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Fig.10  Momentum distributions of the first electron (the first row) and the second electron (the second row) for anti-correlated
events in NSDI
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Fig.11 Distributions of the final ionization times of the first electron (the first row) and the second electron (the second row) for
anti—correlated events in NSDI. Other parameters are the same as Fig.9
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events in NSDI
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anti—correlated events in NSDI, other parameters are the same as Fig.9

3 #ig

AR SO = Y 22 3 28 ZERERLOT T 1 AN [ 4 fid 23 1) 190 496 O JDk o 2L )80 A9 52506 % b A JsUT B9 NSDI. ¢
{EASE DL 71 NSDT LR A E 5 2l 40 70 A1 A7 525 (9 OB K ol 9 ¥ s = . NSDTAE Rl 800 nm BOL 31 fi 5 4
R R, BE 1 600 nm BOGI7 I 5646 I/ . 28 BLBLIE 70 B R B, 24 18 5E 1 600 nm 30 37 1 i 3210, H

1126003-10



B, A5 ST XK I3 A 91 PTG Dk et K 5 ) R Al U KU X A i 2 194 4

1Y 3R (8] A8 58 R0 Al 48 B 1 B 800 nm O 37 M s 38 45 R T4 DR . 4 [ A€ 800 nm SO 37 W i R B, HL - 1 3R
[7] BYE 23 M1l 3% B B B 1 600 nmn O 37 16 i 25 485 T 0Bl /s o 3 2 5 B0 NS DI 3 38 21l A0 Bk oo A i 4% 1) Jt
PR 241 600 nm OGS k5 0.3 16, 1 1 gl 3 A o Sl 52 b 1) o BlOE 2R A 3 . JF HBE# 1 600 nm
WOt A1 800 nm O 37 M 232 1 3G K, 85 - Bl ik 40 A B W TR B T8 R — > o A T Bl R Y T R S5 A
T 55 S I AR X6 A i 37 A O SR 2 5 ) NSDI =5 B 1 3 B8 20 A Fl e 7R B R 19 A3 300 F B .
S % Tk
[1] CORKUM P B. Plasma perspective on strong field multiphoton ionization [J]. Physical Review Letters, 1993, 71(13) :
1994.
[2] FEUERSTEIN B, MOSHAMMER R, FISCHER D, et al. Separation of recollision mechanisms in nonsequential strong
field double ionization of Ar: the role of excitation tunneling[ J]. Physical Review Letters, 2001, 87(4): 043003.
[3] WEBER T, GIESSEN H, WECKENBROCK M, et al. Correlated electron emission in multiphoton double ionization[J].
Nature, 2000, 405(6787): 658-661.
[4] WANG Y L, XU S P, QUAN W, et al. Recoil-ion momentum distribution for nonsequential double ionization of Xe in
intense midinfrared laser fields[J]. Physical Review A, 2016, 94(5): 053412.
[5] HUANG C, GUO W, ZHOU Y, et al. Role of coulomb repulsion in correlated—electron emission from a doubly excited
state in nonsequential double ionization of molecules[J]. Physical Review A, 2016, 93(1): 013416.
[6] FITTINGHOFF D N, BOLTON P R, CHANG B, et al. Observation of nonsequential double ionization of helium with
optical tunneling[ J]. Physical Review Letters, 1992, 69(18): 2642.
[7] DE MORISSON FARIA C F, LIU X. Electron—electron correlation in strong laser fields[J]. Journal of Modern Optics,
2011, 58(13): 1076-1131.
[8] BECKER W, LIU X J, HO P J, et al. Theories of photoelectron correlation in laser-driven multiple atomic ionization[J].
Reviews of Modern Physics, 2012, 84(3): 1011.
[9] CHEN Y, ZHOU Y, LI Y, et al. Rabi oscillation in few—photon double ionization through doubly excited states [J].
Physical Review A, 2018, 97(1): 013428.
[10] LIU Y, FU L, YE D, et al. Strong—field double ionization through sequential release from double excitation with
subsequent coulomb scattering[ J]. Physical Review Letters, 2014, 112(1): 013003.
[11] LIAO Q, WINNEY A H, LEE S K, et al. Coulomb-repulsion-assisted double ionization from doubly excited states of
argon[ J]. Physical Review A, 2017, 96(2): 023401.
[12] YE D, LIM, FU L, et al. Scaling laws of the two-electron sum—energy spectrum in strong-field double ionization[J].
Physical Review Letters, 2015, 115(12): 123001.
[13] LIH, CHEN J, JIANG H, et al. Laser-assisted collision effect on non-sequential double ionization of helium in a few-
cycle laser pulse[ J]. Journal of Physics B: Atomic, Molecular and Optical Physics, 2009, 42(12): 125601.
[14] ZHOU Y, LIAO Q, LU P. Mechanism for high-energy electrons in nonsequential double ionization below the recollision—
excitation threshold[ J]. Physical Review A, 2009, 80(2): 023412.
[15] WANG X, EBERLY J H. Elliptical polarization and probability of double ionization[J]. Physical Review Letters, 2010,
105(8): 083001.
[16] HAO X L, CHEN J, LI W D, et al. Quantum effects in double ionization of argon below the threshold intensity [J].
Physical Review Letters, 2014, 112(7): 073002.
[17] CHEN Z, LIANG Y, LIN C D. Quantum theory of recollisional (e, 2 e) process in strong field nonsequential double
ionization of helium[J]. Physical Review Letters, 2010, 104(25): 253201.
[18] HUANG Cheng, ZHONG Mingmin, WU Zhengmao. Nonsequential double ionization by co-rotating two—color circularly
polarized laser fields[J]. Optics Express, 2019, 27(5): 7616-7626.
[19] LIY, YU B, TANG Q, et al. Transition of recollision trajectories from linear to elliptical polarization [J]. Optics
Express, 2016, 24(6): 6469-6479.
[20] LIU Fang, LI Shuqi, CHEN Zhangjin, et al. Nonsequential double ionization of Ne with elliptically polarized laser pulses
[J]. Physical Review A, 2022, 106(4): 043120.
[21] CHEN Zhangjin, LI Shuqi, KANG Huipeng, et al. Ellipticity dependence of anticorrelation in the nonsequential double
ionization of Ar[J]. Optics Express, 2022, 30(24) : 44039-44054.
[22] WU Dan, LI Qingyi, WANG Jun, et al. The nonsequential double ionization of Ar atoms with different initial angular
momenta irradiated by a circularly polarized laser pulse[ J]. Chemical Physics Letters, 2022, 794: 139400.
[23] CHALOUPKA J L, HICKSTEIN D D. Dynamics of strong-field double ionization in two—color counterrotating fields[ J].
Physical Review Letters, 2016, 116(14): 143005.
[24] MANCUSO C A, DORNEY K M, HICKSTEIN D D, et al. Controlling nonsequential double ionization in two-color
circularly polarized femtosecond laser fields[ J]. Physical Review Letters, 2016, 117(13): 133201.

1126003-11



T o AR

[46]

[47]

ECKART S, RICHTER M, KUNITSKI M, et al. Nonsequential double ionization by counterrotating circularly polarized
two—color laser fields[ J]. Physical Review Letters, 2016, 117(13): 133202.

LIN K, JIA X, YU Z, et al. Comparison study of strong—field ionization of molecules and atoms by bicircular two—color
femtosecond laser pulses[ J]. Physical Review Letters, 2017, 119(20): 203202.

LI B, YANG X, REN X, et al. Enhanced double ionization rate from O, molecules driven by counter-rotating circularly
polarized two-color laser fields[ J]. Optics Express, 2019, 27(22) : 32700-32708.

HUANG C, PANG H, HUANG X, et al. Relative phase effect of nonsequential double ionization of molecules by counter
~rotating two—color circularly polarized fields[ J]. Optics Express, 2020, 28(7): 10505-10514

PENG M, BAI L H, GUO Z. Influence of relative phase on the nonsequential double ionization process of CO, molecules
by counter-rotating two-color circularly polarized laser fields[J]. Communications in Theoretical Physics, 2021, 73(7) :
075501.

HUANG C, ZHONG M, WU Z. Intensity—dependent two—electron emission dynamics in nonsequential double ionization
by counter-rotating two—color circularly polarized laser fields[ J]. Optics Express, 2018, 26(20): 26045-26056.

XUTT, ZHU QY, CHEN J H, et al. Multiple recollisions in nonsequential double ionization by counter-rotating two—
color circularly polarized laser fields[ J]. Optics Express, 2018, 26(2) : 1645-1654.

MA X, ZHOU Y, CHEN Y, et al. Timing the release of the correlated electrons in strong—field nonsequential double
ionization by circularly polarized two—color laser fields[J]. Optics Express, 2019, 27(3): 1825-1837.

CHEN Z, SU J, ZENG X, et al. Electron angular correlation in nonsequential double ionization of molecules by counter—
rotating two—color circularly polarized fields[ J]. Optics Express, 2021, 29(18): 29576-29586.

XU T T, CHEN J H, PAN X F, et al. Effect of elliptical polarizations on nonsequential double ionization in two—color
elliptically polarized laser fields[ J]. Chinese Physics B, 2018, 27(9): 093201.

FLEISCHER A, KFIR O, DISKIN T, et al. Spin angular momentum and tunable polarization in high-harmonic
generation[ J]. Nature Photonics, 2014, 8(7): 543-549.

MILOSEVIC D B, BECKER W. High-order harmonic generation by bi-elliptical orthogonally polarized two—color fields[ J].
Physical Review A, 2020, 102(2): 023107.

WU J, VREDENBORG A, SCHMIDT L P H, et al. Comparison of dissociative ionization of H,, N,, Ar,, and CO by
elliptically polarized two-color pulses[ J]. Physical Review A, 2013, 87(2): 023406.

SU J, LIU Z, LIAO J, et al. Electron correlation and recollision dynamics in nonsequential double ionization by counter—
rotating two—color elliptically polarized laser fields[ J]. Optics Express, 2022, 30(14): 24898-24908.

BUSULADZIC M, CERKIC A, GAZIBEGOVIC-BUSULADZIC A, et al. Molecular-orientation-dependent
interference and plateau structures in strong—field ionization of a diatomic molecule by a corotating bichromatic elliptically
polarized laser field[ J]. Physical Review A, 2018, 98(1): 013413.

HUANG Xuefei, SU Jie, LIAO Jianying, et al. Photoelectron holography in tunneling ionization of atoms by counter—
rotating two—color elliptically polarized laser field[ J]. Acta Physica Sinica, 2022, 71(9): 093202

WE K, A, B, F . RS A R TR SRR TR T L W, 2022, 71(9)
093202.

HO P J, PANFILI R, HAAN S L, et al. Nonsequential double ionization as a completely classical photoelectric effect[ J].
Physical Review Letters, 2005, 94(9): 093002.

CHEN J, NAM C H. Ton momentum distributions for He single and double ionization in strong laser fields[J]. Physical
Review A, 2002, 66: 053415.

ZHAU Y, LIAO Q, LU P. Asymmetric electron energy sharing in strong—field double ionization of helium [J]. Physical
Review A, 2010, 82(5): 053402.

LIU Shiwei, YE Difa, LIU Jie. Electron correlation momentum and energy spectrum in triple ionization of lithium by the
femtosecond laser field (invited)[J]. Acta Photonica Sinica, 2022, 51(8):0851519.

XAl S, XS L RRR O3 v R R T = B YO LT ORI Sl S AR RS AT 9T (R ) [T ] AE R, 2022, 51(8)
0851519.

SU Jie, LIU Zichao, LIAO lJianying, et al. Intensity—dependent electron correlation in nonsequential double ionization of
Ar atoms in counter-rotating twocolor elliptically polarized laser fields[ J]. Acta Physica Sinica, 2022, 71(19): 193201.
A, XTI, BRI, AF L RBE N R 3 Ar JEU)T XU S L T OGIE A S ARO[ T ], M B, 2022, 71(19)
193201.

LI Yingbin, WANG Xu, YU Benhai, et al. Nonsequential double ionization with mid-infrared laser fields[J]. Scientific
Reports, 2016, 6(1): 37413.

HAAN S L, SMITH Z S, SHOMSKY K N, et al. Electron drift directions in strong—field double ionization of atoms[J].
Journal of Physics B, 2009, 42(13): 134009.

1126003-12



B, A5 ST XK I3 A 91 PTG Dk et K 5 ) R Al U KU X A i 2 194 4

Effect of Laser Ellipticity on Nonsequential Double Ionization of Ar
Atoms in Counter-rotating Two—color Elliptically Polarized Laser Fields

HUANG Cheng', SU Jie', LIAO Jianying', LIU Zichao', HE Tongtong', LI Yingbin’
(1 School of Physical Science and Technology, Southwest University, Chongging 400715, China)
(2 College of Physics and Electronic Engineering, Xinyang Normal University, Xinyang 464000, China)

Abstract: Nonsequential Double Tonization (NSDI) is a basic physical process of the interactions of strong
laser fields with matter. The two electrons involved in NSDI are highly correlated , which provides a simple
and effective method for understanding the electron correlation. In the past three decades, the ionization
mechanism of NSDI has been studied extensively. Based on the two—hump structure of ion momentum
distributions and the disappearance of the “knee” structure in the circularly polarized laser fields, the
recollision model has become a very suitable ionization mechanism. The mechanism is divided into three
steps. Step 1: An electron in the atom or molecule is ionized in the laser field; step 2: The ionized electron
is accelerated in the laser field. When the direction of the laser field changes, the ionized electron may be
pulled back and recollide with the parent ion; step 3: After recollision, the returning electron can transfer a
part of the energy to the bound electron, and finally, both electrons ionize immediately or with a time
delay. In linearly polarized pulses, electrons are driven by electric field force only in one direction. The
returning probability is relatively high and thus results in a high double ionization yield. Therefore, early
studies mainly focus on linear polarization. In this case, the control of electron dynamics is confined to one
dimension. To manipulate electrons in two—dimensional space, recently, much attention has been focused
on the combined electric field composed of two pulses, such as the Counter-rotating Two—color Circularly
Polarized (CTCP) laser fields. By changing laser parameters, the CTCP fields can control double
lonization yield, electron returning direction and returning energy. However, the waveform of the
combined electric field formed by the two—colour circularly polarized pulses has multiple-fold symmetry,
and the ionized electrons can return from multiple directions. If two elliptically polarized pulses are used to
form a combined electric field, the multiple-fold symmetry of the electric field waveform can be broken.
Thus the final emission direction of electrons and returning direction will be asymmetrical in Counter—
rotating Two-color Elliptically Polarized (CTEP) fields. The ultrafast dynamics in NSDI by CTEP fields
is more rich and more interesting. This paper, systematically studies the ellipticity dependence of
Nonsequential Double Tonization (NSDI) of Ar atoms in CTEP fields using a three-dimensional classical
ensemble model. Numerical results show that NSDI probability increases with the ellipticity of an 800-nm
pulse and decreases with the ellipticity of a 1 600 nm pulse. It is because when the ellipticity of the 1 600 nm
pulse is fixed, the electron returning probability and recollision energy increase with the increase of the
ellipticity of the 800 nm pulse. When the ellipticity of the 800 nm pulse is fixed, the electron returning
probability and recollision energy decrease with the increase of the ellipticity of the 1 600 nm pulse.
Moreover, when the ellipticity of the 1 600 nm pulse i1s 0.3, with the ellipticity of the 1 600 nm pulse
increasing the ion momentum distribution moves from the left to the right. As the ellipticities of 1 600 nm
and 800 nm pulses increase, the ion momentum distribution gradually expands in the y direction and finally
forms a two-layer structure distributed on both sides of the x axis.

Key words: Two-color elliptically polarized fields; Nonsequential double ionization; Ion momentum
distribution; Electron correlation; Recollision
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