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Abstract Light-matter interaction is always one of the themes of science. With the rapid development of ultra-short
and ultra-strong laser techniques, nowadays we can research the internal world in a single atom and control the light-
electron interactions to explore the ultrafast dynamics of intra-atomic electrons. Laser-induced tunneling ionization
of atoms, as the footstone of many strong-field physical phenomena, has important research significance and is also
one of the hot frontier topics. In this paper, we review the recent research advances in strong-field atomic tunneling
ionization. The coordinate and momentum distributions of electrons after tunneling process are obtained based on
the non-adiabatic tunneling ionization in the natural coordinates (i.e., the parabolic coordinates). We introduce the
theoretical description and experimental measurement methods for the initial phase (i.e., the sub-barrier phase) of
electrons obtained in the tunneling process. Based on the sub-barrier phase, we can reveal the quantum dynamical
information of the tunneling process. We introduce the recent advances in photoelectron spin polarization during the
strong-field tunneling ionization. On the basis of the orthogonal two-color fields, the degrees of freedom of photoe-
lectrons in the time and space dimensions can be accurately controlled. Finally, we summarize this paper and predict
future research advances.
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Fig. 2 Spatial distributions of the tunneling exit of electron wave packets

20 (a) Distribution of the tunneling exit of elec-

tron wave packets along the = axis; (b) distribution of the tunneling exit of electron wave packets along the x axis;

(c¢) absolute distance distribution of the tunneling exit of electron wave packets. The red line shows the laser field in

corresponding direction, the violet dashed line and the black line depict the positions of the tunneling exit predicted

with the zero-range potential and TIPIS models, respectively, and the value of color coordinate represents probability of

tunneling of electron wave packets; (d) distribution of the tunneling exit of wave packets in half cycle at two-dimensional

polarization plane. The green line and the violet dashed line represent parabolic coordinates 7 and &, respectively
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Fig. 5 Measured photoelectron momentum spectra in orthogonal polarization two-color fields with comparable intensities™® .
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Fig. 6 Two-color light fields with comparable intensities and electron interference dynamics at the relative phase of 0. 57" .

(a) Temporal sketch of the light field. The black line, red line, and blue line indicate the synthesized electric field

versus time, negative vector potentials of 800 nm light, and negative vector potentials of 400 nm light, respectively;

(b) spatial view of the light field. The deepening of yellow arrows represents the increase of time. The four subplots

depict the components of laser electric fields in two dimensions (the green arrow displays the motions of tunneling

wave packets after leaving barrier; (c) interferogram of electron wave packets calculated by SFA model without plain

sub-barrier phase; (d) interferogram of electron wave packets calculated by SFA model with plain

sub-barrier phase
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ative phase of 0.5x"" . (a) Result calculated by

CCSFA model without plain sub-barrier phase;
(b) result calculated by CCSFA model with plain
sub-barrier phase; (c) result obtained by solving
SFA model; (d) result obtained by solving TDSE
model; (e) angular distributions of first-order
ATI obtained by

CCSFA model
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