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Fig. 1. Probabilities of DI as a function of laser intensity for the spatially inhomogeneous (blue squares) and spatially homogeneous
(red circles) laser fields at different wavelengths: (a) 800 nm; (b) 1600 nm; (c¢) 3200 nm; (d) 4800 nm.
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Fig. 2. Kinetic energy of the returning electron before the recollision 0.037 wvs. the recollision time for the spatially inhomogeneous

and spatially homogeneous laser fields (Laser intensities are both 4x10'3 W /cm?): (a)—(d) ¢ = 0.003; (e)—(h) e = 0.

163201-4



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 16 (2023)

163201

I BISHOE T, BER K B (] 3(e)— (1),
SCTHE Rt T 9 5 S5 A9 AT 5 5 160 474 BR B
bR, ELR L T2 B S A O, elber T
A 5 5 A AT A, o T IR LR B G
el 4(a), (b) 425145 1T We K h 4800 nm B, 25 i)
AT RO ZS SO F A A TR
BB A SO 1T LT Hh 2 5080
R A AL TR B pu B, B4
FETAIE, iAo TR0 B p. 20 8Erh 4
eI L, ELAE 8 S I 11, X k2 T
FEOR I 45 SRR 2 DL Bk FE 2 5 ) 2 i
J5 16, ELAR/INEO B 1) 0 ik S B H, TP A
erE 0° WHE. 1775 IR A0S A i TR

800 nm 1600 nm
(a) 90 (b) 90 1.0
135° 45° 135°
1.0
180° 0° 180°
225 315° 225 315

270°

3 RIKHL T XS TR WO K e 25 SR A 5 5 R O3 A

(© 90° | (d) 90°

180°

] 31 £ p. A [ 3 1 p o #3223 AT R ZE Tk
NIOES = G R I NNy o A 11
I, HR2rAhas AR SO RE S S0 R 45 DGk

HL X 4 A 3£
¥ 2 B A (] AR 51O T R
PRl Ty 20 I RE P, 18] 5(a), (c) 4345
T OGN 4% 108 W /em? B, A 800 nm
1 3200 nm 1Y% (B4R 1 51063 A as 8] 2 503801
YT RATHEE] (6-t) MIZETHor . X B A 14
HL 2 LB S B 0k (] A A A A AR 1Y)
TXBEI ] SO -1 RATI ). 7T LF RS
ARSI EOEE T, B 800 nm B, ANl 5(a)
AL A SEZR PR, T RATHT I A GE T Al A T
3200 nm 4800 nm

1.0

180°

225° 315°
270° 270°
(h)

180°

270°

(a)—(d) = MIAEHAIHOCT; (e)—(h) S EIBLIHEOEYS

Fig. 3. Distribution of the emitting angle between the correlated electron pairs at the end of the laser pulses: (a)-(d) Spatially

inhomogeneous laser fields; (e)—(h) spatially homogeneous laser fields.
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ory of electron ionization along negative z direction with secondary return.

163201-7



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 16 (2023)

163201

ANEL Y 2 Bl T R S ) (g Ak 5 0R B oR R
TR 2 Hl i 1) B I R — KGR L T, T
G5 1) (R B S T /0N, DR IR ] st 85 7 ) R A/
(K 7(c)). et okt sriR i 7 5 & NSDI 3
1 34%, HAFYRBIZEE N 0.61 a.u.. M 24
T 1) FL B I & A T UGR [BT A EL AN 2 Bl 1)
SRR IR ], B SRR R T —GR W]
AT (I 7(d)), Gt %3k 5401 (8] B 7 o
NSDI S5 415 16%, HF 31 M Zh 584 3.13 a.u..
F T i 3R B RE 2 IS T NSDI ARl S5,
e A R e BRI Al T — YR [B]. 2% 1T
W, YU 2 hE T & ST, NSDI A fE & A
— YR ], S H PR 2 Bl R S, R ]
H 85 K 1 3 BE 5 BORE J8 RICR R A, R P T
NSDI ) % 4, K o 1 4h 23 fa] R 2 40 0% 3 v
NSDI = Z 2 —UGR [717 5194 P £ 5

4 % @

I =4k 28 8 REERAIEIY T 25 R HE 58
IR LIAN T Xe T NSDI, 45
WoR, BUGIEARKT, 2 HEAE¥A0EE 528 m )
WOt NSDI P2 AT, FEE WK IR, 5
HOGHR EE T 25 (B AR 421306 NSDI 473 [a] 344
BOGY Ok SZ 2. tAh, B T £L o
KENPhLLAM, 23[R A0S T NSDI AL
FRRlE R 2 2 1 AT — R [l = 5. &
TR T B A Bl S 33/, G R0l 43 5 i
] AR AEIR Rl BB A KIS 1 YR [al. Tk
TR 2 T ) S A A R R AR R
iR (5], H YRR [E] HR )R 18] ) e T BRI SOR
FAG, FEMIME T NSDI B kA=, WFFTiR B3, =25
(AR 518063% T, NSDI W HL 110 & 5 2 30 Y
TR IO, R ERK KT, WMk
ST 43R 7E 0° BT, 33 BEORS iff H B e i
TRl 27, HET IR AR TR R4
PET —FIAI TR .

Sk

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

[2] Ghimire S, Reis D A 2019 Nat. Phys. 15 10

[3] Yang B, Schafer K J, Walker B, Kulander K C, Agostini P,
DiMauro L F 1993 Phys. Rev. Lett. 71 3770

[10]
(11]
(12]

(13]

(14]
(15]

[25]

[26]

27]
28]

29]
(30]

31]
(32]

33]

163201-8

Milogevi¢ D B, Paulus G G, Becker W 2003 Opt. Ezxpress 11
1418

Busuladi M, Gazibegovi-Busuladi A, Miloevi D B, Becker W
2008 Phys. Rev. Lett. 100 203003

He M R, Li Y, Zhou Y M, Li M, Cao W, Lu P X 2018 Phys.
Rev. Lett. 120 133204

Zhou Y, Tolstikhin O I, Morishita T 2016 Phys. Rev. Lett.
116 173001

Rudenko A, Jesus V, Ergler T, Zrost K, Ullrich J 2007 Phys.
Rev. Lett. 99 263003

Quan W, Hao X L, Wang Y L, Chen Y J, Yu S G, Xu S P,
Xiao Z L, Sun R P, Lai X Y, Hu S L, Liu M Q, Shu Z, Wang
X D, Li W D, Becker W, Liu X J, Chen J 2017 Phys. Rev. A
96 032511

Huang C, Zhou Y M, Zhang Q B, Lu P X 2013 Opt. Ezpress
21 11382

Tong A H, Liao Q, Zhou Y M, Lu P X 2010 Opt. Ezpress 18
9064

Shaaran T, Augstein B B, Figueira D 2011 Phys. Rev. A 84
013429

Wang Y L, Xu S P, Chen Y J, Kang H P, Lai X Y, Quan W,
Liu X J, Hao X L, Li W D, Hu S L, Chen J, Becker W, Chu
W, Yao J P, Zeng B, Cheng Y, Xu Z Z 2017 Phys. Rev. A 95
063415

Corkum P B 1993 Phys. Rev. Lett. 71 1994

Feuerstein B, Moshammer R, Fischer D, Dorn A, Schroter C
D, Deipenwisch J, Crespo Lopez-Urrutia J R, Hohr C,
Neumayer P, Ullrich J, Rottke H, Trump C, Wittmann M,
Korn G, Sandner W 2001 Phys. Rev. Lett. 87 043003

Wang Y L, Xu S P, Quan W, Gong C, Lai X Y, Hu S L, Liu
M @, Chen J, Liu X J 2016 Phys. Rev. A 94 053412

Huang C, Zhong M M, Wu Z M 2016 Opt. Express 24 28361
Su J, Liu Z C, Liao J Y, Li Y B, Huang C 2022 Acta Phys.
Sin. 71 193201 (in Chinese) [F37%, XI T8, BaH, =A%, &
W 2022 PR 71193201

Herink G, Solli D R, Guide M, Ropers C 2012 Nature 483 190
Ortmann L, Landsman A S 2018 Phys. Rev. A 97 023420
Husakou A, Im S J, Herrmann J 2011 Phys. Rev. A 83 043839
Yavuz I, Bleda E A, Altun Z, Topcu T 2012 Phys. Rev. A 85
013416

Ciappina M F, Biegert J, Quidant R, Lewenstein M 2012
Phys. Rev. A 85 033828

Ortmann L, Pérez-Herndndez J A, Ciappina M F, Schotz J,
Chacén A, Zeraouli G, Kling M F, Roso L, Lewenstein M,
Landsman A S 2017 Phys. Rev. Lett. 119 053204

Ciappina M F, Pérez-Hernandez J, Shaaran T, Roso L,
Lewenstein M 2014 Phys. Rev. A 89 013409

Chacén A, Ortmann L, Cucchietti F, Sudrez N, Pérez-
Herndndez J A, Ciappina M F, Landsman A S, Lewenstein M
2017 Appl. Phys. B 123 116

XuJ K, Li Y B, Zhou Y B, Chen Y M, Li M, Yu B H, Lu P
X 2022 Opt. Express 30 15951

Liang J T, Zhou Y M, Liao Y J, Jiang W C, Li M, Lu P X
2022 Ultrafast Sci. 2022 9842716

Ho P J, Eberly J H 2005 Phys. Rev. Lett. 95 193002

Haan S L, Breen L, Karim A, Eberly J H 2006 Phys. Rev.
Lett. 97 103008

LiY B, Xu J K, Yu B H, Wang X 2020 Opt. Ezpress 28 7341
Chen Z H, Su J, Zeng X, Huang X F, Li Y B, Huang C 2021
Opt. Ezpress 29 29576

Li Y B, Yu B H, Tang Q B, Wang X, Hua D Y, Tong A H,
Jiang C H, Ge G X, Li Y C, Wan J G 2016 Opt. Express 24
6469


http://doi.org/10.1103/PhysRevLett.88.183903
http://doi.org/10.1103/PhysRevLett.88.183903
http://doi.org/10.1103/PhysRevLett.88.183903
http://doi.org/10.1103/PhysRevLett.88.183903
http://doi.org/10.1103/PhysRevLett.71.3770
http://doi.org/10.1103/PhysRevLett.71.3770
http://doi.org/10.1103/PhysRevLett.71.3770
http://doi.org/10.1103/PhysRevLett.71.3770
http://doi.org/10.1103/PhysRevLett.71.3770
http://doi.org/10.1364/OE.11.001418
http://doi.org/10.1364/OE.11.001418
http://doi.org/10.1364/OE.11.001418
http://doi.org/10.1364/OE.11.001418
http://doi.org/10.1103/PhysRevLett.100.203003
http://doi.org/10.1103/PhysRevLett.100.203003
http://doi.org/10.1103/PhysRevLett.100.203003
http://doi.org/10.1103/PhysRevLett.100.203003
http://doi.org/10.1103/PhysRevLett.100.203003
http://doi.org/10.1103/PhysRevLett.120.133204
http://doi.org/10.1103/PhysRevLett.120.133204
http://doi.org/10.1103/PhysRevLett.120.133204
http://doi.org/10.1103/PhysRevLett.120.133204
http://doi.org/10.1103/PhysRevLett.120.133204
http://doi.org/10.1103/PhysRevLett.116.173001
http://doi.org/10.1103/PhysRevLett.116.173001
http://doi.org/10.1103/PhysRevLett.116.173001
http://doi.org/10.1103/PhysRevLett.116.173001
http://doi.org/10.1103/PhysRevLett.99.263003
http://doi.org/10.1103/PhysRevLett.99.263003
http://doi.org/10.1103/PhysRevLett.99.263003
http://doi.org/10.1103/PhysRevLett.99.263003
http://doi.org/10.1103/PhysRevLett.99.263003
http://doi.org/10.1103/PhysRevA.96.032511
http://doi.org/10.1103/PhysRevA.96.032511
http://doi.org/10.1103/PhysRevA.96.032511
http://doi.org/10.1103/PhysRevA.96.032511
http://doi.org/10.1364/OE.21.011382
http://doi.org/10.1364/OE.21.011382
http://doi.org/10.1364/OE.21.011382
http://doi.org/10.1364/OE.21.011382
http://doi.org/10.1364/OE.18.009064
http://doi.org/10.1364/OE.18.009064
http://doi.org/10.1364/OE.18.009064
http://doi.org/10.1364/OE.18.009064
http://doi.org/10.1103/PhysRevA.84.013429
http://doi.org/10.1103/PhysRevA.84.013429
http://doi.org/10.1103/PhysRevA.84.013429
http://doi.org/10.1103/PhysRevA.84.013429
http://doi.org/10.1103/PhysRevA.95.063415
http://doi.org/10.1103/PhysRevA.95.063415
http://doi.org/10.1103/PhysRevA.95.063415
http://doi.org/10.1103/PhysRevA.95.063415
http://doi.org/10.1103/PhysRevLett.71.1994
http://doi.org/10.1103/PhysRevLett.71.1994
http://doi.org/10.1103/PhysRevLett.71.1994
http://doi.org/10.1103/PhysRevLett.71.1994
http://doi.org/10.1103/PhysRevLett.71.1994
http://doi.org/10.1103/PhysRevLett.87.043003
http://doi.org/10.1103/PhysRevLett.87.043003
http://doi.org/10.1103/PhysRevLett.87.043003
http://doi.org/10.1103/PhysRevLett.87.043003
http://doi.org/10.1103/PhysRevLett.87.043003
http://doi.org/10.1103/PhysRevA.94.053412
http://doi.org/10.1103/PhysRevA.94.053412
http://doi.org/10.1103/PhysRevA.94.053412
http://doi.org/10.1103/PhysRevA.94.053412
http://doi.org/10.1103/PhysRevA.94.053412
http://doi.org/10.1364/OE.24.028361
http://doi.org/10.1364/OE.24.028361
http://doi.org/10.1364/OE.24.028361
http://doi.org/10.1364/OE.24.028361
http://doi.org/10.1364/OE.24.028361
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.7498/aps.71.20221044
http://doi.org/10.1038/nature10878
http://doi.org/10.1038/nature10878
http://doi.org/10.1038/nature10878
http://doi.org/10.1038/nature10878
http://doi.org/10.1038/nature10878
http://doi.org/10.1103/PhysRevA.97.023420
http://doi.org/10.1103/PhysRevA.97.023420
http://doi.org/10.1103/PhysRevA.97.023420
http://doi.org/10.1103/PhysRevA.97.023420
http://doi.org/10.1103/PhysRevA.97.023420
http://doi.org/10.1103/PhysRevA.83.043839
http://doi.org/10.1103/PhysRevA.83.043839
http://doi.org/10.1103/PhysRevA.83.043839
http://doi.org/10.1103/PhysRevA.83.043839
http://doi.org/10.1103/PhysRevA.83.043839
http://doi.org/10.1103/PhysRevA.85.013416
http://doi.org/10.1103/PhysRevA.85.013416
http://doi.org/10.1103/PhysRevA.85.013416
http://doi.org/10.1103/PhysRevA.85.013416
http://doi.org/10.1103/PhysRevA.85.033828
http://doi.org/10.1103/PhysRevA.85.033828
http://doi.org/10.1103/PhysRevA.85.033828
http://doi.org/10.1103/PhysRevA.85.033828
http://doi.org/10.1103/PhysRevLett.119.053204
http://doi.org/10.1103/PhysRevLett.119.053204
http://doi.org/10.1103/PhysRevLett.119.053204
http://doi.org/10.1103/PhysRevLett.119.053204
http://doi.org/10.1103/PhysRevLett.119.053204
http://doi.org/10.1103/PhysRevA.89.013409
http://doi.org/10.1103/PhysRevA.89.013409
http://doi.org/10.1103/PhysRevA.89.013409
http://doi.org/10.1103/PhysRevA.89.013409
http://doi.org/10.1103/PhysRevA.89.013409
http://doi.org/10.1007/s00340-017-6672-4
http://doi.org/10.1007/s00340-017-6672-4
http://doi.org/10.1007/s00340-017-6672-4
http://doi.org/10.1007/s00340-017-6672-4
http://doi.org/10.1007/s00340-017-6672-4
http://doi.org/10.1364/OE.457018
http://doi.org/10.1364/OE.457018
http://doi.org/10.1364/OE.457018
http://doi.org/10.1364/OE.457018
http://doi.org/10.1364/OE.457018
http://doi.org/10.34133/2022/9842716
http://doi.org/10.34133/2022/9842716
http://doi.org/10.34133/2022/9842716
http://doi.org/10.34133/2022/9842716
http://doi.org/10.34133/2022/9842716
http://doi.org/10.1103/PhysRevLett.95.193002
http://doi.org/10.1103/PhysRevLett.95.193002
http://doi.org/10.1103/PhysRevLett.95.193002
http://doi.org/10.1103/PhysRevLett.95.193002
http://doi.org/10.1103/PhysRevLett.95.193002
http://doi.org/10.1103/PhysRevLett.97.103008
http://doi.org/10.1103/PhysRevLett.97.103008
http://doi.org/10.1103/PhysRevLett.97.103008
http://doi.org/10.1103/PhysRevLett.97.103008
http://doi.org/10.1103/PhysRevLett.97.103008
http://doi.org/10.1364/OE.384819
http://doi.org/10.1364/OE.384819
http://doi.org/10.1364/OE.384819
http://doi.org/10.1364/OE.384819
http://doi.org/10.1364/OE.384819
http://doi.org/10.1364/OE.439864
http://doi.org/10.1364/OE.439864
http://doi.org/10.1364/OE.439864
http://doi.org/10.1364/OE.439864
http://doi.org/10.1364/OE.24.006469
http://doi.org/10.1364/OE.24.006469
http://doi.org/10.1364/OE.24.006469
http://doi.org/10.1364/OE.24.006469

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 16 (2023) 163201

[34] Li Y B, Qin L L, Liu A H, Zhang K, Tang Q B, Zhai C Y, [38] Chacén A, Ciappina M F, Lewenstein M 2016 Phys. Rev. A
Xu J K, Chen S, Yu B H, Chen J 2022 Chin. Phys. Lett. 39 94 043407
093201 [39] Gao X Z, Landsman A S, Wang H, S Huang P, Zhang Y P,
35] LiY B, Qin L L, Chen HM, Li Y H, He J J, Shi L K, Zhai Wang B, Wang Y S, Cao H B, Fu Y X, Pi L W 2021 New J.

C, Y Tang Q B, Liu A H, Yu B H 2022 Acta Phys. Sin. 71
043201 (in Chinese) [ZE&1%, R E, PRLIA, 24010, (754,
SEEE, BRI, REE, RN 2022 YIFLEAR T1

Phys. 23 113017
[40] Yavuz I, Ciappina M F, Chacén A, Altun Z, Kling M F,
Lewenstein M 2016 Phys. Rev. A 93 033404

043201]

[36] Ciappina M F, Pérez-Herndndez J, Shaaran T, Biegert J, [41] Chen Y K, Zhou Y M, Tan J, Li M, Cao W, Lu P X 2021
Quidant R, Lewenstein M 2012 Phys. Rev. A 86 023413 Phys. Rev. A 104 043107

[37] Wang Z, Lan P F, Luo J H, He L X, Lu P X 2013 Phys. Rev. [42] Li Y, Wang X, Yu B, Tang Q, Wang G, Wan J 2016 Sci.
A 88 063838 Rep. 6 37413

Nonsequential double ionization of atoms driven by spatially
inhomogeneous laser fields”
Li Ying-Bin#  Zhang Ke# Chen Hong-Mei  Kang Shuai-Jie  Li Zheng-Fa
Cheng Jian-Guo  Wu Yin-Meng  Zhai Chun-Yang Tang Qing-Bin
Xu Jing-Kun®  Yu Ben-Hai!

(College of Physics and Electronic Engineering, Xinyang Normal University, Xinyang 464000, China)

( Received 7 April 2023; revised manuscript received 28 May 2023 )

Abstract

Using a three-dimensional classical ensemble method, we investigate the nonsequential double ionization
(NSDI) of xenon atoms from the near infrared wavelength to the mid-infrared wavelength in spatially
inhomogeneous laser fields, and compare the results with those from spatially homogeneous laser fields. The
results show that the NSDI probability curves from spatially inhomogeneous laser field and spatially
homogeneous laser field at short wavelength are similar to each other. With the laser wavelength increasing,
NSDI at the high intensities is more and more suppressed for spatially inhomogeneous laser field.

Compared with the result from the spatially homogeneous laser field, the final emission angle of two
electrons from the NSDI exhibits a very strongly correlated characteristic in the spatially inhomogeneous field,
especially at a longer laser wavelength, the final emission angles of two electrons are almost both concentrated
around 0°, meaning that the two electrons are always emitted into the same direction parallelly. Moreover,
effective recollision of the NSDI is always dominated by first return of the first electron from the near infrared
to the mid-infrared inhomogeneous laser fields, however, the transition from the first return dominance to the
second return dominance occurs in the spatially homogeneous laser fields. Further, we reveal the more details of
the ultrafast dynamics of the correlated electrons in the spatially inhomogeneous laser field by back-tracing the

classical trajectories of NSDI.
Keywords: nonsequential double ionization, spatially inhomogeneous laser fields, electron correlation
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