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Fig. 1. (a) The measured photoelectron momentum distributions of Ar subject to the laser electric field with a wavelength of 800 nm,
an intensity of 1.5x10™ W /cm?, and an ellipticity of 0.7, the inset shows the directions of the major and minor axes of the polariza-
tion ellipse of the laser field; (b) the black boxes indicate the photoelectron angular distribution extracted from the data in (a);
(c) the photoelectron momentum distributions calculated by the semiclassical model with the laser parameters identical to those of
(a); (d) the black circles represent the photoelectron angular distribution extracted from the data in (c). The red curves in (c) and

(d) show the results of the least square fittings of experimental data and numerical calculations, respectively.
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Fig. 2. (a) The measured and calculated intensity dependence of a. The filled black boxes (Exp.) show the experimental results. The

open navy triangles (CP), open blue diamonds (Screen.+CP), open olive pentagons (Nonad.+CP), open magenta pentacles

(Polar.4+-CP), open dark yellow hexagons (Stark+CP), and open red circles (All) indicate the semiclassical calculations where only
the influence of Coulomb potential, the influence of both Coulomb potential and the multi-electron screening effect, the influence of
both Coulomb potential and the non-adiabatic effect, the influence of both Coulomb potential and multi-electron polarization effect,
the influence of both Coulomb potential and the Stark effect, and all the physical effects have been considred, respectively. (b) The
laser intensity dependence of tunneling instant obtained from the measured and calculated « in (a). The filled black boxes (Exp.)
represent the experimental data. The open black circles (Without FA) indicate the calculation without focusing average. The open

black diamonds (FA) represent the calculation where the focusing average has been considered. The filled magenta circles (Tunnel-

ing delay time) indicate the intensity dependence of the tunneling delay time which is obtained based on the attoclock scheme.
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Fig. 3. The typical trajectories calculated by the semiclassical model for the photoelectrons tunneling from the peak of laser field:
(a), (d) The spatial evolution of electron trajectories around the tunneling instant and the end of the laser pulse; (b), (e) the tem-
poral evolution of photoelectron momenta along the z direction (p,) around the tunneling instant and the end of the laser pulse; (c),
(f) the temporal evolution of photoelectron momenta along z direction (p,) around the tunneling instant and the end of the laser
pulse. The thin red solid and thick red dotted lines represent the trajectories calculated by the semiclassical model where only the
influence of Coulomb potential is considered. The thin blue dashed and thick blue dot-dashed lines represent the trajectories calcu-
lated by the semiclassical model where the influence of both Coulomb potential and the nonadiabatic effect are considered. The thin
red solid and thin blue dashed lines indicate the trajectories which are calculated at 1.5 x 10" W /cm? The thick red dotted and
thick blue dot-dashed lines indicate the trajectories which are calculated at 2.3 x 10" W/cm?
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Fig. 4. (a), (c) The calculated positions and the momenta of the photoelectrons tunneling from the peak of laser field at the tunnel-
ing instant (initial); (b), (d) the calculated positions and the momenta of the photoelectrons tunneling from the peak of laser field at
the end of the laser pulse (final); in (d), the solid lines connecting the origin and the symbols indicate the corresponding emission
angles of the photoelectrons at the end of the laser pulse. The navy triangles (CP), blue diamonds (Screen.+CP), olive pentagons
(Nonad.+CP), magenta pentacles (Polar.+CP), and dark yellow hexagons (Stark+CP) indicate the semiclassical calculations where
only the influence of Coulomb potential, the influence of both Coulomb potential and the multi-electron screening effect, the influ-
ence of both Coulomb potential and the non-adiabatic effect, the influence of both Coulomb potential and multi-electron polariza-
tion effect, and the influence of both Coulomb potential and the Stark effect have been considred, respectively. The filled (Low) and
open (High) Symbols indicate the results calculated at 1.5 x 10" W/cm?and 2.3 x 10'* W/cm?, respectively.
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SPECIAL TOPIC—Attosecond physics

Tunneling delay time in strong field ionization of atomic Ar’*
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Abstract

“Attoclock” provides a promising experimental scheme to explore the timing of tunnel ionization of atoms
and molecules in intense laser fields. In this work, we perform a systematical investigation of tunneling delay
time in strong field ionization of atomic Ar, based on the “attoclock” experimental scheme. Experimentally, the
laser intensity dependence of the photoelectron momentum distributions of Ar subject to strong elliptically
polarized laser fields at 800 nm has been measured. Theoretically, a dedicated semiclassical model, in which the
Coulomb potential effect, the nonadiabatic effect, the Stark effect, the multielectron screening and polarization
effect have been well considered, is employed to simulate the ionization dynamics of Ar. By comparing the
experimental and simulated results, an upper limit of 10 attoseconds for the tunneling delay time of Ar has been
derived for the laser intensity ranges explored in this work. In addition, the influence of various physical effects
on the extracted tunneling delay time, in the context of semiclassical model, has been analyzed. It is
demonstrated that, under otherwise identical conditions, consideration of multielectron screening effect will give
rise to the least change of the extracted tunneling delay time. In contrast, consideration of nonadiabatic effect

will lead to the most significant change of the extracted tunneling delay time.
Keywords: attoclock, tunneling delay time, ultrafast ionization
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