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Fig. 1. Sketch of strong field tunneling ionization process and comparison of PMD results!®?l. (a) Sketch of strong field tunneling ion-
ization, electron exits the barrier at the peak time #, of the laser field, in (I) process, the response process (II) occurs between the
exit time tgand the ionization time ¢;; after time ¢;, the electron makes a classical motion, corresponding to the process (III).
(b) PMD result of TDSE, laser parameters and offset angle are as shown; (¢) PMD result of SFA; (d) PMD result of TRCM and
the offset angle is also shown. Panels (c¢) and (d) use the same laser parameters as panel (b) TDSE, and the parameter nf= 2 is
selected in TRCM.
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Fig. 2. Application of response time theory to H (a), (b) and He (c) (). Real and dashed lines are the predicted results of response
time theory, while the points and circles are the results of experiments or TDSE. It should be emphasized that Eq. (1)—Eq. (3) in
these figures, corresponding to the Eq. (6), Eq. (8), Eq. (9) introduced in the theoretical section: (a) Comparison of the offset angles
calculated by response time theory with the experimental (Exp. H) and TDSE (Coulomb 1 and Coulomb 2) results in Ref. [26];
(b) comparison of lag time calculated by response time theory with experimental (Exp. H) and TDSE (Coulomb 1 and Coulomb 2)
results in Ref. [26]; (¢) comparison of the offset angles calculated by response time theory with the experiment (Exp.) in Ref. [28]

and our three-dimensional TDSE results.
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Fig. 3. Application of response time theory to other gas targets!®l. Gray solid lines and orange dotted lines are the offset angle res-
ults of TRCM theory, while the blue dots represent the results of experimental and TDSE; Eq. (1) in these figures, corresponding to
the Eq. (6) introduced in the theoretical section: (a) Comparison between theoretical angles with the He experimental results (Exp.
He) 2% (b) comparison between theoretical angles with the Ar experimental results (Exp. Ar) 2%; (c¢) comparison between theoretic-
al angles with the H, experimental results (Exp. H,) B (d) comparison between theoretical angles with the TDSE results (TDSE

H) of H 7. In all cases, the TRCM theory predicts the offset angle of the experiment well.
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Fig. 4. Applying response time theory to obtain the scaling law for the ellipticity dependence of the observable in attoclocks!‘d).
The solid line is the result of the TRCM, while the hollow symbol are the results of TDSE and experimentall'”, respectively:
(a), (b) Comparison of the momentum along the laser polarization main axis p; and the minor axis py corresponding to the
brightest point (most probable route) of the PMD; (¢) comparison of the results of PMD offset angles.
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Fig. 5. Application of response time theory to orthogonal two-color (OTC) laser field*: (a) PMD of TDSE; (b) PMD of TRCM;
(c) PMD of Coulomb-modified strong field approximation (MSFA); (d) PMD of SFA. The horizontal white line in each figure dis-
plays the shoulder position values predicted by TRCM, the middle part of the vertical double white lines is a rectangular structure,
and the horizontal red arrow indicates the width of the rectangular structure. It can be seen that the positions of the TRCM

shoulder and rectangular structure are quantitatively consistent with the results of TDSE.
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Fig. 6. Application of response time theory to molecular system!*: (a) Comparison of potential function curves of symmetric

molecular ion H;‘ and model atom with the same ionization energy under the same laser parameters, the inset magnifies the

difference at the tunneling exit; (b)—(j) comparison of Hz+ and model atom PMD offset angles and ionization time lags given by
TDSE and TRCM under different laser parameters.
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Fig. 7. Application of response time theory to polar molecular system 2. (a)—(c) Comparison of PMD results of polar molecules HeH*
obtained from different methods: (a) TDSE; (b) MSFA-PD; (¢) MSFA. (d) Corresponding curve of offset angle and time
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second half laser cycle differs by 2°—3°. (e)—(j) Comparison of the ionization time lag (response time) and lag difference of polar

molecules in the first and second half laser cycle under different laser parameters. The time lag of polar molecules in the first and

second half laser cycle differs by 10—20 as.

BT IRt FR o1, etk or+ T RA
A, HAESRHOCY h s 1A S B 5 Ok
I Stark SN A5 FEA BT B, H AL T AN
Rz S LT ST 02 B 3 R WFFE 0 1 I 1] 2
T —AHARAF 5, BET TR X SR AR R
L0 JSE I TR] 2 (6] A PRI R, SAT ARG 35t 3 BEE
AR . il o AR 2315 377 P B O E ST 45
JE7R, SR RO P § HeH LR T
SR AT B TR E A A AN X AR B 2
I T 2 WA RS BRI T B P A T A
W Z B R 2 AR EAR T, e G S 1 L B ]
SR (i R P ) ) A FEASAE R R K — 55 e i
I a] S AR SC G L F i oA AN RRPE, Al LA
TV JEV S A IR P 5 B R Bl g 2. i, )
P IEAZ RO et o5 g 0 A 4% R BR AL
FAARIFRYE, AT LIS 1 7350 A 301 P A 38
S35l A5 B R A 19 i ik 0O 5 s R o)1
gy oA BN AL A AR FRYE, AT LA BRI )

TIPS T A 80 2, A 7 B
Wikh R4

XTI AR SR O I 4 G FL RO A O
BRI BP9 EA T 87 B S FLE S . AR — Y BT
Foph sz b B9 S Sl it o A Im e £ 0 A 2
HH AR 2 R 8 26 1 FR A3 Oaeray NN I 5 BB ZF I (]
FEIR 7 MRS, 1L Odetay =~ wT 5 55 2 TBIT Orer
TA N R R 2 H 2 B R AZ S R v R B AN 5 3 1Y
Prdite. SC90 LSR8 2] 0, SR 5 8 ol 2 e
PR B Orer (22 22 BLASLAUL TP IA Ry ANl B ik 2 ) ] 428
IR, DRI ABEADLAE 20 0 D 5 A SR Orer ), SRS N 6 T
W2 Orer WA B Ogeray - WIHT IR, AR L3k 7 24
XA RN B SE B A5 2 TSR Y253, WEAE ) JE A
Z A e RTE gl SRR Sk i
UBADEE i 7EROC h 3l 12, MRS [F] AR
RIBAT B FEOT A 1Y O fA7E—LE2E 7.

ik TDSE FM & 2800 1 5 7 3 AU 53

4

193301-10


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. 72, No. 19 (2023) 193301

T IE SR AR B8 b v Y E g B AR A v [
R = NN 7l = e M = 7 P 2R
7 EE A DR B B I PR AR S I O 2 i R AT
MRS LA 2, PR g A I ) RS R
BB AR AEAZ T, DR MRS 380 0 s b 8 7= i ]
DL RUIA Ry S e 1k 2 i st BRF 30 174 i S 25 S ) A
JR B, RIRLFPERR 28 R BT A S LB A T, X
Bof FL 2 1Y) L 00 R B 4% 1113 2] TDSE B
ioF R B R (IR ) F, B 7 1 DG T I [ 1Y ) ek
{EDXF I B 220 8 AHEE TAMAEAE RS 21 to FEAE F BITRDY
Wi#% 7, Bt = to + 7. TEFFBERT HL 257 5l TDSE
oA s R AT e A B, 20 Rk
HL gl i p/ MR B ] ¢ G L 2 X R p ~
—A(t) ((5) Xmyde A, WXT (7) Xie).
T BRE S ECTE T i B R AR 7 52
B R 28 5 T] ¢ 055 SRR 1Y 52 B ot FL - Bl i
p R EAE—— X NC R, X F B
M) LA H J2E 17 3 18] FL 2 ) ) B AR e KOG R X
p' ~ —A(t) I T 16 B R ik 30 3 B2, 3 sk vk
FOCH A B A PR R A 0 Y R R
FHEHEIER - 2B (W (7) 2). TDSE #4
HH IR A L 5 7 i Y L T Bl d 0 A ) R
568 17 P 5 T 70 43 1) i T A0 3R 4 3 A g e vy AL
T HEEAMRYE. KR p ~ —A(t) G A 2R
YPGB AN R BR 2 F T AR PR AR AR T
8 BRI 23 A2 B TSR N B A5 . AN R T
BE 2 HL T 1 LR ) (B TRz B SR I AR
) KAAEHE F RS 2F M B A RS i S 2 7R
W T RS RS K B A T T R S A K
A H (AR 2F FL T 1 i [R] DA 1Y
to JIEIR B T H IEECHHER ¢ = to + 7, ZJFHIE
TRV AT LA 2. R F7E % 28 F B R rh Rz
B 350 ST IR ) B0 R g s ] A TE
B to A8 R AL BRSOV Y ¢ . ik
FESRMES, BF 9 & BT LA Ob b i AR 22 B 2% () ik
Yy B g 00-531 R B ] dA R ik AN FE SR 7 RO T
—ANFEA A R R], R 5E S L v R T P ER
XSGR e 7 B ] A 12 A BRI IR
B P 2 FEL U LX) T 5 7 i 5 174 e i [

BT TDSE M55, sE—20 48 1 e iz Aisf [
FRIS AR (TRCM LAY SR i iR i [ 2858  [43],
TRCM ALK ZIE R A8 A v] AR i1 5 2 il
FHAE B SO ) RS- F - AN — AR A B

VBB T]. 2B R Y S U5 AT AT iR Ry M+
TEAN WA I 2 ¢ 33K R 28 H A e (fo) (— R ZN
FEESRERZ 10 a.u) IEAIES BRI A B, BRZE 59K
Wb F—AWERAES (— WG &R Ho 751
1o AE AR AL ASAS B A ), IR A I R J2 5 T
IR AT LAt — 20 i — D B A AR
HRE v B HERL TR T AL B SR o 17 R 8 ) R
¥, 5 to BYZIH R S B O i Tl AR . AR e
HOEH, R LI TR v = Eor B o
HEORARIH I IR 2 ) S 5 I BE . I ] R
T ti=to+7ZJ5, FECRUN RS20 AT LLZ 0, H
T H . R LA AT, TS SR AER 7, R
Iz B E] A by 2k =X, B (8) =

TEX T 555G B IS B ) Bl bl s vhr )
24 23 F 3] Wigner B[R] 2E3R () #E& B4, Wigner
sk 1] S22 SR Y o SO S F T8 PR AH RS OC T
PR X —E LR PR FEE ST TR
OB, S5 2R AT X — A& 0 Tl e g 129,
Wigner B[] 138 B KR R E G hiz shiny
A RN HE [ H 3 2l Y s A B sl P 5 ) DX 1. (B
B EEAG ST 1T, M ERE TR
SRR AR ([ FR L 2 3 A A0 9 35 S s
ISP R A TR A ), X T A ) S [i) AR A AR AT
e AR, — AT BT, Wigner i [H] 4E
IR AT B A HE G i 1Y e

SR b (8) AAERE % sl AL g SCAY iR
N E)AH G, Wigner B[] ZER J&—ANEAR &, HIH
e I 5 75 2 B9 Wigner A5 A7 H 4 5 0k 1
(8) N ZEAMBFOCHIEF IS (1
(9) ), FEFEXEIEARSHAEO T, v R
e me b EFE]. Ak, Wigner b [E]SEDR & X6} A0
B Z I P ARA BAE R, 5 REMISOEF 152
B bt 1] I 5 291 177 (8) 2 SC IRy Mg [z s [) A X698
- HL A% Z (A ) = AARs R AR ELAE R, Z0m T &R
GO ITE]. B35, Wigner B[R] ZERHiA
FAEEC Y iz st PR 3 6 Hz 3l i in s 2
IR X — 22 ML EME, T (8) =X SRy i iz s 1]
A F L7 RE 28 Y A R SRS A 3135 2 80X
—p M A

Sz, BRTER OGS Y B BRI A BRI G
TEHE B F| TR Z RIME, ST 2 50545 R n i ke
FEEAR KRG IL, H 2158 TH R 4518, X L6 FIME
MEAME S E A Tk B, S R )2

193301-11


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. 72, No. 19 (2023) 193301

BOA IR EAT, € ST RGUAI (AR IR
J7 ik IO 5 AL P G- A g = AR B
XA AR 2R PR8N RS B B R A A E R
PR 3 I H O A () BEE Tk 4R
1) FEME b, JE GO A R X DY A e 7 A5 ]
W RE SO 230 137 (9 PR - L - SN = (R A
AL 2) 775k B, ARG BRIE T %, 18
T 5 T B i i B T MR LY 1 B
Wb PR IR PR N5 3) AR L, I B ] i
HHLE AR RSB h Se g th £k, DA R Segefe fit
TG — IR . Ak, 2 BIE AT RN T
AFEPER O (F140E S EH0OET) Ll
SR IR RS 3, B2 AS 2 1R
T S L e PR EE A 3, Sy B B BT b
TEA R AT 38 A S T AT PSR Bt R e i B iE
2% fda, KOnEIe ) 2o TR R, T
W1 o315 51 R GE BT RD B sl e oA (i e A 22 5
FRIEC IR 1) P -5 o SO s ] 25 D0 AR S5 BB o2
oA B A A RRYE, S B T RS>
SUT PN 8 T A A AR S ] B R R B 1
2 AR PRI e P R P TS, A BRI BT
Hh R R R A — B T

5 K Z

M 1o Fsf ) B S B AU SR AFF T - 20 B30 LAk '
FEL RS0 18 i g Fsf ] [ R (AL T — AN BT A . B Tl
T A R — B S T R R SRR Y,
TN E 2ok 1) 20 i ) e 2 L PR R 2 — B B
(1) M S S TE) FT 9 . X6 e o it R A AT i — 24
RN AWM — A I 25 S B, X6z s ]
RPEEKRZ] 100 as, 25 AIRERZ) 0.3 aw 8. 3
RV, SN E W B N AT R
b BRI RAS R — A2 T FE R AW
A T2 B T 50t al B A O BT
HH B S LSO AN ] SR 2 LY i R
M 12 i ], S — BRI A 1 [ R

AN, A B FE s ] AER (R HL Y )
g S [T ) X6F 1o YR VSO e e L~ T s Jal o e, L
A EZE R P 2 S EOR IR S H0E 0 B
B[R ER T 60 as, fH ST MG RYIEIE, M T3
BB (ORF I A% T (R 5 R LTE ) X R ST 1Y)
TURRIE SR T 1 /NEGE S, H A AR (Al

() OGF TR I8 S S 1)) AHRZHEHT T 30 asP?l. X4k
SEMAS LAl 2 U5 T 9 37 S R v D PR R
XTI B, MG 8 35 B T R T A A
P, SR, 2 H AT 1B IR FRISHEE & Hmak
TR I BE R . SR 257 F B ) 7 P ) B ) i
Bili L iE— 2% SR A A (RO S0, MRS i B
VA 203 1 VR TR S D B s L R
PR A VIR RIT M AR, tedh, L i st a]
o HL AR T S M L X U e sy 17
P T EEE, BRI AT & S R0U0 1Y
038 S PR JE AR T T “F IR LA
P75 %8, B2 A A8 FH 2% 5 i CAE TE (1 FL T3
(B i Ry AR ) SR R, FAL A 45 FRks S gl ? it
A, AH OGS FUR F AL T AEXT Y S RIR [ s
(), Xk T2 58 L 5 Bsf [R] (5 B 2 B[R] AH O ) TR (]
I IF) (XoF IO S 90 0 e i V) ) ) B ARy 2 B LA S P
B FE, BT RS T, b T
YR A RS T B AR RN, It
W IR ShL A L B A R D A S A el )
FH T8 VRIS I D' S I 46 o ik ) ) =R A4 7 ey )
o UG 0 SN0 P A 0 BT RS 2
AR 3 ffp e (R R 2 ) R

(HAFER M, SEOCHIER TS F T
1A (A O AEAE, FE KR AR R & A A
XK E 25 B POS1 3 — B 1 7= A 2l 1 [ 1
W FHBED Stark 23l (i £ HLF7E Bk ofall
JE B B {5 1) T R B 1) B RE G R A . — A
AR AR IR, WS AR o & AR RN X R S
(1R AL 08 IV J0 S0 1 o 8 v P A Ry e A b, I Ak
AT AR AE 53 FAE 28— fe /N RUBE B “BIO — %
B AR FE BRI 7 () O 1. XA A 24 il
R RS (PR LR O 2o i AR ) ZE PR ] L
1 SN 12 2 X == 5 T | ol 2 W X e ¢
B PRE. BN AT AL I AR A R A
S S TN (02811101 i A % (9 BT T Nt 11
RSB E], B AR AR A X AR S B i o7 B
], R HAERRR— PR, H M 0.1-—1.0 ns,
X—HH AR KRR L oesE T AN TR, ¥
AR WA 4T3 R 2 L B R S LT
M8 TRCM Fig, b 28 JLF- S Wit , (X 7E R 2
FH - MR 2 250t U0 38 e 2 A R 2 BT R g B[], AR
P X — ML, 3 FHRE A R BT (A — 4k b
L), A BEBE R I W F H B 2R RN B R T

193301-12


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. 72, No. 19 (2023)

193301

27 PP IR L I [R] A4 22 il TR A, TR AT
8 TRCM Wi 17 Fisf [ B 7] oy~ 28 i — R4 Y et
PEALRIE RIS TR, v DLCAE, AR A fh 22
TR F AT I A A2 S TR R e
RO AL ) <A LR AR . XL
— 7 TR SR AN S ok B A T2 4t
TR RBREC BT, 55— 5 HARE T4
AL, X 2 S L AT BRI S |
L7298

S 0k

[1] Keldysh L V 1965 Sov. Phys. JETP 20 1307
[2] Ammosov M V, Delone N B, Krainov V P 1986 Sov. Phys.
JETP 64 1191
[3] Schafer K J, Yang B, DiMauro L I, Kulander K C 1993 Phys.
Rev. Lett. 70 1599
[4] Yang B, Schafer K J, Walker B, Kulander K C, Agostini P,
DiMauro L F 1993 Phys. Rev. Lett. 71 3770
[6] Lewenstein M, Kulander K C, Schafer K J, Bucksbaum P H
1995 Phys. Rev. A 51 1495
[6] Becker W, Grasbon F, Kopold R, Milosevic D B, Paulus G G,
Walther H 2002 Adv. At. Mol. Opt. Phys. 48 35
[7] McPherson A, Gibson G, Jara H, Johann U, Luk T S,
Mclntyre I A, Boyer K, Rhodes C K 1987 J. Opt. Soc. Am. B
4 595
[8] L’Huillier A, Schafer K J, Kulander K C 1991 J. Phys. B 24
3315
[9] Corkum P B 1993 Phys. Rev. Lett. 71 1994
[10] Lewenstein M, Balcou Ph, Ivanov M Yu, L’ Huillier A,
Corkum P B 1994 Phys. Rev. A 49 2117
[11] Niikura Hiromichi, Legare F, Hasbani R, Ivanov M Yu,
Villeneuve D M, Corkum P B 2003 Nature 421 826
[12] Zeidler D, Staudte A, Bardon A B, Villeneuve D M, Dérner
R, Corkum P B 2005 Phys. Rev. Lett. 95 203003
[13] Becker W, Liu X, Ho P J, Eberly J H 2012 Rev. Mod. Phys.
84 1011
[14] Krausz F, Ivanov M 2009 Rev. Mod. Phys. 81 163
[15] Lepine F, Ivanov M Yu, Vrakking M J J 2014 Nat. Photon. 8
195
[16] Eckle P, Pfeiffer A N, Cirelli C, Staudte A, Dorner R, Muller
H G, Buttiker M, Keller U 2008 Science 322 1525
[17] Shafir D, Soifer H, Bruner B D, Dagan M, Mairesse Y,
Patchkovskii S, Ivanov M Yu, Smirnova O, Dudovich N 2012
Nature 485 343
[18] Dahlstrom J M, L’Huillier A, Maquet A 2012 J. Phys. B 45
183001
[19] Paul P M, Toma E S, Breger P, Mullot G, Augé F, Balcou P,
Muller H G, Agostini P 2001 Science 292 1689
(20] Muller H G 2002 Appl. Phys. B 74 S17
[21] Leone S R, McCurdy C W, Burgdorfer J, et al. 2014 Nat.
Photon. 8 162
[22] Muga J G, Sala Mayato R, Egusquiza I L 2002 Time in
Quantum Mechanics (Vol. 1) (Berlin, Heidelberg: Springer)
pp5—6
[23] Schultze M, FieB M, Karpowicz N, et. al. 2010 Science 328
1658
[24] Saalmann U, Rost J M 2020 Phys. Rev. Lett. 125 113202

28]

29]

30]

(31]
(32]
(33]
(34]
(35]
(36]
(37]
38]
(39]
[40]
(41]
[42]

43]

[54]

193301-13

Landsman A S, Weger M, Maurer J, Boge R, Ludwig A,
Heuser S, Cirelli C, Gallmann L, Keller U 2014 Optica 1 343
Sainadh U S, Xu H, Wang X, Atia-Tul-Noor A, Wallace W
C, Douguet N, Bray A, Ivanov I, Bartschat K, Kheifets A,
Sang R T, Litvinyuk I V 2019 Nature 568 75

Torlina L, Morales F, Kaushal J, Ivanov I, Kheifets A,
Zielinski A, Scrinzi A, Muller H G, Sukiasyan S, Ivanov M,
Smirnova O 2015 Nat. Phys. 11 503

Boge R, Cirelli C, Landsman A S, Heuser S, Ludwig A,
Maurer J, Weger M, Gallmann L, Keller U 2013 Phys. Rev.
Lett. 111 103003

Pfeiffer A N, Cirelli C, Smolarski M, Dimitrovski D, Abu-
samha M, Madsen L B, Keller U 2012 Nat. Phys. 8 76

Quan W, Serov V 'V, Wei M Z, Zhao M, Zhou Y, Wang Y L,
Lai X Y, Kheifets A S, Liu X J 2019 Phys. Rev. Lett. 123
223204

Xie X J, Chen C, Xin G G, Liu J, Chen Y J 2020 Opt.
Express 28 33228

Etches A, Madsen L B 2010 J. Phys. B 43 155602

Wang S, Cai J, Chen Y J 2017 Phys. Rev. A 96 043413

Lein M, Hay N, Velotta R, Marangos J P, Knight P L 2002
Phys. Rev. Lett. 88 183903

Chen Y J, Liu J, Hu Bambi 2009 Phys. Rev. A 79 033405
Frumker E, Hebeisen C T, Kajumba N, Bertrand J B,
Woérner H J, Spanner M, Villeneuve D M, Naumov A,
Corkum P B 2012 Phys. Rev. Lett. 109 113901

Etches A, Gaarde M B, Madsen L B 2012 Phys. Rev. A 86
023818

LiWY, YuSJ, Wang S, Chen Y J 2016 Phys. Rev. A 94
053407

Brabec T, Ivanov M Yu, Corkum P B 1996 Phys. Rev. A 54
R2551

Milosevic D B, Paulus G G, Bauer D, Becker W 2006 J.
Phys. B 39 R203

Blaga C I, Catoire F, Colosimo P, Paulus G G, Muller H G,
Agostini P, DiM L F 2009 Nat. Phys. 5 335

Goreslavski S P, Paulus G G, Popruzhenko S V, Shvetsov-
Shilovski N I 2004 Phys. Rev. Lett. 93 233002

Che J Y, Chen C, Li W Y, Wang S, Xie X J, Huang J Y,
Peng Y G, Xin G G, Chen Y J 2021 arXiv: 2111.08491
[physics.atom-ph]

Petrovic V, Markovic H D, Petrovic I 2023 Results Phys. 51
106718

Yan T M, Popruzhenko S V, Vrakking M J J, Bauer D 2010
Phys. Rev. Lett. 105 253002

Che J Y, Huang J Y, Zhang F B, Chen C, Xin G G, Chen Y
J 2023 Phys. Rev. A 107 043109

Landsman A S, Hofmann C, Pfeiffer A N, Cirelli C, Keller U
2013 Phys. Rev. Lett. 111 263001

Wu J N, Che J Y, Zhang F B, Chen C, Li W Y, Xin G G,
Chen Y J 2023 Opt. Express 31 21038

Che J Y, Peng Y G, Zhang F B, Xie X J, Xin G G, Chen Y J
2023 arXiv: 2301.00619 [physics.atom-ph]

Wang S, Che J Y, Chen C, Xin G G, Chen Y J 2020 Phys.
Rev. A 102 053103

Che J Y, Chen C, Wang S, Xin G G, Chen Y J 2021 Phys.
Rev. A 104 063104

Che J Y, Chen C, Wang S, Xin G G, Chen Y J 2023 New J.
Phys. 25 013016

Xie X J, Xu R H, Zhang F B, Yu S J, Liu X, Li W, Chen Y J
2022 J. Phys. B 55 185002

Wigner E P 1955 Phys. Rev. 98 145


https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/http://jetp.ras.ru/cgi-bin/dn/e_064_06_1191.pdf
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.70.1599
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevLett.71.3770
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/10.1103/PhysRevA.51.1495
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1088/0953-4075/24/15/004
https://doi.org/10.1088/0953-4075/24/15/004
https://doi.org/10.1088/0953-4075/24/15/004
https://doi.org/10.1088/0953-4075/24/15/004
https://doi.org/10.1088/0953-4075/24/15/004
https://doi.org/10.1088/0953-4075/24/15/004
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1038/nature01430
https://doi.org/10.1038/nature01430
https://doi.org/10.1038/nature01430
https://doi.org/10.1038/nature01430
https://doi.org/10.1038/nature01430
https://doi.org/10.1038/nature01430
https://doi.org/10.1038/nature01430
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/PhysRevLett.95.203003
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1038/nphoton.2014.25
https://doi.org/10.1038/nphoton.2014.25
https://doi.org/10.1038/nphoton.2014.25
https://doi.org/10.1038/nphoton.2014.25
https://doi.org/10.1038/nphoton.2014.25
https://doi.org/10.1038/nphoton.2014.25
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1126/science.1163439
https://doi.org/10.1038/nature11025
https://doi.org/10.1038/nature11025
https://doi.org/10.1038/nature11025
https://doi.org/10.1038/nature11025
https://doi.org/10.1038/nature11025
https://doi.org/10.1038/nature11025
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/https://doi.org/10.1007/s00340-002-0894-8
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1038/nphoton.2014.48
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1103/PhysRevLett.125.113202
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1364/OPTICA.1.000343
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/s41586-019-1028-3
https://doi.org/10.1038/nphys3340
https://doi.org/10.1038/nphys3340
https://doi.org/10.1038/nphys3340
https://doi.org/10.1038/nphys3340
https://doi.org/10.1038/nphys3340
https://doi.org/10.1038/nphys3340
https://doi.org/10.1038/nphys3340
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1103/PhysRevLett.111.103003
https://doi.org/10.1038/nphys2125
https://doi.org/10.1038/nphys2125
https://doi.org/10.1038/nphys2125
https://doi.org/10.1038/nphys2125
https://doi.org/10.1038/nphys2125
https://doi.org/10.1038/nphys2125
https://doi.org/10.1038/nphys2125
https://doi.org/10.1103/PhysRevLett.123.223204
https://doi.org/10.1103/PhysRevLett.123.223204
https://doi.org/10.1103/PhysRevLett.123.223204
https://doi.org/10.1103/PhysRevLett.123.223204
https://doi.org/10.1103/PhysRevLett.123.223204
https://doi.org/10.1103/PhysRevLett.123.223204
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1364/OE.408424
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1088/0953-4075/43/15/155602
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevA.96.043413
https://doi.org/10.1103/PhysRevLett.88.183903
https://doi.org/10.1103/PhysRevLett.88.183903
https://doi.org/10.1103/PhysRevLett.88.183903
https://doi.org/10.1103/PhysRevLett.88.183903
https://doi.org/10.1103/PhysRevLett.88.183903
https://doi.org/10.1103/PhysRevLett.88.183903
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevA.79.033405
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevLett.109.113901
https://doi.org/10.1103/PhysRevA.86.023818
https://doi.org/10.1103/PhysRevA.86.023818
https://doi.org/10.1103/PhysRevA.86.023818
https://doi.org/10.1103/PhysRevA.86.023818
https://doi.org/10.1103/PhysRevA.86.023818
https://doi.org/10.1103/PhysRevA.86.023818
https://doi.org/10.1103/PhysRevA.94.053407
https://doi.org/10.1103/PhysRevA.94.053407
https://doi.org/10.1103/PhysRevA.94.053407
https://doi.org/10.1103/PhysRevA.94.053407
https://doi.org/10.1103/PhysRevA.94.053407
https://doi.org/10.1103/PhysRevA.94.053407
https://doi.org/10.1103/PhysRevA.54.R2551
https://doi.org/10.1103/PhysRevA.54.R2551
https://doi.org/10.1103/PhysRevA.54.R2551
https://doi.org/10.1103/PhysRevA.54.R2551
https://doi.org/10.1103/PhysRevA.54.R2551
https://doi.org/10.1103/PhysRevA.54.R2551
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1088/0953-4075/39/14/R01
https://doi.org/10.1038/nphys1228
https://doi.org/10.1038/nphys1228
https://doi.org/10.1038/nphys1228
https://doi.org/10.1038/nphys1228
https://doi.org/10.1038/nphys1228
https://doi.org/10.1038/nphys1228
https://doi.org/10.1038/nphys1228
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1103/PhysRevLett.93.233002
http://dx.doi.org/10.48550/arXiv.2111.08491
http://dx.doi.org/10.48550/arXiv.2111.08491
http://dx.doi.org/10.48550/arXiv.2111.08491
http://dx.doi.org/10.48550/arXiv.2111.08491
https://doi.org/10.1016/j.rinp.2023.106718
https://doi.org/10.1016/j.rinp.2023.106718
https://doi.org/10.1016/j.rinp.2023.106718
https://doi.org/10.1016/j.rinp.2023.106718
https://doi.org/10.1016/j.rinp.2023.106718
https://doi.org/10.1016/j.rinp.2023.106718
https://doi.org/10.1103/PhysRevLett.105.253002
https://doi.org/10.1103/PhysRevLett.105.253002
https://doi.org/10.1103/PhysRevLett.105.253002
https://doi.org/10.1103/PhysRevLett.105.253002
https://doi.org/10.1103/PhysRevLett.105.253002
https://doi.org/10.1103/PhysRevLett.105.253002
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevA.107.043109
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1103/PhysRevLett.111.263001
https://doi.org/10.1364/OE.494098
https://doi.org/10.1364/OE.494098
https://doi.org/10.1364/OE.494098
https://doi.org/10.1364/OE.494098
https://doi.org/10.1364/OE.494098
https://doi.org/10.1364/OE.494098
https://doi.org/10.1364/OE.494098
http://dx.doi.org/10.48550/arXiv.2301.00619
http://dx.doi.org/10.48550/arXiv.2301.00619
http://dx.doi.org/10.48550/arXiv.2301.00619
http://dx.doi.org/10.48550/arXiv.2301.00619
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.102.053103
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1103/PhysRevA.104.063104
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1367-2630/acb169
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1088/1361-6455/ac8033
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
https://doi.org/10.1103/PhysRev.98.145
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. 72, No. 19 (2023) 193301

REVIEW
Advances in response time of strong-field ionization of atoms”

Che Jia-Yin Y?2#  Chen Chao3# Li Wei-Yan!? Li Wei®? Chen Yan-Jun 21f

1) (Hebei Key Laboratory of Optoelectronic Information and Geo-detection Technology, School of
Mathematics and Science, Hebei GEO University, Shijiazhuang 050031, China)
2) (College of Physics and Information Technology, Shaanzi Normal University, Xi’an 710119, China)
3) (College of Physics and Electronic Engineering, Xingtai University, Xingtai 054001, China)
4) (Beijing Institute of Space Mechanics and Electricity, China Academy of Space Technology, Beijing 100094, China)

( Received 13 June 2023; revised manuscript received 18 August 2023 )

Abstract

The response time of the electron to light in photoemission is difficult to define and measure. The tunneling
ionization of atoms and molecules in a strong laser field is a type of strong field-induced photoelectric effect. In
this process, the electron response time will change the time of high-order harmonic generation (HHG), which
will have a fundamental influence on the reconstruction of electron attosecond dynamics through HHG. We
propose a simple theory to resolve the response time problem in strong field atomic tunneling ionization. The
response time corresponds to the strong interaction time of three bodies i.e. Coulomb, electron and laser field,
which can be determined at the quantum-classical boundary. The observable directly obtained through response
time can quantitatively reproduce a series of attoclock experimental curves and provide consistent explanations
for these experimental phenomena. This work introduces the main conclusions of response time theory and
summarizes in detail the research progress of this theory. Firstly, this theory can be applied to the orthogonal
two-color laser field to quantitatively explain the main characteristic structures of photoelectron momentum
distribution (PMD). Besides, with this response time theory, the scaling law of the observable in attoclock
experiment can be obtained. The proposal of scaling law is expected to provide a systematical theoretical guide
for better understanding the applicability or feasibility of the attoclock under different conditions. In addition,
based on the atomic response time theory, we further consider the property of multi-center Coulomb potential
of molecular and develop a response time theory suitable for molecular system. Subsequently, we further apply
the response time theory to polar molecules, by utilizing the asymmetry of PMD closely related to response time
to recognize the permanent dipole (PD) effect within the laser sub-cycle. In the end, we discuss the prospects
for research on response time. Firstly, it is envisioned to further apply response time theory to weak light and
single photon transition to detect the response time of related processes. Besides, considering the significant
influence of response time on the property of time-domain of HHG electron trajectories, the recombination (re-
scattering) effect based on the current strong field tunneling ionization response time theory can be further
investigated, thus extending this theory to describing HHG and above threshold ionization (ATI) processes.
Furthermore, designing the “re-scattering electron trajectories” reconstruction scheme based on the electron
trajectories with response time correction will provide important suggestions for HHG spectroscopic
experiments. Finally, considering the asymmetric ionization caused by the PD effect of polar molecules, if the

net ionization yield of adjacent sub-cycles is used as the current indicator, polar molecules can be used as a
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“micro diode” to study a type of attosecond response switching device. Polar molecular diodes emit electrons
through tunneling ionization in laser field. According to the response time theory, tunneling occurs almost
instantaneously, and response time needs considering only at the tunneling exit. Based on this, by searching for
suitable materials (such as two-dimensional materials), it is possible to design a type of semi-classical diode
(which can utilize tunneling) with femtosecond or even sub-femtosecond response time. The response time

theory can provide a convenient theoretical tool for designing of such tunneling diodes.
Keywords: photoelectric effect, tunneling ionization, response time, attosecond measurement
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