21X — PG BR o [R] i, B A9 3% 2k
J3E BRI S K T8 23 X i U I BB O 4 K
7 4K 2 PO — e 284 23 6 5 A Bt 8, IR g 2

XoF SR O 0 Tk BE 7 AR B o ECAR S P A S R S 5
%E B 1Y RE i 5> HE A 5 B R o> HE R A e B R=AE X Az
A Sy F5 0 1R TG R 2 4 P RE A0 4 R R A S AR R b
53 TR S U %) M BEFE A 5] 3 TR .

1000
[ J
e ¢ [52]
Y g]
[60]
¢~ fsEC P
[61] m~[54] X2 . .
o S N //00 toroidal grating
~ 621 RN Y, 9 7148
& Ya Q> 0
5 100 5,0« ZBNN -7 OH150]
RSN Stwo-slit ¥
~
M two—stag\e‘
~ OPM [55]
~
v (B3] @
i . S M9
@ filter/mirror =3 b [47]
B0 CDM monochromator * S
90 OPM monochromator O[5l
10 4 -
10 100 1000

AE /meV
B3 LM AMDE IR PERE , 25 D AR 0 R SR E 1Y XUV £
P o1 B AR | S0 BRSO R Y XUV 258 th IR

B 5
Fig. 3 Performances of pump-probe light sources in which
hollow marks indicate that XUV linewidth of
experimental device is determined by monochromator,
and solid marks indicate that XUV linewidth of device is

determined by light source itself

00 EEL T o0 S A 2R R D G IR, T LA Bt
N0 4 A4 0 RE 9 25, (ELE LA S AL R it 3l g 2 R 1
G — B Aol T 4 s B 5 0 ' A T R €8 450 30 PR o 3
P o AEX BB, XUV ARG 1 2k 58 A 8 o 5 4L
VAT TR L R U B RO IR AR B e o A
il B AR BT AR, ol T OB A HR kR B e 4
BRI A1, L RE R 2 B AU VRARAR 6 2

0701002-6



®E 5145 £ 7H/2024 £ 4 B/HRE#N

EENXE R EIR

JE AR A OPM St A B AT 5 A2 75 3k, e s [ J 0 >
50~100 s ik — 2 2w XUV 6T 6E I8 1 %
SR, AT DA 4 J B A AR O, o 303 SR B S U 1 B
B, LR (] R 58 AT DL ZME AN T A AR B G U DOl
T 5 K ok ol % 3K S O 7 A i e T AR K koo
1) O D 1 ) SR A, AR 1 R0 %6 b 7 A v RS U,
6 Tl — i HAE 10° photon/s B2 ¢ IR H, B
SR LI XUV G U8 28 T8 F1 K v AT LA 422 3 e B b 28 46 1
FEL, {EL3K 2 5 ok v AR 95, 5 08 T 19 2 T ' ik o 4 22
] 4 B e A LR G RE AR 25 . O TR HLLR
AERE T R AW WO RS X T IR SO R A
A i 1 b B A A AR R R K Bl ot e
Tl A% 1 Jok o B 2 A R AT AR 2R M R 4, X X OB R R
M THREER, 7P ERMEH S — GG
o6, 5 UK Sh OB IR A R VR A SO 80N SO E
R 3R vk 2 N R GE M 2R B H 0] LA Ak
b AR T2 I I G TR Y 25 A MR

0] 26 R T 43 9 1) 2 3l RO U5, AT DA R B
BFIE] P A9 3 g 2 ik B (EUME DL LR (R RE 4, — it
SR & B AR s db g i T e i R
BRI XUV B B (6 42 e, BTC 75 B8 2 5 P RE
e B BRI E ET R BK XUV ORI 3K 3l 06
J S Tk o O O 2R A I R) A FRRE L i L2 Bk
W) TRAD O T 2 S R AT K R R AR 5O ik ol 4
Ja TR 25 A PR e RE E 0T LUE I XUV 26 58 Fl ik 56
B HE PR 1825 meV « s,

RE & 43 B B T R0 B[R] 4 % 6 7 X5 4 1 2R T ROl
T LS ik o TR O AR S B 2l o' T L A Tk e
XUV, {H 55 B2 [ i 45 51 XUV (1948 55, PR 1 75 24 ] o
oA e i A BER . R SR AR B R Y BB )
PR T EOCMEA L8 ) 2 2% B X R A ok T
& Bk e AT . AR OPMOEME EE CDM Sl i fik b
AT B /0N L AT AN B8 A 25 3 4 00 ' Y 2 A5 55 v 1Y) 25
A RE S — A N ' A R B4 bk i 9 .
Wang &5 ) T bk o A 0 A 25 R) 40 A 4 M 76 B T
IR B LI Jk B, C DM G A Jhk e i 465 45 IR
il 40 fs, BRI 45 B R WY o FH RO 48 45 14 1 6% 3115
E AR B P 4% B A 1 SR 25 R . Csizmadia 8
Wit T MW E OPM @ {U G %, 5f—E 0
AR XUV LT, 58 & o AMEE
M R 4 ok A . X AR AT RLLAF 58 A O
R B R R R L O 4 fso AR IRl Bk o
A0 92 i) T 58 00 7 B A AP Ol 38 o, (H bk b 0K B
He 75 5 7 A v ) i RS H A R i
i B = ] LA # 10" photon/s™ . PR JH H: 38 0 20
JE AT DA 32 0, A a4 i Tk ol R A A 2R AR A BE
B e 1 R[] 43 B RE 0 ¥ 00 = 25 1k BE A R
JEIR

SR Z T R S 0 B e A BRI E R R &

Ji) B A ey e AR AR P 4R OR
Ekin
o ° Q- S A
®
- © = Eq 1
_ -] _ e o - Ej 1
t21ns = )
i - i Intensity

b el
. 90}’ : E; i

Intensity

v O

+
n" C
+
+

+

Pl 4 5 T T S 50 e £ 4 T e e 500

Fig. 4 Space charge effect in pump-probe experiment”

MURFNE R XUV Pk R SR L, S e
NS N A R G . G R ESIEH S
fiff o U AL AR AR R T, 3 O L B RE Y R TE L R A A
PR A 22, IRl B, B AL 5% BR A IE FR far 38 23 X L P
WG ER, S ERE R 2245 R IR . ks
[i) F, i 2850 17 11%) A 5 B il v R R 1 XUV Ol
P8, AR PR R 38 1 R AR A B0 T 3 B XUV ik i
FIrAL B BT SR, RIS 5 42 45 %8 75 5] 100 kHz
DL b BATS SR 25 A 2 DA S5 36 445 SR 7 A ] Jb 52 ) 114 25
JF1) R f 255 7 T R BR A XUV 6 R B 6 3
H il & A VF 2 BF 55 X5 25 (i) B g 280 g F 47 1 A R 3
S OO0 LI o R A R B T TR A SR R
0/ SRS LT B2 /N 87 AN A1 8 4 Nl LS RS 1 QA
BRI k22— H I KA O BE 2 R 2 T B AL 56
{50 He B T %, PRI Tr-ARPES FE & &b 19 56 B K
ANEBHE I E 100 pum A2 A7

X T LB 15 2 W S 15 Sk A 3R Y BT D i 2
FH 22 0 R I 52 56 1 Tr-ARPES % K FDH 45 Ah 3 o7
WA AN o 8 BTRD B 2 WSO 5% oh 208 S8 AE N

0701002-7



=R X E BRI

®E 5145 £ 7H/2024 £ 4 B/HRE#N

TG, XUV BT ARk i V5 BRI o 21 51 i 3 5% < Ak
AT PR A XUV 38 i SR 2 1, Homgoiot i
AL Bt RE AR B T I AR R O A 4T A
He R XUV fikip 2 [ 247 09, 58] 2 3R 3
YT XUV Bk vp 58 52, o] DIk 21 3 Bl Fb i 9 Bl 70 9k
A WG T 5L 58 X XUV G iY 4077 #4700 2, B e
AERE Y R AR S22 B XUV Jikoih 58 FE 114 R, 35 22 ik
FOCREAL AR %8 . XUV G RE A 37 6
FEIEAX, X XUV S5 4T 436 I 05 43 A 4 — 2 R
B XUV 50 2% &, 7 6 i9 ot 5% 38 B 575 2288 55
XUV Jik o B 0 04 6 3% Y0 Bl o e B, XUV 635 9 43 BL
FRIE (dA/da) R R eil 56 B (L) 5848 B A2 (D)1
Bl o ATHE XUV B 28304 5 A 53 Fk 5050 10 KN R
18] G 34 38 3 AR (MCP) /85 6 B i B AR 43 ¥ 950 (d) 24
25 pm" T X AR ALY o W AT LA E] 13 pm
WG B S 3 S % K 43 B SR 0T ORI 3R 7R O Ads=d X
L/D™M o SRIMFE S BRI o, eI B 43 3 th XUV
FEBESC/IN HEM 25 04 25 18] 43 B 68 0 LA B mT U o't Ha £
G (CCD) 1 %5 [ 43 ¥t 5 77 W] He i, 3% S8 PR 28 i
KBEAR T O3 AT fE 3k B A9 43 FE A BR L R
XUV # i F0 A S 18 0 S , S 3 XUV OB BE K
ANEHARAR BT LG CCD KR SF 2856 B A% 21/ R
S ES L 40 Wang 55 R 2R G8  1TE £5 5
T 10 meV M HLIE B & 0 PR (0 F LR N &, LR
rHER HLBEIRE) 60 meV . UK B KT | 25 a4y B
R 2R A1 0 28 2 45 5 BT R0 ' % 2 F 5 0 e K R 1)
HEFB.

6 B4 EE

ATy B 3 R 18 TR 3R B oM~ I8 P ) A e o A 5
SIOETRSR I T A ER o il an, BABUE £ S i
28O0 WA o B AR R O o AR OS2 B
B H AT E R AE YL A B B IR B M
F1 i U B T T i R R I I U 7 T )
PEF 78 b k4 R AR T H AT XUV R R R
A B B0 T R i B P TR A DO RS AR
P AN AN K S B T B SR S G TR A 7 4 T )
fiki b 34 200 B4 S i AT VR R R, BT A 2 ROy vkl
DA S B v U B0 0 35 9RO, O 2 iR
(OPA) 3K 2l 5 5 A6 TG g 5 AR B s b
e E A BT AR B i B L R
A BUB AR R R 28 AL i T 2 0
Z— e HOR TREE R AL, 5 ANl SR A
TAEG AR LA B 4R T, BORE % S8 B ok
e ) IS () AR 20 Bk o O T A B S AP OL R R AR
AN T BT E R AE 1 MHz DAL i 5 5 00 KR
PO A S v U Y SR Bl I 38 5 B BUE UK SO Y
SR A B 8 AR R AR O TR AR S R g
i 1 S B S B 5 A e B RS A ek xSk

%5 1 Bk HE G BE AR SR AMOR IR B T 3 — W
K.

HETAMTC XTSRRI TIRA WK E,
XF R0 VB T8 7 A DA B R () R 4 T A SR Rk 1
R HIEAT TR 5E . WA TR I & R i1
Tr-ARPES £ £ 52 | Bl B0 Ik 245 W e o 33 A I 1l ki 1%
SGARE) TR o ROR Y T AR R 5 A R
I 5 7 O 3l DL K% MHz LA b Y 3 A R )
R Bh2E GATRE 38 5K B 5 % T A8 R R0 K 5 1 B
O AR . X XUV 1 2R 58 bk 58 55 A 45 45 2>
A T 00 TR R 8 T S UHT IR 6 24 e i X B R
282 fiE Bk LRI PR ST O 2 B e gE L DT 5 45
Bl S5HE RN KRR

2 £ X #

[1]  McPherson A, Gibson G, Jara H, et al. Studies of multiphoton
production of vacuum-ultraviolet radiation in the rare gases[J].
Journal of the Optical Society of America B, 1987, 4(4): 595-601.

[2]  Ferray M, L’ Huillier A, Li X F, et al. Multiple-harmonic
conversion of 1064 nm radiation in rare gases[J]. Journal of Physics
B: Atomic Molecular Physics, 1988, 21(3): .31-1.35.

[3] Veéniard V, Taieb R, Maquet A. Phase dependence of (N+1)-
color (N>>1) ir-uv photoionization of atoms with higher harmonics
[J]. Physical Review A, 1996, 54(1): 721-728.

[4] Nisoli M, Sansone G. New frontiers in attosecond sciencelJ].
Progress in Quantum Electronics, 2009, 33(1): 17-59.

[6] Ttatani J, Levesque J, Zeidler D, et al. Tomographic imaging of
molecular orbitals[J]. Nature, 2004, 432(7019): 867-871.

[6] Cavalieri A L, Miller N, Uphues T, et al. Attosecond
spectroscopy in condensed matter[J]. Nature, 2007, 449(7165):
1029-1032.

[7]  Haarlammert T, Zacharias H. Application of high harmonic
radiation in surface science[J]. Current Opinion in Solid State and
Materials Science, 2009, 13(1/2): 13-27.

[8] Cheng Y, Chini M, Wang X W, et al. Reconstruction of an
excited-state molecular wave packet with attosecond transient
absorption spectroscopy[J]. Physical Review A, 2016, 94(2):
023403.

[9] Chen S H, Bell M J, Beck A R, et al. Light-induced states in
attosecond transient absorption spectra of laser-dressed helium[J].
Physical Review A, 2012, 86(6): 063408.

[10]  Wang X W, Chini M, Cheng Y, et al. In situ calibration of an
extreme ultraviolet spectrometer for attosecond transient
absorption experiments[J]. Applied Optics, 2013, 52(3): 323-329.

[11] Saito N, Sannohe H, Ishii N, et al. Real-time observation of
electronic, vibrational, and rotational dynamics in nitric oxide with
attosecond soft X-ray pulses at 400 eV[J]. Optica, 2019, 6(12):
1542-1546.

[12]  Saito N, Douguet N, Sannohe H, et al. Attosecond electronic
dynamics of core-excited states of N,O in the soft X-ray region[J].
Physical Review Research, 2021, 3(4): 043222.

[13]  Pertot Y, Schmidt C, Matthews M, et al. Time-resolved X-ray
absorption spectroscopy with a water window high-harmonic source
[J]. Science, 2017, 355(6322): 264-267.

[14]  Chew A, Douguet N, Cariker C, et al. Attosecond transient
absorption spectrum of argon at the L, , edge[J]. Physical Review
A, 2018, 97(3): 031407.

[15] Buades B, Picon A, Berger E, et al. Attosecond state-resolved
carrier motion in quantum materials probed by soft X-ray XANES
[J]. Applied Physics Reviews, 2021, 8(1): 011408.

[16] Mikaelsson S, Vogelsang J, Guo C, et al. A high-repetition rate

0701002-8



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[33]

[34]

[35]

=R X E R BLR IR

attosecond light source for time-resolved coincidence spectroscopy
[J]. Nanophotonics, 2020, 10(1): 424.

Ravasio A, Gauthier D, Maia F R N C, et al. Single-shot
diffractive imaging with a table-top femtosecond soft X-ray laser-
harmonics source[J]. Physical Review Letters, 2009, 103(2):
028104.

Vu Le H, Ba Dinh K, Hannaford P, et al. High resolution
coherent diffractive imaging with a table-top extreme ultraviolet
source[J]. Journal of Applied Physics, 2014, 116(17): 173104.
Rupp D, Monserud N, Langbehn B, et al. Coherent diffractive
imaging of single helium nanodroplets with a high harmonic
generation source[J]. Nature Communications, 2017, 8(1): 493.
Zirch M, Rothhardt J, Hadrich S, et al. Real-time and sub-
wavelength ultrafast coherent diffraction imaging in the extreme
ultraviolet[J]. Scientific Reports, 2014, 4: 7356.

Huijts J, Fernandez S, Gauthier D, et al. Broadband coherent
diffractive imaging[J]. Nature Photonics, 2020, 14: 618-622.

Chen F M, Wang J, Pan M J, et al. Time-resolved ARPES with
tunable 12-21.6 eV XUV at 400 kHz repetition rate[J]. Review of
Scientific Instruments, 2023, 94(4): 043905.

Carpene E, Mancini E, Dallera C, et al. A versatile apparatus for
time-resolved photoemission spectroscopy via femtosecond pump-
probe experiments[J]. The Review of Scientific Instruments,
2009, 80(5): 055101.

Smallwood C L, Jozwiak C, Zhang W T, et al. An ultrafast angle-
resolved photoemission apparatus for measuring complex materials
[7]. The Review of Scientific Instruments, 2012, 83(12): 123904.
Boschini F, Hedayat H, Dallera C, et al. An innovative Yb-based
ultrafast deep ultraviolet source for time-resolved photoemission
experiments[J]. The Review of Scientific Instruments, 2014, 85
(12): 123903.

Yan C H, Green E, Fukumori R, et al. An integrated quantum
material testbed with multi-resolution photoemission spectroscopy
[J]. Review of Scientific Instruments, 2021, 92(11): 113907.

Karni O, Barré E, Pareek V, et al. Structure of the Moiré exciton
captured by imaging its electron and hole[J]. Nature, 2022, 603
(7900): 247-252.

Zhou X J, He S L, Liu G D, et al. New developments in laser-
based photoemission spectroscopy and its scientific applications: a
key issues review[J]. Reports on Progress in Physics, 2018, 81(6):
062101.

Corkum P B. Plasma perspective on strong field multiphoton
ionization[J]. Physical Review Letters, 1993, 71(13): 1994-1997.
Klaiber M, Hatsagortsyan K Z, Keitel C H. Fully relativistic laser-
induced ionization and recollision processes[J]. Physical Review A,
2007, 75(6): 063413.

Strickland D, Mourou G. Compression of amplified chirped optical
pulses[J]. Optics Communications, 1985, 56(3): 219-221.

HBEEL O R B R RO 2 R DR 2 (], R
2019, 64(14): 1433-1440.

Zhao K. Laser, chirped pulse amplification, ultrafast optics, and
Nobel Prize in Physics[J]. Chinese Science Bulletin, 2019, 64(14):
1433-1440.

ETRBH, B, YRR, A R EE R U K Bl AR
(7). BHaim iz, 2021, 66(8): 924-939.

Wang G Y, Li R C, XuS'Y, et al. High repetition rate ultrafast
laser technology for driving high-order harmonic generation[J].
Chinese Science Bulletin, 2021, 66(8): 924-939.

Schmidt J, Guggenmos A, Chew S H, et al. Development of a
10 kHz high harmonic source up to 140 eV photon energy for
ultrafast time-, angle-, and phase-resolved photoelectron emission
spectroscopy on  solid targets[J]. The Review of Scientific
Instruments, 2017, 88(8): 083105.

Chiang C T, Blattermann A, Huth M, et al. High-order harmonic
4 MHz as a light
photoemission spectroscopy[J]. Applied Physics Letters, 2012,
101(7): 071116.

generation at source for time-of-flight

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[54]

[56]

0701002-9

®E 5145 £ 7H/2024 £ 4 B/HRE#N

Heyl C M, Giidde J, L’ Huillier A, et al. High-order harmonic
generation with pJ laser pulses at high repetition rates[J]. Journal of
Physics B: Atomic, Molecular and Optical Physics, 2012, 45(7):
074020.

Mourou G, Brocklesby B, Tajima T, et al. The future is fibre
accelerators[J]. Nature Photonics, 2013, 7: 258-261.

Chang W Z, Zhou T, Siiman L. A, et al. Femtosecond pulse
spectral synthesis in coherently-spectrally combined multi-channel

fiber chirped pulse amplifiers[J]. Optics Express, 2013, 21(3):
3897-3910.

Hadrich S, Demmler S,
sub-5-fs pulses with 12 GW peak power from fiber-amplifier-

Rothhardt J, et al. High-repetition-rate

pumped optical parametric chirped-pulse amplification[J]. Optics
Letters, 2011, 36(3): 313-315.

Hadrich S, Klenke A, Hoffmann A, et al. Nonlinear compression
to sub-30-fs, 0.5 mJ pulses at 135 W of average power[J]. Optics
Letters, 2013, 38(19): 3866-3869.

Jauregui C, Limpert J, Tunnermann A. High-power fibre lasers
[J]. Nature Photonics, 2013, 7: 861-867.

Rothhardt J, Hadrich S, Klenke A, et al. 53 W average power
few-cycle fiber laser system generating soft x rays up to the water
windowl[J]. Optics Letters, 2014, 39(17): 5224-5227.

Hadrich S, Klenke A, Rothhardt J, et al. High photon flux table-
top coherent extreme-ultraviolet source[J].
2014, 8:779-783.

Hadrich S, Krebs M, Hoffmann A, et al. Exploring new avenues

Nature Photonics,

in high repetition rate table-top coherent extreme ultraviolet sources
[J]. Light: Science &. Applications, 2015, 4(8): e320.

Miiller M, Kienel M, Klenke A, et al. 1 kW 1 mJ eight-channel
ultrafast fiber laser[J]. Optics Letters, 2016, 41(15): 3439-3442.
Miiller M, Aleshire C, Klenke A, et al. 10.4 kW coherently
combined ultrafast fiber laser[J]. Optics Letters, 2020, 45(11):
3083-3086.
Frassetto F, Froud C A, et al.
monochromator for extreme-ultraviolet ultrashort pulses[J]. Optics
Express, 2011, 19(20): 19169-19181.

Frietsch B, Carley R, Débrich K, et al. A high-order harmonic

Cacho C, Single-grating

generation apparatus for time- and angle-resolved photoelectron
spectroscopy[J]. The Review of Scientific Instruments, 2013, 84
(7): 075106.

Eich S, Stange A, Carr A V, et al. Time- and angle-resolved
photoemission spectroscopy with optimized high-harmonic pulses
using frequency-doubled Ti: Sapphire lasers[J]. Journal of Electron
Spectroscopy and Related Phenomena, 2014, 195: 231-236.

Ojeda J, Arrell C A, Grilj J, et al. Harmonium: a pulse preserving
source of monochromatic extreme ultraviolet (30-110 eV) radiation
for ultrafast photoelectron spectroscopy of liquids[J]. Structural
Dynamics, 2015, 3(2): 023602.

Rohde G, Hendel A, Stange A, et al. Time-resolved ARPES
with sub-15 fs temporal and near Fourier-limited spectral resolution
[J]. Review of Scientific Instruments, 2016, 87(10): 103102.

Nie Z H, Turcu I C E, Li Y, et al. Spin-ARPES EUV beamline
for ultrafast materials research and development[J]. Applied
Sciences, 2019, 9(3): 370.

Puppin M, Deng Y, Nicholson C W, et al. Time- and angle-
resolved photoemission spectroscopy of solids in the extreme
ultraviolet at 500 kHz repetition rate[J]. The Review of Scientific
Instruments, 2019, 90(2): 023104.

Mills A K, Zhdanovich S, Na M X, et al. Cavity-enhanced high
harmonic generation for extreme ultraviolet time- and angle-
resolved photoemission spectroscopy[J]. The Review of Scientific
Instruments, 2019, 90(8): 083001.
Csizmadia T, Filus Z, Grosz T,
ultrashort monochromatized extreme ultraviolet pulses at 100 kHz
[J]. APL Photonics, 2023, 8(5): 056105.

Wang J, Chen F M, Pan M J, et al. High-flux wavelength tunable
XUV source in the 12 — 40.8 eV photon energy range with

et al. Spectrally tunable



[60]

[61]

[62]

[63]

[64]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

=R X E BRI

adjustable energy and time resolution for Tr-ARPES applications
[J]. Optics Express, 2023, 31(6): 9854-9871.

Lorek E, Larsen E W, Heyl C M,
generation using a high-repetition-rate turnkey laser[J]. The
Review of Scientific Instruments, 2014, 85(12): 123106.

Emaury F, Diebold A, Saraceno C J, et al. Compact extreme

et al. High-order harmonic

ultraviolet source at megahertz pulse repetition rate with a low-
noise ultrafast thin-disk laser oscillator[J]. Optica, 2015, 2(11):
980-984.

Liu Y'Y, Beetar ] E, Hosen M M, et al. Extreme ultraviolet time-
and angle-resolved photoemission setup with 21.5 meV resolution
using high-order harmonic generation from a turn-key Yb: KGW
amplifier[J]. The Review of Scientific Instruments, 2020, 91(1):
013102.

Cucini R, Pincelli T, Panaccione G, et al. Coherent narrowband
light source for ultrafast photoelectron spectroscopy in the 17
-31 eV photon energy range[J]. Structural Dynamics, 2020, 7(1):
014303.

Lee C M, Rohwer T, Sie E J, et al. High resolution time- and
angle-resolved photoemission spectroscopy with 11 eV laser pulses
[J]. The Review of Scientific Instruments, 2020, 91(4): 043102.
Guo Q D, Dendzik M, Grubisic-Cabo A, et al. A narrow
bandwidth extreme ultra-violet light source for time- and angle-
resolved photoemission  spectroscopy[J].
2022, 9(2): 024304.

XNZE, AT, B, A PR RO KR T R R
HOrgE ] hE TR, 2020, 22(3): 42-48.

LiulJ, Zeng Z N, Liang X Y, et al. Development trend of ultrafast

Structural Dynamics,

and ultraintense lasers and their scientific application[J]. Strategic
Study of CAE, 2020, 22(3): 42-48.

Krebs M, Hadrich S, Demmler S, et al. Towards isolated
attosecond pulses at megahertz rates[J]. Nature
Photonics, 2013, 7: 555-559.

Furch F J, Witting T, Giree A, et al. CEP-stable few-cycle pulses
with more than 190 pJ of energy at 100 kHz from a noncollinear
optical parametric amplifier[J]. Optics Letters, 2017, 42(13): 2495-
2498.

Witting T, Furch F, Osolodkov M,

characterization of isolated attosecond pulses for coincidence

repetition

et al. Generation and

spectroscopy at 100 kHz repetition rate[J]. Journal of Physics:
Conference Series, 2020, 1412(7): 072031.

Witting T, Osolodkov M, Schell F, et al. Generation and
characterization of isolated attosecond pulses at 100 kHz repetition
rate[J]. Optica, 2022, 9(2): 145-151.

Harth A, Guo C, Cheng Y C, et al. Compact 200 kHz HHG
source driven by a few-cycle OPCPA[J]. Journal of Optics, 2018,
20(1): 014007.

Guo C, Harth A, Carlstrom S, et al. Phase control of attosecond
pulses in a train[J]. Journal of Physics B: Atomic, Molecular and
Optical Physics, 2018, 51(3): 034006.

Cheng Y C, Mikaelsson S, Nandi S, et al
photoionization attosecond

Controlling
using time-slit  interferences[J].
Proceedings of the National Academy of Sciences of the United
States of America, 2020, 117(20): 10727-10732.

Borzsonyi A, Cormier E, Lopez-Martens R, et al. Latest progress
on the few-cycle, high average power lasers of ELI-ALPS[C]//
Ultrafast Optics 2023, March 26-31, 2023, Bariloche, Rio
Negro, Argentina. Washington, DC: Optica Publishing Group,
2023: M4.1.

A S, BhRRRR, BUB 42, A5 BURR G Bk R KOk B T,
o, 2021, 48(5): 0501001.

Wei Z Y, Zhong S Y, He X K, et al. Progresses and trends in
attosecond optics[J]. Chinese Journal of Lasers, 2021, 48(5):
0501001.

Wernet P, Gaudin J, Godehusen K, et al. Femtosecond time-
resolved photoelectron spectroscopy with a vacuum-ultraviolet
photon source based on laser high-order harmonic generation[J].

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

0701002-10

®E 5145 £ 7H/2024 £ 4 B/HRE#N

The Review of Scientific Instruments, 2011, 82(6): 063114.
NiuY, LiuF Y, Liu Y, et al. Pressure-dependent phase matching

for high harmonic generation of Ar and N, in the tight focusing
regime[J]. Optics Communications, 2017, 397: 118-121.
Rothhardt J, Krebs M, Hadrich S, et al. Absorption-limited and
phase-matched high harmonic generation in the tight focusing
regime[J]. New Journal of Physics, 2014, 16(3): 033022.

Colosimo P, Doumy G, Blaga C I, et al. Scaling strong-field
interactions towards the classical limit[J]. Nature Physics, 2008, 4:
386-389.

Lewenstein M, Salieres P, L’ Huillier A. Phase of the atomic
polarization in high-order harmonic generation[J]. Physical Review
A, 1995, 52(6): 4747-4754.

Popmintchev T, Chen M C, Bahabad A, et al. Phase matching of
high harmonic generation in the soft and hard X-ray regions of the
spectrum[J]. Proceedings of the National Academy of Sciences of
the United States of America, 2009, 106(26): 10516-10521.

Paul A, Gibson E A, Zhang X S,
techniques for coherent soft X-ray generation[J]. IEEE Journal of
Quantum Electronics, 2006, 42(1): 14-26.

Filus Z, Ye P, Csizmadia T, et al. Liquid-cooled modular gas cell

et al. Phase-matching

system for high-order harmonic generation using high average
power laser systems[J]. The Review of Scientific Instruments,
2022, 93(7): 073002.

Kim S, Jin J, Kim Y J, et al. High-harmonic generation by
resonant plasmon field enhancement[J]. Nature, 2008, 453(7196):
757-760.

Han S, Kim H, Kim Y W, et al. High-harmonic generation by
field enhanced femtosecond pulses in metal-sapphire nanostructure
[J]. Nature Communications, 2016, 7: 13105.

Zhao J F, Ou H W, Wu G, et al. Evolution of the electronic
structure of 1T-Cu,TiSe,[J]. Physical Review Letters, 2007, 99
(14): 146401.

Liu G D, Wang G L, Zhu Y, et al. Development of a vacuum
ultraviolet laser-based angle-resolved photoemission system with a
superhigh energy resolution better than 1 meV[J]. The Review of
Scientific Instruments, 2008, 79(2): 023105.

Jiang J, Liu Z K, Sun Y, et al. Signature of type-II Weyl
semimetal phase in MoTe,[J]. Nature Communications, 2017, 8:
13973.

Mandal P S, Springholz G, Volobuev V V, et al. Topological
quantum phase transition from mirror to time reversal symmetry
protected topological insulator[J]. Nature Communications, 2017,
8(1): 968.

Zhang Y, Wang C L, Yu L, et al. Electronic evidence of
temperature-induced Lifshitz transition and topological nature in
ZrTe [J]. Nature Communications, 2017, 8: 15512.

Czerny M, Tumer A F. Uber den astigmatismus bei
spiegelspektrometern[J]. Zeitschrift Fir Physik, 1930, 61(11): 792-
797.

Guo Q D, Dendzik M, Berntsen M H, et al. Efficient low-density
grating setup for monochromatization of XUV ultrafast light sources
[J]. Optics Express, 2023, 31(5): 8914-8926.

Loriot V, Quintard L, Karras G, et al. Time-resolved and
spectrally resolved ionization with a single ultrashort XUV-IR
beamline[J]. Journal of the Optical Society of America B, 2018, 35
(4): A67-AT74.

Poletto L, Tondello G, Villoresi P.
spectrometer-monochromator for the extreme-ultraviolet and soft-

Optical design of a

X-ray emission of high-order harmonics[J]. Applied Optics, 2003,
42(31): 6367-6373.

Suzuki C, Koike F, Murakami I, et al. Temperature dependent
EUV spectra of Gd, Th and Dy ions observed in the Large Helical
Device[J]. Journal of Physics B: Atomic, Molecular and Optical
Physics, 2015, 48(14): 144012.

Xu Z, Zhang L, Cheng Y X, et al. An extreme ultraviolet
spectrometer working at 10-130 A for tungsten spectra observation



®E 5145 £ 7H/2024 £ 4 B/HRE#N

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

=R X E R BLR IR

with  high spectral resolution and fast-time response in

Experimental Advanced Superconducting Tokamak[J]. Nuclear
and Methods
Accelerators,  Spectrometers,
Equipment, 2021, 1010: 165545.
Nakano N, Kuroda H, Kita T, et al. Development of a flat-field
grazing-incidence XUV  spectrometer and its application in
picosecond XUV spectroscopy[J]. Applied Optics, 1984, 23(14):
2386-2392.

Peli S, Puntel D, Kopic D, et al. Time-resolved VUV ARPES at
10.8 eV photon energy and MHz repetition rate[J]. Journal of
Electron Spectroscopy and Related Phenomena, 2020, 243: 146978.
Poletto L, Frassetto F. Time-preserving grating monochromators

Instruments in Physics Research Section A:

Detectors and  Associated

for ultrafast extreme-ultraviolet pulses[J]. Applied Optics, 2010,
49(28): 5465-5473.

Poletto L, Miotti P, Frassetto F, et al. Double-configuration
grating monochromator for extreme-ultraviolet ultrafast pulses[J].
Applied Optics, 2014, 53(26): 5879-5888.

Grazioli C, Callegari C, Ciavardini A, et al. CITIUS: an infrared-
extreme ultraviolet light source for fundamental and applied
ultrafast science[J]. The Review of Scientific Instruments, 2014,
85(2): 023104.

Poletto L., Frassetto F. Single-grating monochromators for extreme
-ultraviolet ultrashort pulses[J]. Applied Sciences, 2012, 3(1): 1-
13.

Shvyd’ ko Y. Enhanced X-ray angular dispersion and X-ray
spectrographs with resolving power beyond 10°[J]. Proceedings of
SPIE, 2012, 8502: 85020J.

Biednov M, Brenner G, Dicke B,
aberration-free XUV Raman spectrometer at FLASH[J]. Journal of
Synchrotron Radiation, 2019, 26(1): 18-27.

Koch T L, Bowers J E. Nature of wavelength chirping in directly

et al. Alignment of the

modulated semiconductor lasers[J]. Electronics Letters, 1984, 20
(25/26): 1038-1040.

Huang C Z, Duan S F, Zhang W T. High-resolution time- and
angle-resolved photoemission studies on quantum materials[J].
Quantum Frontiers, 2022, 1(1): 15.

Al-Obaidi R, Wilke M, Borgwardt M, et al
photoelectron spectroscopy of solutions: space-charge effect[J].
New Journal of Physics, 2015, 17(9): 093016.

Hellmann S, Rossnagel K, Marczynski-Bithlow M, et al. Vacuum

Ultrafast

space-charge effects in solid-state photoemission[J].
Review B, 2009, 79(3): 035402.

Long I P, Itchkawitz B S, Kabler M N. Photoelectron
spectroscopy of laser-excited surfaces by synchrotron radiation[J].

Physical

Journal of the Optical Society of America B: Optical Physics,
1996, 13(1): 201-208.

Siwick B J, Dwyer J R, Jordan R E, et al. Ultrafast electron
optics: propagation dynamics of femtosecond electron packets[J].
Journal of Applied Physics, 2002, 92(3): 1643-1648.

Vallerga J V, Siegmund O H W. 2KX2K resolution element
photon counting MCP sensor with =200 kHz event rate capability
[J]. Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 2000, 442(1/2/3): 159-163.

Hague C F, Underwood J H, Avila A, et al. Plane-grating flat-
field soft X-ray spectrometer[J]. Review of Scientific Instruments,
2005, 76(2): 023110.

Schwanda W, Eidmann K, Richardson M C. Characterization of a
flat-field grazing-incidence XUV spectrometer[J]. Journal of X-Ray
Science and Technology, 1993, 4(1): 8-17.

Chini M, Wang H, Zhao B Z, et al. Attosecond absorption
spectroscopy[M] //Yamnouchi K, Midorikawa K. Progress in
ultrafast intense laser science. Springer series in chemical physics.
Heidelberg: Springer, 2013, 104: 135-150.

Betzig E, Patterson G H, Sougrat R, et al. Imaging intracellular
fluorescent proteins at nanometer resolution[J]. Science, 2006, 313

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

0701002-11

(5793): 1642-1645.
Torres J P, Torner L. Twisted photons applications of light with
orbital angular momentum[M]. Weinheim: Wiley-VCH Verlag,
2011.

Willner A E, Huang H, Yan Y, et al. Optical communications
using orbital angular momentum beams[J]. Advances in Optics and
Photonics, 2015, 7(1): 66-106.

Wang B, Tanksalvala M, Zhang Z, et al. Coherent Fourier
scatterometry using orbital angular momentum beams for defect
detection[J]. Optics Express, 2021, 29(3): 3342-3358.
Hernandez-Garcia C, Picon A, San Roman J, et al. Attosecond
extreme ultraviolet vortices from high-order harmonic generation
[J]. Physical Review Letters, 2013, 111(8): 083602.

Gariepy G, Leach J, Kim K T, et al. Creating high-harmonic
beams with controlled orbital angular momentum[J]. Physical
Review Letters, 2014, 113(15): 153901.
Camper A, Auguste T,

Géneaux R, et al. Synthesis and

characterization of attosecond in the extreme
ultraviolet[J]. Nature Communications, 2016, 7: 12583.
Dorney K M, Rego L, Brooks N J, et al. Controlling the

polarization and vortex charge of attosecond high-harmonic beams

light vortices

via simultaneous spin-orbit momentum conservation[J]. Nature
Photonics, 2019, 13: 123-130.

Paufler W, Boning B, Fritzsche S. High harmonic generation with
Laguerre-Gaussian beams[J]. Journal of Optics, 2019, 21(9):
094001.

Rego L, Dorney K M, Brooks N J, et al. Generation of extreme-
ultraviolet beams with time-varying orbital angular momentum[J].
Science, 2019, 364(6447): eaaw9486.

Cho S, Park J H, Hong J, et al. Experimental observation of
hidden berry curvature in inversion-symmetric bulk 2H-WSe,[J].
Physical Review Letters, 2018, 121(18): 186401.

Cho S, Park J H, Huh S, et al. Studying local Berry curvature in
2H-WSe, by circular dichroism photoemission utilizing crystal
mirror plane[J]. Scientific Reports, 2021, 11(1): 1684.

Schiiler M, De Giovannini U, Hiibener H, et al. Local Berry
curvature

signatures in dichroic angle-resolved photoelectron

spectroscopy  from  two-dimensional — materials[J].  Science
Advances, 2020, 6(9): eaay2730.

Comby A, Rajak D, Descamps D, et al. Ultrafast polarization-
tunable monochromatic extreme ultraviolet source at high-
repetition-rate[J]. Journal of Optics, 2022, 24(8): 084003.

Yao J P, Cheng Y, Chen J, et al. Generation of narrow-
bandwidth, tunable, coherent xuv radiation using high-order
harmonic generation[J]. Physical Review A, 2011, 83(3): 033835.
Seres J, Seres E, Serrat C, et al. Spectral shift and split of
harmonic lines in propagation affected high harmonic generation in
a long-interaction gas tube[J]. Atoms, 2023, 11(12): 150.

Shan B, Cavalieri A, Chang Z. Tunable high harmonic generation
with an optical parametric amplifier[J]. Applied Physics B, 2002,
74(1): $23-526.

Tani F, Frosz M H, Travers J C, et al. Continuously wavelength-
tunable high harmonic generation via soliton dynamics[J]. Optics
Letters, 2017, 42(9): 1768-1771.

Campbell C J, Radnaev A G, Kuzmich A. Wigner crystals of
“Th for optical excitation of the nuclear isomer[J]. Physical
Review Letters, 2011, 106(22): 223001.

Berengut J C, Dzuba V A, Flambaum V V, et al. Electron-hole
transitions in multiply charged ions for precision laser spectroscopy
and searching for variations in o[J]. Physical Review Letters,
2011, 106(21): 210802.

AL, XVIE, VELU, A MBS KRR R AR S A
HEJELT]. rEEAE AR, 2020, 69(22): 224203.

Zheng L, Liu H, Wang H B, et al. Generation and research
progress of femtosecond optical frequency combs in extreme
ultraviolet[J]. Acta Physica Sinica, 2020, 69(22): 224203.

R 7, Ye J. Precision stabilization of

Jones Thomann T,



= HEMNE -HEER & 5T% 5 7H1/2024 4 4 B/ EHN

femtosecond lasers to high-finesse optical cavities[J]. Physical frequency combs in the vacuum ultraviolet via high-harmonic
Review A, 2004, 69(5): 051803. generation inside a femtosecond enhancement cavity[J]. Physical
[134] Jones R J, Moll K D, Thorpe M J, et al. Phase-coherent Review Letters, 2005, 94(19): 193201.

Research Progress in Generation and Spectral Technology of
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Abstract

Significance The extreme-ultraviolet high-harmonic light source has attracted significant attention in electron dynamics because of
its strong coherence, short pulse duration, and high photon energy. It has been applied in various spectroscopy and imaging studies.
Using a high repetition rate, high photon flux, narrow linewidth, femtosecond extreme-ultraviolet-light source (1 fs=10"" s) enables
direct observation of conduction band structures and femtosecond-scale electron dynamics in materials. Furthermore, processes such
as electron tunneling and molecular dissociation can be investigated extensively using a broadband attosecond light source. In recent
years, the development of water window spectral-range wide-spectrum attosecond light sources has facilitated the detection of reaction
pathways between molecules and the motion of charge carriers on material surfaces. By applying electron and ion detection
techniques, time-resolved coherent measurements and other attosecond transient spectroscopy studies have been conducted. For
attosecond-scale electron spectroscopy measurements, the number of events in a single-shot measurement is often insufficient,
making low-repetition-rate light sources inadequate for obtaining reliable statistical data. Therefore, it is necessary to use high-
repetition-rate extreme-ultraviolet-light sources.

The efficiency and photon number per pulse of high-repetition-rate high-harmonic generation are significantly lower than those of
low-repetition-rate high-harmonic generation. The single-pulse energy of high-repetition-rate driving lasers is lower than that of low-
repetition-rate driving lasers; therefore, tight focusing is required to achieve the high-intensity field necessary for high harmonic
generation. However, the interaction region of the laser and gas is small during tight focusing, making it relatively difficult to achieve
the required phase-matching conditions. Consequently, the conversion efficiency of high-repetition-rate high-harmonic generation is
low. Various methods have been developed in terms of driving laser, high-harmonic-generation methods, and beamline design to
improve the photon flux of high-repetition-rate high-harmonic generation.

The use of extreme-ultraviolet high-harmonic light sources during experiments requires the presence of a monochromator or
spectrometer. A spectrometer with high acquisition efficiency and high resolution is required to optimize high harmonic generation by
adjusting the interaction configuration and characterize energy level transitions using attosecond transient absorption spectroscopy. In
pump-probe experiments for dynamics research, a femtosecond extreme-ultraviolet-light source with good energy and time resolutions
is required. A monochromator is required to select individual orders of high harmonics, achieving energy resolution control and
minimizing the time broadening caused by the monochromator. Significant efforts have been made in beamline design to use extreme-

ultraviolet high-harmonic-light sources in physics experiments.

Progress Currently, extreme-ultraviolet high-harmonic light sources are advancing towards higher photon fluxes and repetition
rates, which places higher demands on the repetition rate and single-pulse energy of femtosecond lasers. Chiang ez a/. used a long-
cavity titanium sapphire laser to increase the repetition rate of the driving laser to 4 MHz and achieved high harmonic output. In 2015,
Hadrich ez al. used a fiber laser to increase the repetition rate of high harmonics to 10.7 MHz. The highest average power of
femtosecond lasers has now exceeded 10 kW.

The generation and optimization of high harmonics have been ongoing research topics. Using high-performance and high-
repetition-rate lasers with high energy and few-cycle pulse length can prevent tight focusing and achieve high harmonic generation
efficiency using fundamental-frequency-driving light. Csizmadia et a/. directly generated high harmonics using a few-cycle 1030 nm
driver laser with a repetition rate of 100 kHz and obtained a high-photon-flux extreme-ultraviolet-light source. By applying pulse
compression, shorter pulse high-repetition-rate driving light can more easily achieve the peak power density required for high harmonic
generation, thus achieving higher efficiency than long-pulse driving light. Wang es a/. applied dual-color field-assisted pulse
compression to obtain a high-photon-flux extreme-ultraviolet-light source. High-repetition-rate high-harmonic light sources above the
MHz level require field-enhanced methods for generation. Among them, resonant enhancement cavities have been applied to time-
and angle-resolved photoemission spectroscopy (Tr-ARPES) beamlines. Mills ez a/. used a fiber laser with a repetition rate of

60 MHz to obtain a high-photon-flux extreme ultraviolet-light source.
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Monochromators and spectrometers are essential instruments for applying extreme ultraviolet-light sources. Rohde ez a/. used a
metal film as a monochromatizing device while compressing the pump light, and the comprehensive performance of the compressed
light source can approach the Fourier transform limit of extreme ultraviolet (XUV). Wang e/ al. developed an approach to reduce the
pulse front tilt by adding slits at the defocused plane, taking advantage of the spatial distribution characteristics of forward-tilted
pulses. Csizmadia ez al. designed a transmission scheme using two off-plane mount (OPM) monochromators, with the first
monochromator used to adjust the line width of XUV and the second monochromator used to compensate for the pulse front tilt

generated by the grating. This design is used to almost completely compensate for the pulse front tilt generated by the grating.

Conclusions and Prospects High-repetition-rate extreme-ultraviolet-light sources have been widely used in electron dynamics
research and have potential for applications in attosecond spectroscopy and microscopic imaging. These light sources are evolving
towards increased repetition rates, photon fluxes, photon energies, and decreased pulse durations. This review summarizes the
generation and control of high-repetition-rate extreme-ultraviolet-light sources and the optimization of their resolving capability for
applications. Future development trends of such light sources are also discussed.

Key words nonlinear optics; ultrafast optics; high harmonic generation; extreme ultraviolet light source
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