) 3B 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090402

2
i
%
=11+
Jl+

A #E 12
ZRED B

LIRSV EMS B S EN S XIER
31 3¢ 3% 99
B 4y 47 U0

wWENYY AR KD

B & Y D29

1) (PERARE RIS, LR EERE Y E R R, Jbat 100190)
2) (hERE RSP ERL =, JLET 100049)
3) (PHZ i FRHBCRFOH TR B, 1Y% 710071)
4) (HERIME R EA YT 5T0E, )M 510631)
5) (MALMIAFREISESG 3, A5E 523808)

(2026 4F 1 A 26 HE]; 2026 4F 2 A 13 HUEEIMEHHR)

RO 5 M SUAORE B A i O I R AR AR AR O 11 T B IR e U Ik D B
W A3 X T, B AT B ) o B R, R ) 2 B A o B B T BB . RS RSO TE L AR T AT S R SR
R ETOCR. ASCET ALK 1030 nm, 5 &M% 500 kHz, “F-3 3 208 W, kb 58 5 170 s 19 Yb )
FREPOERE, KB R ARG TR R TE 35 2747 eV RIS YR . S250 v R 2 AL ARG 1 B T K B0
SO Ry BRI DL JE RO, 7 A v U U R L 5 IR Sh O A R B D A AR S 34 R IR s O Y
TR L IR E] 1073 g, 0 YO I JE R L . RIS LA T IR Bhiot &t 24 FL BT B G BT 1k
Th AR AR AL, IE WA 33 S PR 1R B A A S 1 o SRR O IR S v Y O 7 A I A A T B, ] 43

AR 52 96 T T .

REEIR: FUGH B, BRI, S, B LB
DOI: 10.7498/aps.75.20260141

1 5 =

FIHT RO IR 3 A B G I 4 (high-
order harmonic generation, HHG) 7] DA A5 4% 8
HNFI XS 2 B R AH T OGIER, I AH TG IR ] R X
HA RPN SR> G IS TR] 3 B, PRI A5
EERSY L MERL S F-orF 3l )2
R RIOLIE, C2rEm W53 A 0Ptk ¥
AE 1Y (time- and angle-resolved photoemission
spectroscopy, Tr-ARPES)!4 | Ba] # ik 25 W Wi o'

CSTR: 32037.14.aps.75.20260141

giid (attosecond transient absorption spectroscopy,
ATAS)OT X BT U4 (coherent diffra-
ction imaging, CDI)® 101 ZEffF 57 Hh A5 ROk 2 ¢
VE. AH R T R UGEso™ R T AR 7,
i KR RE B A RO ORI, T EL R AR
R A 107108, 0K SRR AR T
AR, JLEA—BEAE 100 Hz—10 kHz 4%, T
— i HA W R g (1T e AR 1 B e I
RIS T i v SR - PR DN S 3 R A AR A,
an, w5 FA AT ARPES #0142 [ i 4] 2
I, & m PRME MR L, 554 R AR [H].

*EZRKE SR (S 2022YFA1604200) FIEK A AR 54 (kS 12034020, 62435013) B BIIY IR

t BfE1EH . E-mail: hteng@iphy.ac.cn
T BEfE1E#H. E-mail: hnhan@iphy.ac.cn
1 BIEVE# . E-mail: zywei@iphy.ac.cn

© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

090402-1


http://doi.org/10.7498/aps.75.20260141
https://cstr.cn/32037.14.aps.75.20260141
mailto:hteng@iphy.ac.cn
mailto:hteng@iphy.ac.cn
mailto:hnhan@iphy.ac.cn
mailto:hnhan@iphy.ac.cn
mailto:zywei@iphy.ac.cn
mailto:zywei@iphy.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026)

090402

SEARAT SR HARUR DR S YOI, TR
SR FH e T 258 QBRI Bl O R0 B 5 1 U I 1
R W 7 AT Bl 2021 4F Klas 55 1l
1 MHz, 1030 nm & Yb JG4F RFPEOEHS, Ltk
SRR T 51 W, k9 18 fs /) 515 nm 4 % kb
LRI, R FZOC TG S U I ) R AR e B8 o B T
F 41074, 153 10 mW A9 &5 U I T X
W2 H iR UG o Y DRt R o H—
B RSSO R DI 100 W RL_F LU
o 381 S R ) IR T B | R AR,
PG TT, i ks R A SRR IR BN 5 =ik
W IBME LA R B SRR [, 45 v J0t e D) 6 1
VSIS TREEt P S TN 1%

TESMAE IS I L g0 T, 3 S U TE 2R
J5 S LA AT WAK SO AL R, i 1 G id
14 46 Ja JE AT LA A 308 o e 9K Sl 0T 191, {H S 4
B FLLA BB D ERBR SOG4 8 R S d
AEHRIR. e i A 45 70 4 A i et P B A S Al
(grazing incidence plate, GIP)!16-181 777 5 St #f 1)
B WEEITAMR (microchannel plate, MCP)2) ££51
PRI IR B0, ANt ix ey A SRR B %
1R DRI I T 3. — R O = — > fL
5% (drilled mirror, DM) X = D3R 0K gl i1 74
B, 3B T 3K 3l e U ™ A=, TR A
BB, FEAR AL B ) — G 1E LR RO bR 229)
sl LR PO T BB s S 4R 1 IR IR 3K B
O, HabEaii A fL5E aiad . 107 0T
BRARUIR SO Y s e LE B IR E] 1072, (H KA AL
FERTHIRON, 558 A LR R AT A D E K i
ot HASREOLTI R HA LT R, BRSSO
Ui E R A Z VLT, 0 LA & Jm IR 1 U ;
SR — HEOCH R A L 2R E kW 4, 5%

(a) Beam dump

M Gas jet
% Probe
DM2 MF

Pump

DM1

KU LI, KIS 206 4 8 IR,
BEXT LIRS, A SCHE H — R 2 A LB
A 0™ A 3 B R UG I 1 7, A Pk
1030 nm ., HE MK 500 kHz, FH )5 208 W,
Jik v SERE 170 fs B9 Yb JGLF CRMHOL RS 1T T
T R DR R AR L, AR TP RE R
T 27—AT eV WS UG, T ERS BB
Brak shiot 2t 241 FLBE a1 G BEE 1L F T %
At RE. BOS RIS R R 2 LR AL &
X E LIRS TR 2 e ] Lk #1073
I, A RRAS PRIUE & UGB AR L. XA AL
Hh DT v AR i TR R IO O B e A e U
W B AR PR R G2E T i, X R TR
PHOEIR B ) R I TR - S 5 HLA L

2 7 &

— A FH AN LR ™ A 5 0 B i U U Y
IR 1(a) fros, B fLEE DM1 5 DM2
S B T RS (focusing mirror, FM) F 4 Ifi Fl1
4080, DM1 K IRSNEOG HP A, S5 — TP
WIE 6 H T 3K5h HHG, 15 248D (probe); M
DM1 i fLig it i — B AR 16 (pump), B¢
FHERIEERS (beam dump) BHEY. AR IEYIE &
AEFEAIENFLELR, oL DM2 JLT-5E 2 4
XSO Sk s s GE s, 7E DM2 J5 i —
R & JEIE (metal filter, MF) 5t BEWF5R A IK Sh#0'G
UERR, 152 4l v () S TR

SR, e —E R RFR . — &R
BIHOGXT R Y 5% A 3K SO YRR R . T
DM HC B L R AT S A5 St BAR 55 199A
FASEBE, MR LAE L IK SO CHT, 24557

(b) Beam dump

FM Gas jet DMA4

ﬁ Probe
DM3 MF

u Beam dump

DM2

Pump Beam dump

DM1

B1 o AL ™ Kooy 8 U PR T (a) — M7 EE (b) AR SCRCHETT 12

Fig. 1. Two methods for generating and separating high-order harmonics using drilled mirrors: (a) General method; (b) the im-

proved method in this work.
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Fig. 2. Schematic layout of the experimental setup.
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Fig. 3. Simulation results of beam spot evolution at each stage.
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Fig. 4. Simulation results of beam spot before and after each drilled mirror.
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Fig. 5. Experimental measurement of HHG  spectrum:

(a) Flat-field spectrum; (b) spatially integrated spectral lin-

eout.
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Abstract

Based on high-order harmonic generation (HHG), coherent light sources spanning from the extreme
ultraviolet to X-ray regions can be produced and applied in techniques such as time- and angle-resolved
photoemission spectroscopy (Tr-ARPES), attosecond transient absorption spectroscopy (ATAS), and coherent
diffraction imaging (CDI). As the repetition rate and power of HHG driving lasers continue to increase,
effectively separating the generated high-order harmonics from the high-power driving laser has become a
critical challenge. Typically, components such as grazing incidence plates (GIP), diffraction gratings,
microchannel plates (MCP), and drilled mirrors (DM) are employed to attenuate the high-power driving laser.
However, some of these components cause substantial loss of high-order harmonic power or lack sufficient
flexibility in optical path design.

This paper proposes a method for the efficient generation and the separation of high-order harmonics using
multiple drilled mirrors. The setup includes four drilled mirrors (DM1-DM4), one focusing mirror, one gas jet,
and one metal filter. DM1 splits the incident high-power driving laser; DM2 shapes it into an annular beam:;
and DM3 and DM4 are used to separate the residual driving laser. Notably, DM2 and DM3 are positioned at
the object plane and the image plane of the focusing mirror, respectively.

To validate the proposed method, a Yb fiber femtosecond laser (central wavelength: 1030 nm, repetition
rate: 500 kHz, average power: 208 W, pulse duration: 170 fs) is used to drive argon gas, generating high-order
harmonics with photon energies spanning 27-47 eV. The experimental results demonstrate that the method

achieves an attenuation ratio of the driving laser on the order of 103, while maintaining nearly lossless

090402-8
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transmission of the high-order harmonics. Furthermore, theoretical simulations of the beam profile evolution
and power variation during laser propagation confirm the effectiveness of this approach for high-repetition-rate,
high-average-power femtosecond laser-driven HHG and efficient harmonic separation. The method is

particularly suitable for time-resolved pump-probe experiments and is expected to play a significant role in the

future development of large-scale attosecond laser facilities.
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