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W Wk Jok i R F2 R (chirped pulse amplifica-
tion, CPA) Ay B 02 Al s 4 - 1 8 PRk i
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photon ionization, MPT) /&5 =5, ILEf v > 1; 1fi
TERA RO GaR FBOE7 T, W 28 LB (tunneling
ionization, TT) HLil & 35, v < 1. 25k
Gy Bt 5 R 5 B S I L R OB HL 3 A
S IECHILEE T s B U, 345 T
1993 4 Corkum!¥ Fll Schafer 45 Pl $£ H 1) =2 &
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¥, X—IEH A= L H B (high-order above-
threshold ionization, HATI); 415 i& [o] B+ 5 &)
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R W& RT3 /2 LB (non-sequen-
tial double/multiple ionization, NSDI/NSMI). i
LU, 1% S0 R% 2 i 55 5 S Y Al 43 4y 3
AR HA S OTE, (Rl R e S 11 an BT b))
BRI A FRUl pg 10120 R PR AT 5 11515
BRI 2R AP OGIR 10181 S5 MRS BT A .

Bl A DRI TR A, AT A SR 2 L B 1 114
STHL IR BRI T — S AR A BRI 4, Horp Ay
FEA SOH ZLR AR iR AR R AT & (Rydberg
state excitation, RSE). 2006 4, Wang %5 ') i i
BUEK A BBy e 2 7% 7 F2 (time-dependent Schro-
dinger equation, TDSE) 7E i L #lF TR H
B A R A R B
B, e R B S R 2008 4,
Nubbemeyer 4 20 | F] € AT I (8] BT 1% 424600 2]
SR I R S PRI, RN SESS E RS
TAERE 2 B X A R e FREA ) He [T
FETE PR, £ TR 52 PR B 28 Fi B (frustrated
tunneling ionization, FTI) L] & i i£ 58 3% RSE
R, JFIA X 2 =2 R R AR A Y — > AR
7t WS R REBE TAERY], 123 RSE 2 —
AN R Y SR 7E 800 nm SREOEY
H1, He J7 RSE PR L0 B HLES Y 10%, 17 Ar 1
Xe JFF A MER ATIA R ML B2y 15% F 30% 2!,
FEE LT T AN R A1 NSDI 9. Br 1 s
PESURIR R, 3 ik B B SR KE RO TE R g I ml
DI AREE 28 L, T s R A I Ji - 122240
M7 FA B i 58 % RSE s #tn] 7= A kb F i
RS =27 B e R el LA
FEAFAR HL T A O A B (B S48 UH 15
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IERIN, 7 R0 HARAER, 383 RSE W1
— PR 2 B S S R 0 — A RN T, B
R 2 ST e, S8 b AR A R H B
PRI =7 RS 29501 ik e v 37 37 B0, 125 v TR
A O3V M f7 e F g LR (cold target
recoil ion momentum spectroscopy, COLTRIMS)
FFA DL 2732 DL ROBOR 2 IR 6 B9 48 B,
MR AR R B RSE o 72, #4858 T Fi=4 /0
BRI BrF 17 B MR 28000, DL B
HIRBOLHSER LGS e b, AMTERRT
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cal model )37 4> 28 i Z £5 B39 TDSE % {H A%
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ARG R PR S 5 H AR Y B A, 4G
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WARRE AT g L FHRRIE 544 1101 ) T HHG
FRA TS S AR B VIR G AR R
TEAA AR FTEROCR BB T Z 30 A Bish /)
(ponderomotive force), 537 RSE i ## A] D) 52 3
X FR PR T I R T 3k 3 b ek g o
Y 101 A B9 BRI 9T SO 38 1 5 3% RSE 7]
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Jimml, HETC ARZHEH a2k Sak o, 1
UGS T SEAR I SR I ) By el O BESE R . B
XY RSE il =, HAT{UA 2016 4F Zimmer-
mann 1 Eichmann©" #3487 FTI ML M w4 kr
T gy AR R . S5 F Bl JLAESk, [
L7 RSE PRt £, 7 Wi 90 K i 38 T 5L 50
AR, XY LA TR AR BRI, X ARG
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PFERYBEI R, e R AR A AU
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2 §&37 RSE T 42 i 5236 & Fn 3 i
W TT %

HEZSMLE, o m B RS A BN R
GRS, f1an, Bz shBUE R | B s
PRRR LS TR AR REANAE, HAT s CATRIGARY
P35 BXEE5 63 T iU s, BT
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HAI5EE RSE L5l )7 20 g 4] 212064,
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AR U SR SOR B B RAT BRI g,
TSR T AR NGE, BB B
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SEEAT SR RSE 77 A8 py il & (1] 1(a)) 2 XA H
FE i MR AR BT, TR A R A R
K LAEITA MCP #RIU#S (AT H ] HR R T A Y
R EE AR ] X B0 25 AU PR 5, i 7E LT iRb
SRR AR L), TR A K A
WA, XA AR H & TR R 7523 RSE
AR HIZ T A BA B s B, B FMR S 7
Ay — M A, PO 3 T 00 5 43 7 Y5137 RSE
AR PkehER A ECR B AR T RS
2y TSN T B i ReE, 456 CATH ) BT
7% (time of flight mass spectrometer, TOF-MS),
et FHSE 3R 10 5 Fi b P 8 g BB 2 101
HHEENEFES, XWEMRRY RSE i f#
1T Z AR —FP R B (] 1(b))RY. fay B kL
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DL ST OG5 Hh - DA 53 - BEAA B
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LR, SEIR AN AR i — i FE AL n
W RSE 7. falz, M I COLTRIMS (K 1(c)) 52
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Fig. 1. Schematic diagrams of experimental measurements
of strong field RSE: (a) Direct measurement of neutral ex-
cited states®); (b) pulsed electric field ionizationl; (¢c) COL-
TRIMS 64,

S b, FERE S L 2 EUR A R 1, PFEE K
JE T PP (semiclassical two-step model)
57 RSE o #2, B9 HL S P 48 4% Ammosov-
Delone-Krainov (ADK) #7174 53R | % 25 f5 14 F
FAEROCH 5 B HILRIVE T 1Yz 3 i 28 4
7RI LS BT PUES A T O 1,1 QULEAD S b NN A i 188
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RSE I F8. X 7 12538 7 5 T B0 M B A 3
PEROCHEES RS W R BB 2 AR R S L, 15
Fl| RSE 7 38 1427677 gt Hu 4§ ) 7R3 57
Bl (strong field approximation, SFA) [F&At [ &
3T — e T RRL AL PSR 7 RSE o R 8 v,
S TH TR —58 1% RSE il 2 2 B
8. T 5®Y RSE M AE AL S H A By 1 13500
FATAET & TP IF 4 RGA.

3 5% RSE oy 4 2 AL+

JF53% RSE =L ML — EAFTEAR R 14
W, X FERBULE L6 RIE 2 PR MG 2 0] ) 4
W, K 2 FR. —LEa5EE IR RSE 174
KL T Freeman AR AC-Stark %2 £
e IIRIM K (K 2(a)), 1 FTIALEIA A RSE iF
PR TR S, A0S 5 E IR
TR B (K] 2(b)). F i 28N R 34
FBHCT T RSE sk BRI, TR i b B 50}
5845 RSE Py BAIL] 1 PR

(a) (n+2)hw

(n+1)hw

Energy

Laser intensity

(b)

Capture

Tunneling

Kl 2 3% RSE /R (a) ZIHTFEE; (b) BFE
R IE R

Fig. 2. Schematic diagrams of multiphoton image (a) and
tunneling plus capture image (b) of strong field RSE pro-

cess.

Nubbemeyer 4 20 SEELIN 2 1 He %
KA (He*) F= R ZUR G T WO % (K 3(a)),
X2 F Al A B AR (40 HATT, NSDI, HHG %)
A —REE L. R AT 158 & B He JiF 5855
RSE sl LA FATE n = 8 BT, XA HE
PEARFIIE A2 5 EAHE U quiver 212 (rmax =
Fw?, Hop P0G sR I, w REOEIR)
fF4. o, i 18E ks RSE 9 FTI LS, 3148
HH RS Al R R O A B AR A R B
Landsman 4§ %1 & Z W 22 3 1 5 37530 (DL BRIS
T, S0 T AE S REREHESE T (19 He* ™ SR
TR BUEC R, XA C R 5 HHG 25, H
R EEL T Nubbemeyer 45 20 X He* 8 5256 WL
MZES. [FR Landsman 58K He J5i¥ RSE Al HHG
SEIRAT TXTLG, 48 W HIE B AN ) Z A 7E T % 2F
FEL G 14 B 20 AN (], 5 B00R% 28 F 7R [T B ) Sl BB AS
[, TR 28 o L 1 8h 1 A 2RIy, PR e S 30
I 4 X5 RO R Ol 5 AR G R L EL [ B A AT T A
724 RSE BB% 28 fL T I AN 7 2R [0l 31 % 28 1
FIRRHE B9 (AR SRR IE LT n?, RS T4
PRI A R R m R TR ). X ok
Ui, 523 RSE XHBOCHHIm=AIISNIZIe A a1 HHG
J NSDI S H Al Yy Feom Fl (5 & W ERE2E
TR [ BIREAZ BT, PRI ey R (0 RS ol
2 PEGR MR R 2RI EAIL), X BARS He JR
THIEE R EALF (He 193837 RSE 5 HHG X
A i 2R A7 R AR AR DG & B9). Huang 45 P75
RIAA G E ZF 5 T A — R i
(FRZ AAETG % 1), A R AR R B AR S, 17
T B 11 FH B8 28 F T IO U S A 67 RS ) 882 DR
AR EFHAARFERAEEE O A 18 T AR
HUEIBR (1) JFF 1 RSE XSO M i 2 5
258 (K 3(b)), 8 XTI B/MYRT, B RES
) SFA AR5 5] RSE 77 R NG i R
W ZE R B P 2 MR a5 0L, RUTE S 3
1E583% RSE i B HEAE B7. 7 Nubbemeyer
X He JiiF RSE WFFEAY LAY I, Zhao 4 B i —
HE T AR T (He, Ar, Kr) i RSE 73R X}
D 2R O G R, 5 NSDI #4717 %t L
5%, X TSR T, NSDI SO fn 2 A 4 i AR
U Mo A5 £ 7 Tl 4R A4 PRARS AL () T, 1T A R K JR
THI583% RSE 773 ] J 9 L, NSDI B 55 5% O
W R AR = (8] 3(c)), FMH % 3% RSE ANHE
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1 RSE (He*, ZL (5[5 18] ) 7 2 BEWOGA i 5 1948 10 06 R 0
(b) SBHOLY AR I, 74 i BT 25 7 X O s
MR 2 R 42 DT (o) FIARAL B 11 1Y 58 2 5486 1) 3 B 1 1L
H (A/vg, 80 EIE )P (¢) 800 nm €AV 3 O & Kr it
F RSE (Kr*, B HE) K& NSDI (Kr2t, ¥ (2598 ) r= Rl
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Fig. 3. (a) Dependence of ionization (He", black squares)
and RSE (He*, red circles) yields on the ellipticity of the
800 nm strong laser fields ; (b) dependence of Rydberg
state yields of atoms with different Ip on the ellipticity of

strong laser fields (o,) and the ratio between the width of

X
phase window and the drift velocity vy for different atoms
(A/vg, green star)Bl; (c) yields of Kr RSE (Kr*, black
squares) and NSDI (Kr?*, blue diamonds) on the ellipticity
of the strong 800 nm laser fields. Red circles are the results
from 3D semiclassical calculations. Blue solid lines are the
SFA model analytical results without considering the Cou-

lomb potentiall®!l.

SRR AE o3 A, SrFrdE i, RSE 7738 ZUK
O i 232 10 ) BRDL 1) 2 B8 Bl & FAR AR Y
IRBE R FAEM R OG h ™ R0, 5 HHG
S NSDI 45 filf ey 3t A2 AN [l g B4
FERUE K A TDSE M TAE T, iR # 3 2
J5F53% RSE #9773 BEHOGIR B 810 2 R &
Gl lo-275.77 ] 4(a) JEIL T TDSE AR, H
JEF7E 800 nm 5RFOLY T H B M RSE FEHOE®
FERARALIC R, T LA B P 7 32 b G 3 fin 3
B I 04 52 AR A B B 23 4548 7). Volkova, 45 0190
S, 3 X IR T 4 R 1 SRR AC-Stack R0 5
A 1 BE QRS Bl il Freeman k. BiJ5, Li 45 1177
WAl TDSE SR H )& oG HL 7 AE 35 Hl RSE
i Ji, 48 57 RSE FMIRAE ATI iy # sl ok
H T2t s i F2 hiliE 5CH] (channel-closing)
RN, JE SR 7 W ) 1) B 15 30 X PR A8 ) T
—&) (REnhw = U, + I, , 800 nm S35+ n 1M
(1) JEFEIEXS R OCHRFIFRZI N 26 TW /cm?),
T H R AR A R TR SR O h A AR = AT
FRIHH T B EASRAARRN M E. LR
I, Zimmermann %5 "2 08 | 400 nm 3 HOE Y
Hr Ar I Ne Jit 5 BLPEAR 2080 7 RAFTE R IR Y
BRAZ XTI Y O 5 A 4 O A H B 1Y channel-
closing X W AHOEIEaR, HAE 800 nm JeiHh{tif]
B IR ARG . Fdfe iR 2 8 2ok B Ak it
FE IO o R ARSI S50, IRt T 3458
N R, LA T 800 nm 5RO T RSE
7 AR ' 9 A AR R iR T 46 4 B4 X B BO L R
1400 A1 800 nm 5 #HOEH H Ar 5T RSE Hyill
R RO 400 nm Y637 77 A4 1 Art Al
Ar¥pe R BEEHE SR 4, M AE =658 400 nm O
¥ K 800 nm YeIZ R, ArtAl Artre R B B B
IR BLAR S R B4 (I 4(c)), 4R 5T RSE
PIHLEITEA DG T o 2007 1 R §L 7% Ry bk 2
KR Chetty 55 ™ SCHGI 1A [m] ik 58 T 3 5t
+ RSE/™ R BEOCIRAR LA IR G 451, K AE /D JH
BT, R GIR T BB SRR I R, AT
INXARARAREE BRI T T AC-Stark S0 )
PR WA 8 BIEREVE, A2 H 53 1 1Y O
1. bk, BUEKR i TDSE™ Al oY S 5600 5 24
L FR AT FEH K P (1800 nm) T, AN[FDE
58 N I RSE 77 S Bl )it 5 A8 1k #a 357 76 JR 91 24
9 50 TW /em? Ik G 4544 (K 4(d)), X AR5
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Fig. 4. (a) Dependence of H ionization (red solid lines) and RSE (blue dotted lines) yields on the intensity of 800 nm strong laser
fields based on TDSE numerical simulations [ (b), (c) experimentally measured Ar ionization and RSE yields in 400 and 800 nm

strong laser fields®); (d) measured and calculated yield ratios of Ar ionization and RSE in 1800 nm strong laser fields!™!.
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Fig. 5. Quantum picture of strong field RSE process. The
tunneling electrons ionized in different optical half cycles of
the laser pulse are captured into a certain Rydberg state,
and the interference of different orbits leads to the intensi-

ty dependence of peak structures/*l,
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Fig. 6. (a) Measured n-distributions in 800 nm strong laser fields for a laser intensity 1.8x10"W/cm? (blue circles) and 2.9x10%
W/cm? (red squares). Semiclassical calculations at a laser intensity 1x10" W/cm?(open diamonds) and 1.4x10' W/cm? (open
squares), and quantum mechanical SAE calculations at 1.8x10' W /cm? (open circles) and 2.9x10' W /cm? (open triangles) . (b)
upper panel: time dependence of the yields of Ar* at a series of dc electric fields. Lower panel: extracted PQNDs for the data
presented in the above figurel. The black squares, red circles, and blue triangles indicate the experimental data and the extracted
PQND at 1.8, 3.9, and 5.7 V /em, respectively. The fitting results and the extracted PQNDs of Ar* in 800 nm strong laser fields are
depicted by solid curves. The magenta diamonds in the lower panel indicate the calculated PQND by the semiclassical modellS9.
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Fig. 7. (a) Kinetic energy distribution of excited neutral fragments He* (red curve) and ionic fragments H*(black curve)l?;

(b) schematic picture of Rydberg state excitation mechanism of molecular fragments?.
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Fig. 8. (a) The yields of atomic excited fragments formed by CO molecules in strong laser fields depend on the direction of laser

field and molecular orientation [™l; (b) kinetic energy release distribution of multiple ionization-induced Coulomb explosion channels

of the Ar dimer(2®,
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Fig. 9. Experimentally measured yield ratios of Ny vs. Ar and O, vs. Xe for both single ionization and RSE as a function of intens-

ity of 800 nm strong laser fields/®0l.
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Fig. 10. Photoelectron-photoion-coincidence spectra obtained in linearly polarized femtosecond laser pulses for O,/Xe (at the intensi-
ty of 8x10" W/cm?) and for Ny/Ar (at the intensity of 1.2x10' W /cm?). The red dashed curves in both figures indicate the separa-
tion between DC electric field ionization and photon ionization due to black body radiation of the Rydberg atoms and molecules?”.
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SPECIAL TOPIC—Attosecond physics

Rydberg state excitation of atoms and molecules
in ultrafast intense laser field"

Shen Xing-Chen  Liu Yang Chen Qi Lii Hang Xu Hai-Feng'

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

( Received 28 June 2022; revised manuscript received 24 July 2022 )

Abstract

When atoms or molecules are irradiated by a strong laser field with pulse duration of tens of femtoseconds
and intensity larger than 10 W/cm?, they will generally undergo tunneling ionization, which will induce
various non-perturbative and highly nonlinear phenomena. Investigations into the strong field physical processes
is of significance in studying attosecond physics, molecular orbital imaging, ultrafast electron diffraction and
advanced short ultraviolet light sources. While there is a relatively long history of the studies of tunneling
ionization induced physics including high-order above threshold ionization (HATI), high-order harmonic
generation (HHG) and non-sequential double ionization (NSDI), it is until recently to surprisedly find that in
the tunneling ionization region, neutral atoms or molecules can survive in strong laser fields in highly excited
Rydberg states. As a basic process of the interaction between ultrafast strong laser fields and atoms or
molecules, such a Rydberg state excitation (RSE) has been viewed as an important supplement to the physical
picture of the tunneling ionization. During the past several years, the extensive research attention has been paid
to the RSE process in strong laser field. Various theoretical and experimental methods have been developed to
investigate the strong field RSE of both atoms and molecules, to understand the underlying physical mechanism
behind the recapture of the tunneling electrons and to reveal the quantum features and molecular structure
effect in RSE. These advances have brought about an in-depth understanding and a systematic view of the
atomic and molecular RSE in strong laser fields, as well as their relations to the other tunneling ionization
induced physical processes such as ATI, HHG and NSDI. Here, we systematically review recent research
progress of the atomic and molecular RSE in strong laser fields. We particularly focus on several aspects of this
strong field process, i.e. the physical mechanism of the recapture, the quantum feature and the interference of
different orbits, and the structure effect in molecular RSE. In addition, neutral particle acceleration and
coherent radiation which can be induced by the strong field RSE, are also discussed. Finally, we provide a short

summary and prospect of the future studies on the strong field RSE.
Keywords: ultrafast intense laser field, Rydberg state excitation, tunneling ionization, capture
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