#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 153301

Tl BREFOFEFNFRESVNERZE

5837 % S F BRI i 77 AR R F
TR EREER’

TH=x FX

% 1

W2 TAE

(MR, P50 TUFRCAT, K& 130012)
(2025 4E 5 A 16 HYF; 2025 4£ 6 A 10 H I MEHHR)

BRI L 8 2l g 2 AR o R DR 2 ) FE S T ), H OGBS UG U5 1 S IRV R R ) SO T 48 s ) A
PR R B HE R E X B 20T RIE T I E RIZ S BT HR 22—, R R T AR TR
HSC BN 5 5 22 065 VL ) g R ) BRTRD I 18] S R RN, © 2 N TR BV A O T AR AR R R TS
3 B G BT 2 L A AR R AL, Ry 5k 7 ) BRI ST PR AL T A (9 I 18] 2 B AR . AR SR SRR 3 20 T ERGT
TWINEAL I T 5 1R 22 001 A B ()G AR AR P Y B B TT, R G MR I A R T AL, B
AR R DR 01 B B Bl ) e IR 2 T BT R ] HE SR BE T T I8 A feR B O R B T IR A

R AT BE A IO T 57 -5 1 e 19 P

SRR MG LICTWIE Pk, it RIAER, IAbi -3 )

PACS: 33.15.Vb, 31.15.at, 32.80.—
CSTR: 32037.14.aps.74.20250647

1 3

XS ORI B B DR 6 28 32 2 UL T BL i
] 3 BEAS AR . 19 AL, BhA AN ML R
TCSRA A OV I 2 U )T A, XELARE A FAFJE A
e REE B2 T 1 iz Bl ——iX — 2 A (Y i ]
FUBE TG B A% G N T BB R R TR0 B A B
BRAR THOCHE AR BT, FEAEBTRPbK o Hh B A
BRI, WZRD (102 s) BIBTFP (1018 5), F—IK
IS (] 73 B AR A BRI AR HE B T A By AT
WU BE R 2 F) B i

HPRBOCE AR B K R AES T AR R B
] RUEE AR 1960 4F, 57 1 G LLF A BOLAR AR
T 1 BR 75 3 i U S A RSO K b B R

i

* ER A RPIEEES (S 12134005, 12334011) YEBNAILAE.

T EfFfEH. E-mail: helanhai@jlu.edu.cn
i BMEMEE. E-mail: dajund@jlu.edu.cn

© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250647

ff ) b T 2ZRb i g, 2 H TG, b
J&, Q FFIRHLAR B | AL ok v 5 B 40 22 44 7P
(107 s) %, M 5E 55 B 100 WL A5t il i 78 4
f 7 AT RE. BRI R B I b i — 2P & RS
(1012 s) T2, Mo FHRSAFS B RITH 7K
I"]. Mourou F Strickland $& H4 (1 W Wk ik il K
A (chirped pulse amplification, CPA)P AL
EFRT T HOCERE, I YURHEOL AR R 2 D
(1071 s) BE £ Mourou Fl Strickland [H [ 3K 15
2018 A5 DURYHRAAE. Zewail A 790 Kz A
N TSR RO B 12, IR A B il
B PR, TR T CCRME SR X — R
], I PR AR 1999 4K DURME%. 1991 4F, 5
BRI A OGRS 1O fy Il — 2D S TR
HORMFRE K, s R S 5 i IR 2= i o i

http://wulixb.iphy.ac.cn

153301-1


http://doi.org/10.7498/aps.74.20250647
https://cstr.cn/32037.14.aps.74.20250647
mailto:helanhai@jlu.edu.cn
mailto:helanhai@jlu.edu.cn
mailto:dajund@jlu.edu.cn
mailto:dajund@jlu.edu.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 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025)

153301

PR T H. JET ik e R B2z 5245 DL SR HE ER 41
F R R R R R, L S R B SR
13 SRR T R 2 A sl HE R S R Ak
i 05 B 28 SRR 28 SUIX 0617 8 1R i 42 %Al
Y MBI ATNAE.

RIS RO KR4 4 1 B[R] 43 B B, (2
1532 BRTIO G EAAN G2 F S R A 22 6 ), SS90 e
FisF TR] 73 % 238 1 OC S5 98 I R T 1 OB I 7™ AR R
(high-order harmonic generation, HHG)!$23 %] /&
&, S PR O R E R SR BT e, B
e =Y | 5 T i R e ] =/ L 85 Y ) o
() R UK, DN 1T DL /21 SO A il 22 b
(XUV) BIEM K . HHG HARASEHL T B[] 43 3¢
] f[F) (attosecond, as) w1 ES R, SN T
TE L 12 ShA AR I TA] RUBE T 38 353 il - 3l 1 27 i E
5¢. Mk, Pierre Agostini, Ferenc Krausz 1 Anne
L'Huillier T 2023 4L [Al 505 DU/R Py B2

BRI ik e AR (R HEA: | AR5 FL - RS Y
Pl 12 NS AR A Ry SR B, AR 5 R
43 TR HL 32 Sl A ] RUBE /& BE DT, foln, H 3%
RS AU HE W & P S8 0B B — R A
150 as, 1P 5T)2 HLF At B R AT At & A FE BT
FOHE S, XSRS A5 BT ik v B A ORI F, - S
oM BRAREREL . SRIM, JAE BT AD Ik b i 1 i oy
AA BSR4 JHOHE e A Sl et o o ik
PRI T IRPRAR. BEE LI HR R, — FR ) B]
T ROBE DN 5t J7 AR Ak g 42 S, AL FE BT #R 4 (attoc-
lock) 24271 TR AR W ic i 28] 4 Hor ) BT 4%
SUFIHL 23] (attosecond streaking camera) FIXUG
FERAE TP E A BRI RDFA AT 205440 (reconstruction of
attosecond beating by interference of two-photon
transitions, RABBITT) J5i%, & AR R+ 55
FHL B I A AT R AR O BOR T B XSS IR R Y
AWIHEA Pk T ARG B RS “BRI P 1 AR
fieise. B2 RO AU S 47 TG
T ARG RE A, (HIFARVS B Tl 2R B HfE LA
220 FL B R FR A SOWL B 7 2 40T S e XL 2R B
LB L FRAEAE RO ) | 249 JL - BT 28 %) s 1] 42
iR B9 X—H% 5 Eisenbud !, Wigner!*?! fl Smith*?!
T 20 tH22 50 AEACHE Y - IO B v S
FEWIG. S50 5 HNe BOWCE EIE, AL T XS5
FARLE AR B E R, o 2 R8T R AR
B IPARE e 00 it SO MR B

Ak, % RABBITT FikME &, —FifiE
B 05 D T B gl 4 o O TS R A5 T B ] 43
B BT RD HL B B o 9207 K RABBITT J5
FP B ESN XUV g e K 400 nm A5
otk b, It 54 800 nm WL £L 4k IR
IQUDIAIE S i e W e s ot M N 1K FF =14
B iR 2O BRAE T 7 (strong-field multi-
photon transition interferometry, SFMPTI). iX
P T WHOCIK S BT AU 3 v T S ]
S H R, WA XUV IR BRI
iR DAZEARD T B 5 P06 65 B, K
W R T S0 N FH A I . 12 e e
TRERGZ 6T B S e, ISR
PR IS T — R d 2 e ),

2 SFMPTI 7 ik w7 &6 & T
AL

SFMPTI J 3 2 R € 3806 3 100K 2% 0
SBT3k A F 2 v BT R D A ) RO FL T 8
FIZEHEN. X — Rl i Zipp 48 M T 2014 4
P, WK 400 nm (5 UV EOGIHE S 26T
HLES, I3 AJEK 800 nm (959 IR MOLIES T
BRI, AR T A48 RABBITT 4% A rh i 4l i85 v¢
TR A R AN K . B AR AN T AL T SE 5 A
R ARG SR T XT3 TS Bl A ) R
Bfif5, Song %5 19 & R T A CHUS R $H TTW
FEAR 5 LT RIE Z R 1 R DGR, B TN
BB X TP 280 ) BTk, IMZEE T SEFMPTI
D5 5 (R BRY FE A 4 Sl EL 1] Fsf 1] SE SR 0 6 | H 25 {8
AR W) iz .

ZHAROETHHBRSHERNZ TR
Pk M5 T u T 76T 400 nm O Rk %
MT LA B (above-threshold ionization,
ATI) 72 P02 J5 I l— ZR F 1B Sk B 400 nm Y
FHET (3.1 eV) BI45H, i@ 1155 800 nm(HLLFfE
i 1.55 eV) WOLIHE A RIBK ATT W i1
W, WAL T LS n By AT IS W E ntl
By ATT &2 FEi—~ 800 nm Y1, XFIS LT
B ZAS TR, SRR T IHE T
ff M A A A5 A 3 PR IE B 400 nm AT 800 nm
WO RIAR XS AEIR 7 BAE b 2 BRI MR . X
PG A, E GRS T 0% T g ol R g o) [) B SR

153301-2


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 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 153301

FE, R E BT TR e (B R
e F I (R ) SRS AR AT oA
7 Zipp 5 M BRI TAES, Ar 578 AH
HLIEFER) 400 nm 5 800 nm XA FHOEHIEH &4
I 2206 F S I T T B[R] SR A4 AR S
w1 B FOEH T3 &340 (photoelectron momen-
tum distribution, PMD) & 2|8 W iy 4544, H
AT ATT 2B XA O AR AR A H 3R
FR¥RG. A 45k K H T ARREY ATL WEXT IR B0
Jok v B R SRR A, T LA A PO AIR  (5 5- 25 1E SR A
&8 AT 8 AOGREAR 7, 8 1 3 i 5 5 i PR
i AR R PT LAAS 3] H 2 3l g 27 I TR G AR R AR
Pt Ar JEFAEAFEAERTAE AL T G HL g 25 R
B RO PRSI RE  (BFROC IR 18] P i
G, AT DA — 2P R O L 1Y Bl R 0 A BE XL
kX HNT o B3z Il (A X ik B
tontrast = (S — S™) /(ST + 87), (1)
Horr, s A S Rt FREIG S n AL T IEE
BWOGY sk B E S, BT RE &>
E, = nhw — U, — I, . XFF ATL g, n JEEG X+
WAFHL T, n R U, W EIRG R EY
AR A BB it 1, MR R B A%
ML AT LLoR
E = Eysin(2wt + ¢) + E, sin(wt) 2. (2)

Hirh, Eo F1E, 23 B IEK N 400 nn (FHR A
2w ) F1 800 nm (FI 45K w ) PO Y HL 5 1 4%
& A XEAIOCHIFART AN, 2 FRIFEOC IR 7
[ A % B T —AN559 4 800 nm ¥R, 55
(iR T 2 AT AR IR
Seontrast = @n €08(¢ — ), (3)
L, an SR —NEEL, 6, A2 T 0 N 5 8
WA AROL AL Bh. 0037 ) B 5 A A TT AR
TEAF X AR A B S 28 9] ] A% 1 534> 800 nm it
T I T SRR . A I 5 R A R, R
P R S B B TR AR, e RS S
R X HERE ST s 23 FRAT T 157 MO A R 43 it 7
RABBITT J7 i 19 52 56 rp A1 23 L2 3] 35 b s 43k
A3 R 159
800 nm - [ HRI A3 P2 4 2 AH 4B AT [R] (1)
BRAT AT, XA R AT A B pr -
B 5 LT A O B A 5 I A— S e, EXF

JO7 25 B P TR A RS RO R 4521 5 R IX 28 5T
HR, T LRSI R AT AH AR ) STk 5 i — 1
IFTAJRES 75, , IR A SRR TRN R ] AR GRS

(in ~ O(Ent1) — o(En—1)

+ Pm + Tlsc
w w w

A TATI + Tm,
(4)

Hrft o(B ) FRoRBEREN B, q B FRIREATHHFS.

FESRIEOC T AEAE T, ARIELER Ty B0 1.
IF) st 35 BH 75 28 5 ™A 1) B2 49 B >F 1 1t o e ¢
A 22 e B v A I AR

FS 21 I, Song &5 9 gb G222 djr U J
7 RTINS R P B (the generalized quan-
tum-trajectory Monte Carlo, GQTMC) J5 % P45
BT Zipp &M BFHRMIETAE, IR TSI T
AP AT T, WY T e B R Sl g 2
{5 8. B M ATL W LF i B s &
S, AHRY AT L X BT ATT (4 BT R 00 45 1
. FE ATI 25, SR, BT ECY
T b PR R B T BRI AR RS R I RE B S
B R, B T ARG I AR A
TR WM. X FH—Br AT, B Ao
ML 1 DT R A B 2538 8 /2, AR FL T ATI
A w AR /N, X FREE(F4R (re-trapped resonant
scattering, RETRS) #Ui 2EiR 1F j& Wigner Fif 4E 1)
—Fp BRI BE. G, SXAIESE T Wigner B SE R
B EIR 2 58—, ik 8 200 B Bl bt
GEHTR TR AR

SFMPTI J5 38 i XA O 57 A0 L ] 4, 552
BT X i b7 L 2 v BT RS R RLUBE B g 22 RS R
D, FLS2EG Y 2RO ST WM OL RIS R
WAL (1), BeAbDLSEEA T AR H =1
B T4 RENOGER (Libra HE) A1, Ho
Jikatrefti A< 800 nm, JkE 50 fs, B 1 kHz,
e KWK %A 4 md. 7K PR R 4 800 nm i
Stk s 2eat 5-BBO fb iR, 237 A 3 AR 1Y
400 nm ¥O6, AR LR 20%. BEEF, 400 nm
FEBOEA 800 nm FEFOLILAF T [7]— % b T ik
BT 23 [R]_EfSEER

SIS, AU PO 1) B ] SE 3R ] 458 2 8 4o
T A (calcite) 45 A JEHEXT (wedges) 2R SZHLAY .
400 nm FOLTE = ER B2 5 800 nm FOCH1ERE
HREHL (group velocity dispersion, GVD), Ht
BRI IR A e, WX | R R O

153301-3


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 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 153301

Wire grid
polarizer

/2 plate @800 nm Calcite p-BBO

e

KFEARdR A/2 plate @400 nm

51400 nm+ 54800 nm

IKFPR800 nm
Wedges

K1 SR LT BRI T W O ik o
Fig. 1. Schematic of the strong-field multiphoton transition interferometry (SFMPTI) setup.
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Fig. 2. Phase-controlled measurement of photoelectron sidebands: (a) Art yield as a function of phase delay in the overlapping re-

gion of the two-color laser field; (bl) photoelectron imaging of Ar atoms under a 400 nm laser field; (b2), (b3) photoelectron ima-

ging of Ar atoms at different relative phases of the two-color laser field.
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Fig. 3. Experimental and theoretical results of strong-field ionization of Ar atoms!*”: (a) Photoelectron momentum distribution un-

der a single 400 nm laser field; (b) photoelectron momentum distribution in a two-color laser field; (c¢)—(f) the measured and calcu-

lated photoelectron spectra at the single 400 nm field and the TC field, respectively.
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Fig. 4. Experimental and theoretical comparison of photoelectron energy-phase spectra of Ar atoms*”: (a) Photoelectron spectra un-
der low laser intensity, comparing experiment and theory; (b), (¢) two-dimensional energy-phase spectra of photoelectrons in two-
color laser field from experiment and theory, respectively; (d), (e) energy spectrum asymmetries calculated from (b) and (c), re-

spectively.
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Fig. 5. Relative delay results of multiphoton ionization of Ar atoms in a two-color laser field[”: (a) Experimental and (b) theoretic-
al photoelectron energy spectra under high laser intensity; (c) relative phase (time delay) of ATI peaks and sidebands at two laser

intensities.
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Fig. 6. Extracted relative phase and time delays between res-
onant ionization channels in the multiphoton ionization of Ar

atomsl7.
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Fig. 7. (a) Schematic of the experimental setup; (b) potential energy curves of the NO moleculel*.
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Fig. 10. (a) Measured phase-integrated angular distribution of photoelectrons emitted along the +y axis; (b) comparison of angle-de-

pendent phases retrieved for two sidebands of the A2X% states; (c) same as panel (b), but for sidebands of the B2II states,

V" =1,2,3 denotes different vibrational states of the NO*+43,
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SPECIAL TOPIC—Instrumentation and metrology for ultrafast atomic and molecular spectroscopy

Detection of ionization time-delay in atoms and molecules by
strong-field multiphoton transition interferometry”

WEI Menghao LI Xing LUO Sizuo HE Lanhaif DING Dajun!

(Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China)

( Received 16 May 2025; revised manuscript received 10 June 2025 )

Abstract

Attosecond ionization dynamics, a central topic in ultrafast science, largely depends on advances in
experimental techniques and theoretical modeling to reveal the fundamental processes that control the evolution
of matter on an ultrafast timescale. Among the cutting-edge approaches in this field, the strong-field
multiphoton transition interferometry (SFMPTI) method stands out due to its ability to detect multiphoton
ionization dynamics with attosecond time resolution via quantum path interference. This technique has been
widely applied to the attosecond-scale measurements and characterizations of ionization time delays with
quantum-state specificity, ranging from atomic systems to complex molecules. It provides a novel time-domain
perspective in the study of strong-field physics. This article focuses on the application of the SFMPTI in
probing strong-field multiphoton ionization time delays in atoms and molecules. We systematically present the
quantum interference mechanisms behind the method: electrons undergo multi-photon above-threshold
ionization (ATI) driven by a 400 nm laser pulse, while an additional 800 nm laser pulse induces the sideband
signals through two-color interference. The relative phases encoding of these sidebands provides precise timing
information about the ionization process. Furthermore, we summarize the recent advances in attosecond-
resolved investigations of ATI dynamics and resonance-state-mediated time delays. For instance, the significant
influence of resonance-enhanced multiphoton ionization processes involving different intermediate states in Ar
atoms on ionization time delays is elucidated, highlighting the important influences of Freeman resonances on
photoelectron emission dynamics in strong laser fields. Additionally, nuclear vibrations in NO molecules change
ionization trajectories via nonadiabatic coupling of potential energy surfaces, leading to variations in time delay.
Notably, the substantial influence of internuclear distance on ionization delay highlights the high sensitivity of
electron-nuclear co-evolution to ultrafast phenomena. Finally, we discuss the potential applications and
remaining challenges of this emerging technique, which will continue to open up new avenues for exploring

attosecond electron dynamics in complex systems.

Keywords: strong-field multiphoton transition interferometry, ionization time-delay, attosecond electron

dynamics
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