hEREF: YHEF hFE RXF
SCIENTIA SINICA Physica, Mechanica & Astronomica

W it BB S BRI NE

2025 % % 55% 55143214203 CPIERRE ) Zekal

SCIENCE CHINA PRESS

physcn.scichina.com
CrossMark

& click for updates

BT B 91 B8 S0 1S 25 FA PR #D Bk == K I A

PR A ES L

L. P EERRA R, BB 100049;
2. R BT 7 2 R AT FE B, BrTAD A2 S HEORBE e, P42 710119
*Ik R N, T, E-mail: huangpei@opt.ac.cn; {75 ¥, E-mail: fuyuxi@opt.ac.cn

SRR H : 2024-09-08; 4252 H 11: 2024-10-16; P45 Hi AR H 393 2024-11-11

X E AR IR S: 2022YFE0111500). HERL B fa g ST RFSERETE 72 00875 4E A THRI(SR 5 YSBR-091). 5K [ 4R RL 23k 4 (4 5
12104501, 62175256). BEPE4 HARBIZILETT R W H (%S 2019JCW-03)MIBETT 4 H AR FHFA LR 7 T RI( 5 2024]C-YBMS-488) %t B
T H

e 4B A Jik ot Bt & 4 iR R AE A A AR L R AT LA SE B oK K 5 A (High-order Harmonic Generation,
HHG), HalZF Pl =AW &RARERE, EARTEECAARERT BEIE KM A, 20114, Ghimire®¥ A 5K #E
ZnOEMR F L Z B M R &S &k, AR T —RERMAREIIFTHHRIRERMET FOBER, L AKEER
BRSKZFATNERGAFIERBETHNARTFE. SAEKN AL, B EAEEEE. THEHE &
EREA, ERAWRNFAENGENEL AXEAMR T BARERIEEAESER, ARETTEATRERKS
AAhEmRBENERE. AEAFT BB RAWROEA TR, EANET ETEES KWK~ £ o e e
KRIME. JEAN T B RSR[5 B A K R B9 & B 77 1]

SAR AR, WA, EHOLE 2, DR

PACS: 42.65.Re, 42.65.Ky, 78.47.J-, 33.20.Xx

1 35l

il

Sy b R B . IR, H i
R T BT 2 B S AT A

It 5 RO RO AP A R, O ik (RT3
Pl (R % B DLk 31107 Wem™, iXmm it 174
JE5 AR IE AS BORBUE 1 G 3 5 TR LA D) 238
JFE. DL, 575 Ha b 5 B L S 1 AR
SNBSS IR, M- RAEEH
WARARZ A A R BRI R, nBE A e, B b
B U AR, ok, m e A R o

B, @R, 2R = AR 5
BT A HB T E SOOI R R AR 5, R
e T B, MEATESEAS I T
SR T RASRS, SO AE, =,
TEROE AR T, % T — e BEOR [ B B
BT HHEHE S EER T, R AT
VR 2 AR R, BRI TR BT A L2 F IR

Astron, 2025, 55: 214203, doi: 10.1360/SSPMA-2024-0386

SIS Egeu, s, K BT A 00 18 U e RIS R, A RS A % ROCE, 2025, 55: 214203
Xia Y F, Huang P, Fu Y X. Generation and applications of high-order harmonics and attosecond pulses in solids (in Chinese). Sci Sin-Phys Mech

©2024 (HEMFE) FiEH

www.scichina.com


https://doi.org/10.1360/SSPMA-2024-0386
http://www.scichina.com
http://physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2024-0386&amp;domain=pdf&amp;date_stamp=2024-10-29

Hugss, REEE WE J)0E R3CF 2025 4F S5 1M

(a) (b)

\\\\\\O//////Eﬁﬁ \\\??%;jxf/f%m
Lo it > e

®5 /GC,S\ s

B o T B

AR
1 (19 FEOR TR0 ) [ A AR A v 20 U8 8 7 A R AROWE L ol
(a) R B (b) WAk e O
Figure 1 (Color online) Microscopic mechanisms for solid-state HHG
and gas-state HHG. (a) Gas-state HHG; (b) solid-state HHG.
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Figure 2 (Color online) Cutoff energy of high-order harmonics in solids. (a) The relationship between cutoff energy and laser wavelength from HHG
in CdTe [49]. Adapted with permission from ref. [49]. (b) Multiple plateaus in solid-state HHG [50]. Adapted with permission from ref. [50].
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Figure 3 (Color online) Conversion efficiency of high-order harmonics in solids. (a) The relationship between harmonic yield and laser wavelength
[37]. Adapted with permission from ref. [37]. (b) High-order harmonic spectrum for various ellipticities from graphene [29]. Adapted with permission

from ref. [29].
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Figure 6 (Color online) Generation of structured high-order harmonics [63]. (a) Experimental configuration; (b) high-order harmonic spectrum of
GaSe; (c) spatial imaging of structured high-order harmonics. Adapted with permission from ref. [63].
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linear susceptibilities of sapphire [65]. Adapted with permission from
ref. [65].
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High-order harmonic generation (HHG) has been realized by the strong-field non-perturbative interaction between
intense ultra-short laser pulses and matter, which becomes the most effective way to generate attosecond pulses, and has
been extended from gases to solids. For the first time, Ghimire et al. observed HHG in the non-perturbative region in
ZnO in 2011. Solid-state HHG develops as a new approach for the next generation of compact extreme ultraviolet
attosecond light sources and the exploration of ultrafast dynamic processes inside the condensed matter. Compared with
gases, solid materials exhibit a characteristic of high density and complex spatial structure, hence the solid-state HHG
involves a more complex generation mechanism. Firstly, this review summarizes the unique properties of solid-state
HHG and demonstrates its differences from gas-state HHG. Then, it reviews the application scenarios of solid-state HHG
and focuses on attosecond pulse generation based on solid-state HHG. Finally, we discuss the existing challenges and
future exploration directions of solid-state HHG.
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