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Fig. 1. The schematic diagram of formal scattering

theory in electron ionization process of atom (reprinted

with permission from Ref. [55]).
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Fig. 2. The NSDI momentum spectra of two ionized
electrons with their momenta along the laser polariza-
tion direction, where the NSDI is caused by the CI
mechanism in an IR laser field. In a logarithmic scale

(reprinted with permission from Ref. [46]).
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Fig. 3. Channel contributions of NSDI momentum spectra with the final momenta of the two ionized

electrons along the same direction. (e)—(h) present |Jq, +q5—s(¢1 + ¢2 — ¢],n)|? for the backward collision;

(i)—(1) present |Jg;+go—s(¢1 +C2 — ¢, n)|? for the forward collision. The orders of these channels are 1 [(a),
(e) and (i)], 5 [(b), (f) and (j)], 11 [(c¢), (g) and (k)] and 23 [(d), (h) and (1)], respectively. In a logarithmic

scale (reprinted with permission from Ref. [46]).
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Fig. 4. (a)—(d) Channel contributions of NSDI momentum spectra with the final momenta of the two ionized electrons along
the opposite directions; (e)—(h) present |Jg; +q¢,—s(¢1 +¢2 — ¢}, n)|? for the backward collision; (i)—(1) present |J g, +¢5—s(¢1 +
¢2 — ¢4, m)|? for the forward collision. The orders of these channels are 1 [(a), (e) and (i)], 15 [(b), (f) and (j)], 23 [(c), (g)

and (k)] and 41 [(d), (h) and (1)], respectively. In a logarithmic scale (reprinted with permission from Ref. [46]).
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cos © = 0 (reprinted with permission from Ref. [46]).
3.1.2 MEHATF b CIHIHE 5] A 49 NSDI
ifAE
BUE 2 18 AR T A2 TR+ XUV XU 06 T
CIHLEE SR NSDLE . IEM B S HON: ¥

JIBEANTL = I = 3.6 x 10" W/em?, &y
wi = 1.165 eV Mlwy = Thwy, I H PR G 1)
WAk J5 A A, WIAE AR R 0. B 6 45 H T P L ES
HL VR WO T ) S B B . ANIET 6 AT
W 1) ShEig R A G4, KA —AF
1 R L 2R /N B I B R 2 5 A &
9%; 2) IR+XUV M EBOL FHEEIE S IR B A
WOt PSR S &R, i, BATKE T iEshE
BT L 2.

T A R ORI, XUV O — e iR
& b rT LR = NSDI [ He B A 2, X 3B XUV 3L
JEAE LB I AR Ry T ORI A e PR R T
fif B NSDI 2 & ik, FRATE L T #IE (s9, q2), F
W 5o Fll go 23 | 275 B T-E ATT AN LAC 222 i i
XUV TR H. @b@Eatr, ATLIE 6 fr
NI ERE S R AT S0 Rk E Tl
(1, 0) A1 (1, 1) Mok 7. kX E (1, 0)

224205-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k  Acta Phys. Sin.

Vol. 65, No. 22 (2016) 224205

(L, 1) /MR B 25 #7178 LAC i F2 A IR
XUV T, Wz fExf pigh &g s — A 6; &
HLF7E LAC IR e 14N XUV 67, TS B 5
BIERE TG A5 WNE 6B LLER: W
HA, 25 P 1 (R S 56 7 ) AN [R] 2 8 BSAS 8] ) 2 3

N —2.8

—5.2

Py/a.u.

—7.6

—10.0

Py/a.u.

K6 3 L il T i BOG AR A 7 1t G i el CTALER 5152
NSDI gl i, 1% R i vt b 5 147)

Fig. 6. The NSDI momentum spectra of two ionized elec-
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rection, where the NSDI is caused by the CI mechanism
in IR+XUV two-color laser fields. In a logarithmic scale
(reprinted with permission from Ref. [47]).
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Fig. 7. (a)-(d) Channel contributions of NSDI momentum spectra with the final momenta of the two ionized electrons
along the same direction; (e)—(h) present the contribution of forward collision to the NSDI; (i)—(1) present the contribution
of backward collision to the NSDI. These channels are (1| — 20, 0) [(a), (e) and (i)], (1]0, 0) [(b), (f) and (j)], (1]20, 0) [(c),
(g) and (k)] and (1]40, 0) [(d), (h) and (1)], respectively. In a logarithmic scale (reprinted with permission from Ref. [47]).
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Fig. 8. (a)—(d) Channel contributions of NSDI momentum spectra with the final momenta of the two ionized electrons along
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and (k)] and (1]40, 0) [(d), (h) and (1)], respectively. In a logarithmic scale (reprinted with permission from Ref. [47]).
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Fig. 9. The energy circles for p) along the same direc-
tion of the laser’s electric polarization and for s; = 0,
sa =1, g2 = 0 and tc = cos(wito), which indicates
that (a) and (c) are backward collisions and (b) and (d)
are forward collisions. In a logarithmic scale (reprinted

with permission from Ref. [47]).
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Fig. 10. The energy circles for p} along the same direction of
the laser’s electric polarization and for s1 =0, s20 =1, ¢g2 =1
and tc = cos(witp), which indicates that (a) and (c) are back-
ward collisions and (b) and (d) are forward collisions. In a

logarithmic scale (reprinted with permission from Ref. [47]).
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Fig. 11. Interference patterns on the NSDI momentum
distributions of subchannel (1|20, 0) for the forward
collision. The solid squares show the positions where
the function cos[f(to) — m/4] = 0. In a logarithmic

scale (reprinted with permission from Ref. [47]).

3.2 CEIZ12

321 # &M A b dCEIME G| A &
NSDI if A2

PLAE V8 i CELMLEE 5] #2 (%) NSDIid 72, i%
B BEOLEE AL = 2.2 x 10 W/em?, 3K
A =800 nm. B 1245 7t CEINLEL 5] &2 1)
NSDI sl &g, M 12 7] WL, # i 28 TV 5 AH
[F) 7 1) 4 S BF B 26 5 e AT T 3 A R 5 ) S B
IRERA Y. N T B AR, (24) N5 K

T(IicEI = FKTIZFII?ACEFKTII
X I/(P)Jql—s(q - Cl)FKT12F§T11a (39)

224205-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 22 (2016) 224205

Py/a.u.

—14.0

Py/a.u.
K12 9 EE T E WO RAL TS 1R BRI B CETALE
51 RZAI NSDI 3Bl 1% PR FH o Hohs i (46)
Fig. 12. The NSDI momentum spectra of two ionized
electrons with their momenta along the lasers polar-
ization direction, where the NSDI is caused by the CEI
mechanism in an IR laser field. In a logarithmic scale

(reprinted with permission from Ref. [46]).
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Fig. 13. (a)—(d) represent the momentum spectra of two electrons for different channels; (e)—(h) represent the backward
collisions. The orders of these channels are 1[(a), (e)], 5[(b), ()], 12[(c), (g)] and 20[(d), (h)], respectively. In a logarithmic

scale (reprinted with permission from Ref. [46]).
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Fig. 14. The NSDI momentum spectra of two ionized
electrons with their momenta along the lasers polar-
ization direction, where the NSDI is caused by the
CEI mechanism in IR+XUV two-color laser fields. In

a logarithmic scale.
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Fig. 15. The channel contributions of atom absorbing three XUV photons in the NSDI process for (1, 1, 1) (a), (1,

0, 2) (b) and (2, 0, 1) (¢). In a logarithmic scale.
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Fig. 16. The channel contributions of atom absorbing four XUV photons in the NSDI process for (1, 2, 1) (a), (1,
1, 2) (b), (1,0, 3) (¢), (2,1, 1) (d), (2, 0, 2) (e) and (3, 0, 1) (f). In a logarithmic scale.
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields
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Abstract

The research of laser-matter interaction has become a major direction in the field of laser physics since the invention
of laser in 1960. Based on the development of the laser technique in the recent several decades, the ranges of the laser’s
frequency, intensity and pulse width have been explored widely. Therefore, the excitation, emission and ionization
dynamic processes of a complex system in intense laser fields have been studied deeply. Especially, the nonsequential
double ionization (NSDI) process has continuously attracted much attention from both experimental and theoretical
sides. So far, the recollision picture is widely accepted as a dominating mechanism accounting for the NSDI process
under an infrared (IR) laser field condition. This recollision picture can be classified into two mechanisms: the collision-
ionization (CI) mechanism and the collision-excitation-ionization (CEI) mechanism. Recently, it is found that the NSDI
process can take place in an extreme ultraviolet (XUV) laser field, and thus few-photon double ionization has been
extensive studied by solving the full-dimensional time-dependent Schrédinger equation (TDSE) and the conventional
nonstationary perturbation theory. This article reviews the frequency-domain theory of the NSDI processes of an atom
in a monochromatic IR and IR+XUV two-color laser fields. In contrast with other approaches, such as the TDSE
calculation and S-matrix method, the frequency-domain theory based on the nonperturbative quantum electrodynamics
is involved in some advantages: (i) all the recollision processes, including high-order above-threshold ionization (HATT),
high-order harmonic generation (HHG) and NSDI, can be dealt under the unified theoretical frame and can be decoupled
into two processes—a direct above-threshold ionization (ATT) followed by a laser-assisted collision (LAC) or by a laser-
assisted recombination process, where these subprocesses can be investigated separately; (ii) the approach can save a

lot of computation time because of its nature of time-independent. In this review, we show the different momentum
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spectral distributions under the CI and CEI mechanisms in the IR and IR+XUV laser fields. With the help of the
channel analysis, we compare the contributions of the forward and backward collisions to the NSDI under two conditions
of the monochromic IR and IR+XUV two-color laser fields. It is found that, in the CI mechanism, the backward
collision makes major contribution to the NSDI in the IR laser field, while the forward collision plays a crucial role in the
NSDI when the energy of the recolliding electron is very large in the IR+XUV two-color laser fields. Furthermore, by
employing the saddle-point approximation, it is found that the momentum spectrum, whether in the monochromic IR or
the IR+XUV two-color laser fields, is attributed to the interference between two trajectories at different saddle-point ¢o
and 21 /wy —to (w1 is the frequency of an IR laser field) when the collision happens in each channel. On the other hand,
in the CEI mechanism, the momentum spectra in the monochromic IR or the IR+XUV two-color laser fields present a
distinct difference. It is further found that the momentum spectrum in the IR+XUV two-color laser fields is involved
in the much more channels than that in the monochromic IR laser field, and thus the complex interference patterns in
the momentum spectrum in the two-color laser fields are shown. Moreover, it is found that, in both the CI and CEI
mechanisms, the XUV laser field in the NSDI not only can enhance the ionization probability of the first electron, but
also can accelerate the first ionized electron so that the bound electron can gain much energy by collision, which is in
favor of significant boost of the NSDI probability. This work can help people understand more deeply about the NSDI,

and also may pave a way for us to continue investigating the NSDI process of complex system in intense laser fields.

Keywords: frequency-domain, strong laser field, nonsequential double ionization, multielectron atom
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