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Fig. 1. Schematic representation of the HHG spectrum/.
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Fig. 4. (a) HHG spectrum of ZnO crystal, the green and blue curves represent the HHG spectrum generated by the driving pulse
I; (b) high-
energy cutoff scales linearly with drive-laser electric field6?; (c1) HHG spectra from solid Ar, and single-platform at low intensity

energies of 0.52 uJ and 2.63 pJ, and the inset shows the expanded view at and near the cutoff of the 2.63 pJ spectrum!/®?

(16 TW/cm?) and dual-platform at higher intensity (26 TW/cm?) are shown!™); (c2) HHG spectra from solid Kr, and the spectrum

(11.4 TW/cm?) is composed of two spectra taken by different spectrometers!™.

R, [ AR B L) Z A E R [ R HHG £ A HE
s HHG R ks 2 PR 3248 T 50

FUHA R A A5 B ™ A R R I 1 TAE R IR
T ULEE 21 Jog 3 ok v 2k A 2% 1 4 S AR
A PRV R 5 83991 53K HHG AR, 7EixX SEfff
SR BRI 5 451, Ganeev 45 105 T
2005 4F 1 Se A H AP HOG R AEFE 5 mm SRR 1Y
&R T A5 B A, TS AL 93— 3R 10 mJ,
150 fs, 2x 10 W /cm? 9 ik i 3K 2 0 55 25 1 14 ™

A VEM RS, B RFEEO R RIS & S A (v
PEJFLF RN S B 4L ) R B B v 1
BEER . AT K BRI 3 il 5k B Bk R [, IR AE
19 Bl 2 Ja i A — A - & — BLIEfh 22
63 B (A = 12.6 nm) W5 A4, ] SLHGE T A
7] (4 [& /R #L 44 (Ag, B, In, C, W, Se, Mo, Nb, Si,
Zr, Mg, Cd, Pd, Al, Cr fil Ta) MK % %5 T
& HHG B9, RIR T C, Se Fl W HAk HI - 45
P4, HAth A5 B T A Lk RE S AN T 128

053202-5



) 32 3R Acta Phys. Sin. Vol. 72, No. 5 (2023) 053202

BRI, BEJS, AT Ag Al Mnb759
AR IR ERIEAT THGIA, IEW] T e T
FLE RS S LT EIK S L g iz Bl HHG
ORI A OC T AR & B4 7k HHG 531k
HHG A% 228 L2 AL, FIan1e R b A T34
AR 9 XA UK B 23 2 — i P AT it
J7ik, X — I A RE N TSR B TR HHG v 90,
T3AN, T TR ARk b B 5 45 B A 4R HHG
T i s e B A B — I B L PR 6 B8O B R
FECRFE B R ER S R, MR A
TE AR 5 ) 2 22 PR IX IS i SAP. BRItz
B, R T A AR s v OB o R A T

Az, AT LA 1 2 I e | FR DR AN K BURL |

PR TEO K P A I 2= R | bt ik il S 4K S ik
infr 22 18] F) R ) 228 3R 25 2 ok 52 B 45 B 11K HHG
Ftg il 91,

2.3  ETEXERK = E R BTR Bk iR

FE T AR VC L BY S54RI U o I
R, MHUR R — R IR XUV AR TG P
HAE R T 00 T i B ) 1 25 b B L FH 24 A
THFZRUR A BN i T NoOFE 38.5 eV
TREE T B ECHKE L RE MBI G & B T R RIR 1
BIHIE ) 7 34—43 eV Y THER T, Ar, Ne Fll Xe
SE R G T AR A DU B R AR RS RSN A Y 4
HET BT LK 0097 S5 Rk B bl TR A R 2B
RGBS B )R Oy W B AN . 5P
[k AL, AETE UV SR X Skt A TR T L& R
FOMk . e mT UL, = A BTk e g b B S5 A S
2 TSI S AR TR, AU HHG 98 R 97
5 FIAR b DX A f i 2K

HEiZT HHG 7774 APT 5 SAP (5 E
ZRHUS TR RAERE 3598, FAE 1990 4, Hiinsch!*)
5 H— RIS HE AR A0+ i mT DL =4 0
TRRP K. AR <= A R AN DR S RO R B R
SRR — AT AD bk ol 34~ HHG 3 R B A (]
B A 5K S S 3 — 2 i A R FR ) APT, 4 51 )2
BT (A A8 Lk DX D ELAT B AR 7 (91001 BEE T
XL BT I AR TG B RE A TE B LI [H) R
To/(2N) [y bk e 1002011 o T Sy B Zf 01 J5 491,
N AR B

H T SAP FE TR ] 43 B0 5 52 56 A K
P 28102 PR b A ] Jok i 43 25 7 48 28 S I w4

HIFSEEE. 2001 4F, Drescher 45 193 Uk izl 79K
SEAECR K A PR AR FEZ R B 20 AR BT
T AR SAP [ kb g | kb 98 5 L
FEPE | IS R I A R RS B B AR T

TE SAP il % 1L 72 h BA B 4 AL (car-
rier-envelope phase, CEP) i & i) /> J& 1 3K 5l ik
p 104100] 38 T B CEP &0k bt 25 16 5
N FEL AW ] A ARV 22, 2 SZ BN MER IR IR R
PR ) T B R A SRS AR 2y [106—108] 7 /D FET 1A ik e
i, LI 25 B[] AR A 2 35 A2 21 CEP RS2,
PR SR K R [R] B4 10911 A CEP 4
FENOLT , SAEIR I K b AR 2B (8] AR AE A
Jii, HHG /) =20l 72 A AR A e & A= — Ik, 3k
HReR ST —ABTRM k. PR 2D JE B o ik
FrEAE U 2B SAP B B . AR, B
FEAE IR U Bl Ecie i B B bk ot s 2 —
kK.
2.3.1 kPl

PRIE%E (amplitude gating) & CEP #%
TSP 2 HSF 1) 422 30— S JR 30 %) Bk o 7 ok v . 246 e
{BL BRI 7= A R B G, I R RS I R XA AR
SAPUBL & 5 &7 1 e P 20 J& 1 ik o 5K 3 11
HHG, Hr o HEKF kit CEP, To 8K 2l ik v i)
JE Bl sl CEP 45 il H 740 177 W {5 ok i
HES (K 5(a) PHELR), QiR 750 B e ik vp
AL VIR B F B A, W 2Bt — AL i
T ML B I R AR IR B[R] B S
T RAEZ AR SAP(E 5(c)). Tk
O, /D DK P ASTEAE ik v (B 3 AR L
A (B 5(a) R EFL), LS A i F
BAARKRER, dFim™ A <8k XH X FHEot+
(&1 5(b)) 161, 322 DX I i A3 15 53 A1 FH BB B0 Jok e
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Electric field strength, Ey(t)

X-ray spectral distribution in the ‘cut-off’ range
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Fig. 5. Coherent XUV and soft-X-ray radiation generated
by a linearly polarized, few-cycle light pulse: (a) Highest-
energy photons are emitted near the pulse peak, the blue
line (¢ =0) and the red line (¢ ==n/2) are the pulse
emission under different CEPs, respectively!!'; (b) the con-
tinuous (blue line, ¢ =0) and quasi-periodic (red line,
@ =mn /2) features of the X-ray spectral distribution in the
‘ cut-off ’
amplitude gating!®l.

range under different CEPs(''%; (c) schematic of
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1 XS RS, BRI 7774 SAP B/ MK BE.
2.3.3  thirizi@fe R

i P BE 4 (polarization gating) Fl X BE i
(double optical gating, DOG) J& Wi FhAHALL % F1]
RSN IR e S B SAP r &k, T
HHG W T h& 28 i B i & AR U e SR 15
G, R FEL MRSt h— it R s
BIREA R0 AR m U . T BRSO R 158 e
g [ PR B, 1 TR DR A 40 A R Tl T g 1190132,
Sola 45 133 5 e W] 4 [ < M 0 224K 3 0.2 )5,
UGB RCR FRET 1 A%, WRIR s ik ok HAe
B R N R e i, 78K i L A3 S AR [
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Fig. 6. Schematic diagram of the HCOs!') and the ionization gating!'?%l. (a) Left: the electric field of a two-cycle laser pulse (dashed
line) with the corresponding HCO electron trajectories, calculated by the SFA. The grey scale indicates the relative intensity of
emission trajectories. Right: using the quantum orbital model to isolate the harmonic spectrum and cut-off position corresponding to
a single trajectory. (b) Calculated phase matching factor (blue line) at different laser pulse intensities (dashed line). The correspond-
ing ionization of extent of the medium is represented by gray lines. Blue squares are pulse intensities extracted from the HCOs. The
left and right frames correspond to the intensity envelopes fitted by the 7 fs, 6.7x10"* W /cm? and 10 fs, 1.1x10'% W/cm? Gaussian

pulses, respectively.
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B AT AR MK o3 22 B A HA SESR 6 (1 IE 384k Sansone %5 139 35 3 06 3 B AR Fe A T O iE S
TPk ol (Lt 5 0EhhI M 45°), H2d T T30 [ 60140 eV MHB TEA SIS, AT S A
NAYER G, A — 2 ELA [ R ) 2 [l i i 1) k55 /N T 50 as 19 SAP. 2017 4F, Li 25 140§ 5%
(B 4 Bk avfoxsr . p O AT DA T80 s B ok 65 B A UMK K (optical parametric chirped pulse

“L iR (Wﬁl/ﬁ]§< 0.2) I ] X Ta] [155.136]; amplifier, OPCPA) ) 1.7 pm, 12 fs /b i 3] NIR
A = go7? /(8 [cos(23)| In2), (2) BOG VRS R S ik, A A w43 38 7 A A T

Hor, g0 20 i YT AR AR — 24 I Fr) 50K S ik i Jik 6 3 5 53 as. M 95 100330 eV [ SAP.
R, 7 AR Sk iR ), 6 gt E]FER | 8] 1T IR D A REAEARBE RS 43 (< 200 eV) $24E
PAZRAE PR ik 2220 A /4 B R B9 RE . AEARSC AR SRS M, DI TCkE— 2 45 5] 20 as. fi
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£ 165 as, MiiEH 2550 eV. [Al4F, Sansone 55 [15¢) 71 T AT K e B e A SRR AR X A AT, 98157,

053202-8



Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 5 (2023) 053202

Quartz plate

YRy
1 Y |
| \ \
. 1
‘\ : ) N
I \ L
< = R
/‘:e\ N \\ \
1 \ *
: BBO
1

7 IR AP (a) MRAREEE (1) FIXOLEE (F); (b) ZRIMSKE06Y (L) 7L APT, B @IS #2481

Jok e Ta] b (L) XU B ST B9 58 BOE R bk b E R (F)

Fig. 7. Schematic diagram of the temporal gatingl®®: (a) Polarization gating (top) and double optical gating (bottom); (b) APT is

generated by a multi-cycle driving field (blue curves), the half photo-period pulse intervals under monochromatic drive (top) and

the complete photo-period pulse intervals under two-color drive (bottom).
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FTHRSERE (— A0 R ) BT e Y B (] E 3R 6 B G
Yo/ (1421 F 7 O iR e 3 T X P i E
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(IPRAT kil 2012 4, Zhao %5 (148] 3@ 4+ 815 SR
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Jo, AATE T 67 as (19 SAP, B Hpm i S 15
IR IR (62 as). 2020 4F, Wang % 149 7EF] ] DOG
TS TR 1 fs XA S, ] CEP 4k

SEMY NIR BKEh K™ L T 88 as ) SAP.

1E DOG JH BRI Gk mrBR ] | B2 = 1 e 4o
AR TR P B TR, ) SOOI (ge-
neralized double optical gating, GDOG)!50-154 I
T ¥ W R ¥E i (interferometric polarization gat-
ing)155:190] 1, %% Jr ke . AT 43 ) A R AT A5 0 Ry
F (B 8(a)) FIPALE ve BP0 T34 (& 8(b)), ¢
BT H DOG AP aRk S bk e 17145 XSk 22 A 19 154
PGS WA B RO B Y. FEX PR LT, 3K
Sk %) ok g B ) wE— 28 T B 30 fs. [R]IHAE
it FH R B L /D JE ISRl ik i, R SRS A L
PAFEREHE— 2D R 1991,
2.3.4 BTiLE

T 2 3] A e AR 3202 R K S ik op Y L
it B[] A2 Ak ok SE IR 38, I B Fb KT 3 (attosecond
lighthouse) 17 J7 2 2 5 — R A I 3K 3l D637 i i 25
45 (spatiotemporal couplings, STCs)[1% S SAP
I3 EHR . STCs S5k UL I R 5 H T 6 Blcds il
4 Dk i s 40 2 B N R B DG, — B AT, 3t
A 8 Fh—Bir it STCs, MMiBFMT 3 5 i =2 H FHH:
oY T e (wave-front rotation, WFR)[!) 5%
B (E 9(a2)). it 7E ARG R R 5 I AGE S 1 £
R, BETE G AR SSAb P A M2 R Ik 2012 4F,
Vincenti 55 57 & HH A ] WFR 74— 7E %5 [H] £
FE L5y B RAFRY SAP BTRb LTI 7 %8, JE e |
25 T BTED Dk %) s T 125 4 3
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053202-9



) 32 3R Acta Phys. Sin. Vol. 72, No. 5 (2023) 053202

(a) 45l

T
1 "
1 [
0 "
i "
[} 1
I3 1l
I3 1
[l [
[ 1

QP1 BW
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BS
S
{
M

M |

o fs

First MI

Second pulse

8 (a) " XBOEZEE$E B 15 GRS AT R (QPL). — MR (BW). 58 A A3 (QP2) fl—~ BBO f{k4l
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BAIEE — G v R T W)

Fig. 8. (a) Generalized double optical gating!'”!! (The optics consist of a quartz plate (QP1), a Brewster window (BW), a second
quartz plate (QP2), and a BBO crystal); (b) dual Michelson interferometer!™ (BS, beam splitters; M, flat mirrors; TS1—3, piezo-
electric translation stages; A, intensity attenuator; First M1 and second M2, the first and the second Michelson interferometers).
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Fig. 9. Schematic diagram of attosecond lighthouses. (a) Attosecond lighthouse effect in harmonics generated from a plasma mirror!!6%);
(al) The attosecond pulse propagates in a collimated beam perpendicular to the laser wavefront at the focal point (left); WFR leads
to spatial separation of attosecond pulses (right); (a2) schematic diagram of the WFR effect; (a3) schematic diagram of the plasma
mirror attosecond lighthouse experiment. (b) Schematic diagram of the gas target attosecond lighthouse experiment!'S!. Angular
dispersion is imposed on the laser beam before focusing using a misaligned pair of wedges, leading to spatial chirp at the focus. The

attosecond pulses generated in each half-cycle of the laser pulse propagate in different directions.
S(Eq) = I(F,w)W(E)o(E), (4)
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Fig. 10. (a) HHS generated in argon using an 8 fs laser pulse centered at 780 nml'™l. The three different panels correspond to the
laser intensities 2.5x10" W/cm? @D, 2.9x10" W/cm? @), 3.5x10" W/cm? @. (b) Schematic diagram of multi-electron dynamics in
xenon'7%. The electron recombines with the ion in two different ways: the electron recombines with the hole in 5p shell (b1) and in
4d shell (b2). (c) HHS of molecules N,, O, and CO,['®. The gas-phase molecules are aligned by a 100 fs, 800 nm laser pulse, and
ionized by another stronger 800 nm laser pulse to generate HHS. The horizontal axis denotes that the high-harmonic pulse’s
polarization axis is parallel to the molecular axis, and the radius covers harmonic orders from 0 to 50.
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FIHRIE . RO IRARHE d(w), fERSIRJE T Ny 21
HOMO % REL ) —AE B2 . lalid sk — R 50450+
NSRS bk R 7 AN LI A 0 TR PRI, RT LA
S N, 43F HOMO PRI 45 3 (8] 11(a)).
2008 4=, Mairesse 45 136 7£ Ny, O, Fll CO, 43 F 19

AR R T — &R 540 HHS, SC5 24500
WiBE/R T HHS X705 H T2 M RO N, 3
RIHE S i 5 3K Sk op i dR e /1 0°Bf ik, CO,
TE 90°I fi 3, O 185 I & S Fifi £ 2 28 A AN B 1
(¥l 10(c)). COy #E 0°HT AR ik 15 Hh BRI AR /)N,
X PR T 2% b el R v g B T ST 1800 2
2009 4, Smirnova 55 1900 Fi HI 3 3 125 19U, A
PRI [ 25 A A O ARTE AR 7= A B
W IRAE T, ST X CO, 43 F HHS
PR I FIRR A7 B B [ B B H, 1 FH B DS A i A
AHDL Rl A 6 22405 BS T B HOMO A H A HLE
AU BT, 2010 4F, Haessler &5 192 SCEL T M N, 70 F
) HHS H%F HOMO (o X1FK) A1 HOMO-1 (7, X1F5K)
BuE stk 8, A 2E T T HOMO Al HOMO-1
153 F BB AT &, E 11(b) PR, 2011 4F,
Vozzi 55 195 7 S50 vh A FHAC I Y SR SOt A 2%
#H T COy o T U I i 2 s sk, 5L
TEJEHT 7 bR AT -0 A AP TR A A 19 4
FZE IEA RO T HT HUNAS. AR HIHET 152
SOy FRUEENTAER T CO, 2319 HOMO,
i 11(c) Frs. 2013 47, Bertrand 45 1949441 %
TPk 0019 (WAL F FE DGR ) AR AT
PO 196197 (IR ARG R ) S5 A e B4
Bl #b #H A 9 I & 75 (linked attosecond phase
interferometry, LAPIN). %77 34 A0 AE A 1 %
BRI £ 0 1 pRAESGHA TN 1, R o BUE JE AT IR
L P IR N Y

FIH 5 F BB Z A7 a8 it HHS PR | AH
A7 PRIR(E B AN REAS T 4 TP 4544 Fl i T2
JIZERSE, WUESE T A8 1) 43— 1R U I DR R AR 1 %
BILIE 25 R4 ) 5 ZUAR R 98], 2020 4, Uzan &5 199 4%
B R UGRIE T V5 A Al & vk PO KR T A ) 4
T 24 = UGB TR EOR. ZBARF A I
A (FEI 800 nm A1 —YKIEHE 400 nm) H
BN 7 S WA JET I B 1) s U B A T,
FF38 32 B, 57 1) JE 302 3R S B H A 1Y)
Arri). i an e H R AR | PR AR
MRS B AT, AT DA P s R S
TR TP 4G A i St ) R IR Y
P 41 23 5 VA 1] £ 0 FDBLELIE IR o 1Y BREK,
RIE HA G AT W IR AR o B 22 3 5 D IR
PSR, 1T T ) i 73 e DU 32 53 ) B0
A TR PR B 52 e . ZE 3% 58 v ik & 81
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HHS 1 45 2 1 B 3 ok BORR (a2) (8 B A0 21T 5509 30 I8 I8 bR BLENR . (D) Ny i 19 790 A~ 43 F 018 (19 o s 3] % 0192
(b1) F 5 A 1A% Y R 38 B0 org Xt B 1 348 BB HHOMO; (b2) ] 42 A 188 1 1 9 52380 3 46 I, 33k 2 348 J A HOMO-1;
(b3), (b4) 43 1 J2& F§ GAMESS it Y Hartree-Fock HOMO # HOMO-1. (c) CO, ¥" HOMO {4 1 38 i gt 1931 7 b 1 25 B J7 [
(c1) ML) SUBEMTIT I NS B8E h A R A9 HOMO B8 (c2) M T2 R F T 19 CO, ' HOMO 1 — 4 5%

Fig. 11. Tomographic imaging of molecular orbitals. (a) Image of HOMO of a N, moleculel'¥, the molecular axis is horizontal:
(al) Shows the orbital wavefunction image derived from the experimental HHS at a range of angles using the tomographic
reconstruction algorithm; (a2) shows the 3ogorbital wavefunction image calculated with a quantum chemistry package. (b) Recon-
structed images of the highest two molecular orbitals of N,192: (b1) HOMO is recovered by using the imaginary part of the
recombination dipole and imposing og-symmetry; (b2) HOMO-1 is recovered by using the real part of the recombination dipole and
imposing 7,-symmetry; (b3), (b4) Hartree-Fock HOMO and HOMO-1 calculated with GAMESS, respectively. (¢) HOMO recon-
struction of CO,1%%, the molecular axis is vertical: (c1) HOMO image retrieved from the experimental data following the general-

ized tomographic procedure; (¢2) bidimensional projection of the HOMO of CO, calculated with a quantum chemistry program.

55 24 YOI B i B A 1 AR Th 2 B B IS ) FE ] CO,y 431 HHS #5477 7005, WEEL BT
R T AN BRI R P, B e Hh s 25 v 25 1Y) R 4 T A AE IR NG A . A TR RE SR /0 1)
PPk 521, 2021 4F, Huang %5 200 YE €[] COy 43 F W/ NEE R AS DRSO BE AR A T AR ), 148 T i RE B
HIFFRE T HHS FUK#FZE (THz) P AT 202, I WO/ INGE A T A O G 5 B B 35 1) v e ) A%
BB U ik BE 5 1 Bl & S %) THz 38 203204 1 SCHX 5. 454 & i} Hartree-Fock(TDHF) B /0 #r, JiE
H T THz ;7= A B 22 0] 1 0 5 XU HH 0 18R ¢ fif B L HOMO-2 #l HOMO-3 ML &4 TR 2 #
i, 2t bny THz /=% KB o FooE ki 284k, i T OISR RN R 1R AR, X EWE
5 e WA 0 TG, BORTAE Ay v U I AR A B DU o M HHS HRIBCE TR IZ R 5T 5E (5 B A AT 6E.
AN S . S8 M HHS Aol 8 &) 4 7 iE )

%5 MRS GRIE PR R A 32 TEFRRETEER

TR T AR 2 0 A TR I R AR BRI IOE 1 HE R A0 5 AR 4 B ) R AL T
BEAOL AR E AL, B0 T = skiE ARG, BN, R o3t B R A B ] ?
i (HOMO, HOMO-1 #l HOMO-2) 2 [i] 1) A % UNSRTREL, AN AT s [R]HEA T SE AR Y ) BT B AE
AEA 22, AN RIEE B IR AR T DA R 2 X)) T o A A ] i 2 i 1] (200207 SR AT DU 7 X i 4
J1%, R AT DL il 23 7 ORI S f U L Y [ AT AN RENS LA Sh PRI RD R AR it 5, fi
AT AL, 2022 4F, Shu 45 2L X AN [R] 30658 R H IR T NATR 7 )22 T AN & i PR A
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2012 4F, Dahlstrom 55 298 3¢ T = Fh pump-
probe /7% (K 12). Kl 12(a) %4 T4 pump-probe
J %, MASHIZESR probe Jiki T i1 55 52 S5 209210
HSEHE U T R R E{E B 1R
SIS b, SRR B T RAE B A ik iy BT R 2% S
(attosecond streaking) FL A (& 12(b))102211.2121
X FBRIE T ¥ BT #0471 5 & (reconstruction of
attosecond beating by interference of two photon
transition, RABBIT) (&l 12(c))P=2151 % F F
AT T PO LB B

Bl 12 Pump-probe J7 5 PO (4548 X I % 7w BT #2 XUV Jik
Mgk, 216 X" —A> probe HOGHK, 41 @ HEL 2 probe
Bk v XF R RS (a) 54 pump-probe J7 %, AR [R] ZE
iR probe Jik ot (4 H A 5 4 092100 rp SR O OC T R S8
Te ARG EE B (b) SAP FIZJE] IR 3/ pump-probe
205 (c) APT MR IR 1) pump-probe 356

208] (The purple area represents

Fig. 12. Pump-probe schemes!
the attosecond XUV pulse envelope and the red area repre-
sents the one of the probing laser pulses, while the dotted
red lines indicate the corresponding F-field): (a) Traditional
pump-probe experiment, the temporal information about
the field-free propagation of the system, can then be extrac-
ted in real time by repeating the experiment systematically
for different delays of the probe pulse2!%; (b) simultan-
eous pump-probe experiment between a SAP and a few-
cycle IR field; (c) simultaneous pump-probe experiment

between an APT and a monochromatic IR field.

3.2.1 MAFELHBEKEA

2010 4, Schultze 45 216 ] F ] #b 4% 280 5 %
X} Ne JiF 2s Fl 2p Ui S H B AR B B) A 3R 4 7
TN SRR B 28 ML TSR T 2p A FIB L,
PIANIE DGR B AXTIER (21 £5) as. ZERTRD SR
G, FEHE R AL XUV G Tk,
B i IRR N

P = Po — Aprobe(to), 9)
Hrr, po = /2(wxy — Ip) TR LB R IR o i
Aprove (to) HHLES I ZI to I ) probe Y3z Hy R . 4
FATERF RN RESR 75, BR300 2/ H 3l i RN
P = Po — Aprobe(to + 75)- (10)
18 1 M AE pump k5 probe K FEIR | 7 probe
Jok A A g T 0 S A5 21 LA RS (] SE 3R A AR A
HL T Bl 1 BT I AR (t + 7s) . B R S
AR (1o)X e B 15 1] 64 FF v 7% 3l ik 206 L 5 AR
XFHER 75 (& 13(a)). 1B [H) HEIR Hh AL 75 BT Fb 4 2L
SCE R XUV ik ap Al IR 2220 09 sk 21220 mf
LIy 211
Ts = Tows + TeLe, (11)
Hr s BEREEPECH K Eisenbud-Wigner-
Smith(EWS) %iE IR | 1 R A 4E 4% 40 4E iR (Wigner
delay)P21222 ] 7o e R PEC-BOGR A IS PUL 5ok,
Isinger 45 223 F| | RABBIT $ A DL B &5 4 Bsf 1] 43+
FEXT 25-2p JGHL B AHXT I B RIS HEA T =, A5 2 Y
AE RO A I [B] ZE3R 5 Schultze 45 216 fiff 57 45 5%
FAEZ 5. MATIA R L ORI R B shake-up i
i 2242260 By T RO 1 R 2E S I R I BT
SRR AAHCHS TS R S LA A
He JEF7EMZ UL XUV SEF 09 5L B B ] LA
53R ELH:HL B Al shake-up HLES AR 2, 4606
HLFRETE b 2 B I AR B IR A 4% 8 (18] 13(b)), T
D3 8 FH T BRCEL 42 L S B (] 428 3R 74 A1 shake-
up HL IR AEIR 7, . 2017 4F, Ossiander &5 227 p5
YR FHBRD 2 S0 ARTE He JRF1A 2 UL 21 H 5~
KHRRT L 3 S22 52 . SEIR S5 SRR B, AP
B AL T IR B R AE XUV 6 FRE &R 93.9, 97.2,
108.2, 113.0 eV T, 2Z{HAT = 70 — 7a 7314-12.6,
~10.6, 5.0, —4.9 as, "3 W HOEHL BN R]ER X1
REE MR, S AT s 1 B R AR R 7 5
2RIET EWS SERFEC-HOCR GBS, it
THAEEE Y shake-up HL B[] EIR 7, W] LA

T = Tews + TeLC + Tee, (12)

S, HIHEE 58S e = ——tan ! (dr )
VAT TR 3 42 S o IR A D A
desr N TAET shake-up 25 BURHEE, po N#]

AR T WL, AP TS oo 5 TR B0

MEICIE. SR, %5 4R shake-up B, 25 B[] 43R

053202-15



) 32 3R Acta Phys. Sin. Vol. 72, No. 5 (2023) 053202

(al) 0.15 0.006
— IR
0.10 — Atto 0.004
3 40.002 =
S 005¢ ;
= : 10 >
= 0 —_— =
< -/‘\ 1 -0.002 <
—0.05¢ - { —0.006
~0.10 ' s . . . 0.006

—100 —50 0 50 100
T/a.u.

(b) ) Electron yield
5 A : Ey(t) 0 CT— T ]
g |
S T\ ) N - e

\
| hvxuy >
o
p— =
CAL g
) hvxuv—AEs,
r/A
N I
————— . -
>
o
~
£
=
[ 4
He 1s? ground state He* 1s! shake-down Het 2s!/2p! shake-up

Bl 13 (a) PEHOLH B R R AE IR (1 BT RD 2 B BLRY R B (al) BIRB K ol (8548 ) RN B0 IR Kb 5 3 (AL£R); (a2) FAT Tt
Al 9% (4 FL ¥ Bl ek 43 A1 p BE PN Ikl 22 TR] I R) 338 7 928 (rp st iy 1 €5 it AR SR BRI Bl 42 4341 2, 3 PR T 2 IR R 340
WE(E 122 57, HON AR BUN TN SESR 75 ). (b) He J5F- MBI FD R S0 S50 227, ZE M RN E5 G HE N 24.6 eV 1Y He JEFHEAS; A1/ 3R Het 1s!
(shake-down) 5 B 3¢, i1 T—/N i P AL B, IR AL F TR0 4040 0 7 98 08 SR R4S 4l KR 7R He2s!/2p! (shake-up) 25
B — AT A, F AR PR 3 — &5 shake-up 45 n (i R 7R He JR 20 i B BT RD 4 LR )

Fig. 13. (a) Typical configurations of the attosecond streaking for extraction of the photoionization time delay®: (al) The vector po-
tential of the attosecond pulse (blue line) and the streaking IR pulse (red line); (a2) electron momentum distribution parallel to the
laser polarization p, as a function of the time delay 7 between the two pulses, where the central white curve stands for the first mo-
ment of the momentum distributionp, . The insert shows the difference between the peaks of the p,and the IR vector potential is
the streaking time delay 7s. (b) Attosecond streaking spectroscopy of helium??7: Left panel is the helium ground state with a bind-
ing energy of 24.6 eV; the middle panel represents the ion potential of the He* 1s' (shake-down) state (The ionic potential re-
arranges as result of an electron loss, and the remaining electron occupies a more tightly bound state); the right panel represents the
ion potential of Het* 2s!/2p! (shake-up) state, and the electron emission can be accompanied by the excitation of the remaining elec-
tron into one out of a series of shake-up states n (The inset shows the single ionization attosecond streaking image of helium).

o M T X He JEFAE 0 1 BISHGA, JCAHE N SRH APT F155 IR 0 A4S B Klinder 45219
FEHAR R IR F 2011 AEFHIZITBAE 3242 eV e T X [A]
3.2.2 RABBIT #AX & A WIHE T Ar J5F 3s 1 3p 5¢)2 B0 H B A XTI ]
S RRR 5 8077 HEHFH SAP R IR 545452 FER | A HIZIH 140 as (34 eV 6T HER) F1-20 as
Bl pump-probe i FEAR[F], RABBIT £ ARFESLE [ (37 eV, 40 eV Sty e, AW AP REs Ao
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Bl 14 (a), (b) Ar B 3s Fil 3p 5 )2 HH AT A 2 i 8] ZE SR A I 4 219 (a) RABBIT JREURE K (b1), (b2) 43518 3s 52 )2 1 3p 52 )2
TETICIY L AR 35 B K ol i 8] S 38 25 4k 5 (b3) B IE Cr IR I S IEIR /5 19 3p 78 B IR (JELR) 5 3s S8 BRI L. (c) Ar
B A ) A 3R X F - B G A B 4 IR F - A A3 A SR AR I 1 P2 (1), (2) 430 Dy SR TS R XT AR S 8K B B AE IR
MIAEAL; (c3) S50 (R ) RIS (J04R) PR FIER ARG R ORI AL R 14w(E ), 20w(Fh 40 6E) Fi 220(H (1))

Fig. 14. (a), (b) Measurement of relative ionization time delay of 3s and 3p shells of Ar?”: (a) Schematic diagram of RABBIT prin-
ciple; (bl), (b2) energy spectra as a function of pulse time delay from electrons liberated from the 3s shell and the 3p shell, respect-
ively; (b3) after correcting the Cr filter group delay, comparison of the 3p shell delay (dashed line) versus the 3s shell delay. (c¢) The
electron emission angular dependence of the photoionization time delay and the delay dependence of the photo-electron angular dis-
tribution are measured in ArP?): (c1), (c2) Experimental and theoretical variation of the asymmetric parameters 32 as a function of
delay; (c3) experimental (circles) and theoretical (solid curves) angle dependence of the atomic delay (Different sidebands are indic-
ated as 14w (blue), 20w (magenta) and 22w (yellow)).

(1 14(b)). 1€ RABBIT HA, 55 IR CRBKMAR  Hoft, w 3kah (IR) kWP, o fi 6 RIS SR
RER IR T AO0 Tr s, U TR APT 7 Xl A 215, Ay, Fr i SO o 3 27
BIREFH LT RBR 2, DTS BRRTIER. Ay = b — b2 AL
(rt B BEE T AP BB RFVBCRE TR OET UK (20 + 1w (2 — Ve IIOAAIE. 75 Klinder 420
MEST (4 14(). WU, OB FREETR AR  THER,
0 B £ 0 K A R B AT o, T 8T — 551 Abag = s + e (14)
ARG SRS IR B BIRER T8\ e g a0 3 20RO B

ﬁﬂtj‘y ?ﬁ%'}%%é@ﬁ% %‘?%}Wﬂgﬁ?ﬂ [208’213’215]3 mu%%%iﬁ% ﬁﬁ}ii@ﬁ*ﬁ%@% Aqu EPI;/%T EWS
S2q = o+ B eos[20T — Az — b, (13) TR s Ab, AL — LT IR 1 T3
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HIE Bl A A JELE- SRR 7o . Palatchi 55229
T 2014 AFFIHIZE R T7 144 He J57f9 RABBIT
FEIR TR = Agog + Ao fENSH IR T R H XUV
HELESR [ BRI Ao, M EEAH3 T Ne, Ar il Kr
AN (He) JEFIEIR Abye. FIRIZITIETCESLH
2t Xof Hsf [ S2E 3R 2 AN i, {H BB 8 4ok S50 SE R 254
i XUV St Re it iy ok AU 57 4R 3000 %) Ji - SE
IR AGye 15

2019 4, Busto 55 P2 i i e BN (Fano’s
propensity rule) ) F| Ar i) RABBIT 3£
B9 AT, fRE T O FE s S T SR 1 ) B AR A
LA 43 A R SRR (8] 14(c)). 7€ RABBIT
FOR I 3% 25 W ISR 32 3OR i —1 TR
HF AR A T TR — R E S &
VAT ] R DU H FR T 0 BB B AR S G i
i, BRI H - gl B Y [ A T 2 T R X R
WO & S5 1] AN X R PE RE B R BUR S8 2 1 T
W, B4R RABBIT AR & (1 30445 {5 -5 98 il
Tk EAS LI, FEOGHE B[R] TR (1) # BE AR
P 5 T SE g0 45 R 5 E BB U T R4 rY—3
P (] 14(c3)). 2022 4F, Peschel 45 P31 38 5 % S HL
TR Z @AY R T A B4 B RABBIT 4%
A, HAT7E Ne J57 sz Bl 7 %t 806 T/ B 8 f127
[ A Bl e 38 I8 A BRI 5T O A BT M T
RARMET R G, ReNe S A 2 il 18 7 P 56 2
CEE-STIpAE Sy §

3.3 [MIFEBREIHE

A3 FHr B0 A HE A TR DE A SO 2
R RIS VR, JB R BN L 9
()23 ) P4 A 292 — R B R B sz — 8L
2010 4F, Sansone 4§ 233 7 H, A pump-probe Hi &5
it B R Sl e i v UL 21 43 P E R AT R 3Rk
G AE RRE A . TR SR D, F AR R s Ak
A LLEH probe(IR) ke 31, X sy 5l Ak g % 38 i
5 Z VLR 53 0% 7 i e ke s . ilan, 4 ikop
FwER (K 15(al)), pump kb B8 & 74 2po,
25, 7E IR Bkt i B R IRGE 3 QF ) () AU &
B, TEQAEHBEER 1s o, &, X—iI BT
H 2pou B Y Isog BB IE KA TV, Yhkih ik
iR 6 fs ZEA4 B (B 15(a2)), IR K pids T 25 i1
TE 2p oy BN 1sog N MHFEFRE, 2 5 ko e i

AR TIRE5H). FEff e i hRe i ik 3R (2%
A S AT XA T A, oK T s B[]
ROBE T 7 R A R BE 22 8] 1) 3175 S 08B 300
2013 4%, Neidel &5 234 %] H IR ik W 7 No, CO,,
CoHy 43+ hifs ik o fk, JfiEat ) — A
AT REIR i XUV ik o e 2 04 2 77 A i)
IHAS AR T PRGN, HE— B T i AR E M
N Eb 285 P PR () AR b iy R i35t

HS I, XUV ko 58 53 2440+ 1 585K HL B
S REHR T A IR Sl HL e BB A X RS T
B AR AT ol S BT HES) (%) L fmr TRl CMII39.236]
ATV NF L RED (Sl Fmng ) FJL+ CR (%
H5WFEafiia) syad ) )R i, 2012 4F,
Belshaw 45 M 56 44 1 7 57 75 1 22 i v oot I 28]
Jik vp st RIRE R 80 fs Ab AR LY N4 it 72, LA Sk
1 [F) 25 B XSy STV G 15 7 S8 1) 2 I3, DAk
PG A N CM Tl BEAR AR 2014 4F
Calegari 5 516 LT &1 (R EE] 43 3% (0.5 £s) T
I RN T3 1217 . LR, CM
Pk b 58 BE 300 as, BERE 1535 eV ) SAP fil &%,
1 4 fs PR E A NIR Ik boxt o 2 A g5 B A 7
PRIV 255 7 BRRLEL i M7 15 5 77 5 B Jok o s ] 428
IREIH AR 4.3 fs ik 22840 (B 15(b)). k%%
FERT R RS F 200 T iz 8, B
FEE AT, L BRI T i B e )
] L 7 2% 32 1) ST B 2 A

% T pump-probe il & 4h, ¥£ 5 F HHS J7 %
FSEER 25 R P R Y CM A ARAE. Kraus %5 237
1E 2015 45T HCCI 7 FiyaHlmyaii Ll 100 as
B FFE T CM Bk 8 12 (8 15(c)),
ST Z AR EO RS FEMATTR AR, &
FE 19 PH B B4 W B 285 A SR FURH X AH A3 ZE 800 nm
A1 1300 nm kb 19 235 25 5 R T CM X
FL B 207 B RO B RS, S0 K B T 5k
GRS 1 AR APERT. 2019 4F, Jia SE 25
W32 s R A CM Y & 73l 1 24 A48
R TIRFAZFE CM R RTE A L] (239241,
2021 4, Folorunso %5 242 75 g A48 58 th BLIS A 5%
TARAI CM A0 53 JLAR] A i 28 ) 450 AR
1, I T R 27 LR e Ak 45 il o 7 CM
MY AT RE. 2022 4F, He &5 P FE L T 43 &7 M & Ik
P CM 8l 127 i 3 mh I, K blde s~
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Fig. 15. (al), (a2) Represent the two mechanisms of asymmetric ionization dissociation of H, under the action of XUV-IR, respec-
tively23. Blue and red arrows indicate the effects of EUV and IR pulses respectively. Purple lines and arrows signify dynamics that
is intrinsic to the molecule. (b) Pure electron dynamics occurring in amino acids!®: (D Yield of doubly charged immonium ion as a
function of pump-probe delay!’®; @ within the temporal window shown as dotted box in D; @ difference between the experimental
data and the exponential fitting curve displayed in (D, red curve is a sinusoidal function of frequency 0.234 PHz. (c) Reconstruction
of quasi-field-free CM27: (D The reconstructed electron dynamics of HCCI molecule are displayed as a function of time after ioniza-

tion; @), @ the reconstructed hole density at the time of ionization is shown for perpendicular and parallel alignment, respectively.
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Fig. 16. (a) Experimental setup for HHG transient grating spectroscopy?*: (al) A first-order diffraction image of harmonics in the
far field, caused by the spatial modulation of excited and unexcited molecularpopulations realized by transient gratings; (a2) prin-
ciples for probing the electronic character of the molecule during the conical intersection dynamics, molecules in the excited state
(indicated by blue wave packets) have a strong diffraction pattern, and the diffraction intensity of the ground state (indicated by
red wave packets) generated by population transfer is decreased. The top illustrates the spatial intensity structure of the transient
grating, and the bottom shows schematically the lowest two potential energy surfaces of NO,. (b1) ATAS image of the neutral ex-
cited state dynamics in CH3Br®®; (b2) simulated ATAS dynamics for neutral excited states in CH3Br®®; (b3) different potential
energy curves for CH3Br, the bold color curves represent the primary states that compose the excited state band, Cls exist between
he 1Q; and3Qq excited states that can lead to population transfer between the two dissociation paths with products Br and Br*[23],
(c) C4H3 fragment yield as a function of the XUV-VIS/NIR delay (red dots)?®”), the bold black line is a biexponential fit to the
data, and the dashed lines represent the contributions from the two timescales. The inset displays a long range pump-probe scan of
CHYT.
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Abstract

In the past two decades, the development of laser technology has made attosecond science become a
cutting-edge research field, providing various novel perspectives for the study of quantum few-body ultrafast
evolution. At present, the attosecond pulses prepared in laboratories are widely used in experimental research in
the form of isolated pulses or pulse trains. The ultrafast changing light field allows one to control and track the
motions of electrons on an atomic scale, and realize the real-time tracking of electron dynamics on a sub-
femtosecond time scale. This review focuses on the research progress of ultrafast dynamics of atoms and
molecules, which is an important part of attosecond science. Firstly, the generation and development of
attosecond pulses are reviewed, mainly including the principle of high-order harmonic and the separation
method of single-attosecond pulses. Then the applications of attosecond pulses are systematically introduced,
including photo-ionization time delay, attosecond charge migration, and non-adiabatic molecular dynamics.

Finally, the summary and outlook of the application of attosecond pulses are presented.
Keywords: high-order harmonic, attosecond science, pump-probe, ultrafast dynamics
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