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We experimentally and theoretically investigate the ellipticity dependence of Rydberg state excitation (RSE)
and ionization of Ar subject to strong laser fields. It is found that, at 800 nm, the ratio of RSE to ionization
yields decreases monotonically with ellipticity for the intensities explored in this work, while, at 400 nm, the
ratio decreases monotonically in the high-intensity regime but increases in the low-intensity regime. A dedicated
semiclassical model where the influences of Coulomb potential and nonadiabatic effect have been considered
can reproduce the experimental observations qualitatively at 800 nm and the high-intensity regime at 400 nm.
However, in the low-intensity regime at 400 nm, our semiclassical model cannot reproduce the experimental
measurements, indicating that the well-accepted semiclassical frustrated tunneling ionization mechanism is not
valid any more for a Keldysh parameter significantly larger than unity. Our work provides a comprehensive
understanding of the atomic RSE process and raises a challenge for the theoretical methods in the future.
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I. INTRODUCTION

Rydberg states are atomic or molecular high-lying ex-
cited states with energies close to the threshold. These states
possess peculiar features, such as large principal quantum
number, strong long-range dipole interaction, low ionization
energy, etc. These features give rise to its wide applications
and significant scientific interests (see, e.g., Refs. [1-3]). Re-
cently, it has been documented that, when atoms or molecules
are subject to laser field with strength strong enough for ion-
ization, some of them can even survive in Rydberg states [4,5].
The phenomenon has attracted intensive attention and the
relationship between the ionization and excitation dynamics
for atoms and molecules subject to strong laser field becomes
attractive.

The atomic and molecular ionization dynamics have al-
ready been investigated for decades. For an atom subject to a
strong laser pulse, an electron can be released via multiphoton
ionization (MPI) or tunneling ionization (TT) [6,7]. To identify
the transition between these two limits, a significant role is
given to the Keldysh parameter y = ,/I,/2U, [8-11], where

*Contact author: charlywing@wipm.ac.cn
fContact author: xlhao@sxu.edu.cn
#Contact author: chenjing@ustc.edu.cn
SContact author: xjliu@wipm.ac.cn

2469-9926/2024/110(1)/013114(7)

013114-1

I,, is the atomic ionization potential and U, the ponderomotive
energy of the laser field. For y > 1, MPI dominates and
the electron may coherently absorb multiple photons. For
y « 1[7,12], TI becomes important and the features of pho-
toelectron spectra can be largely understood by the classical
dynamics. For y ~ 1, TI still dominates and the nonadia-
batic effect is expected to be important during the tunneling
process [13—15]. In the last two regimes mentioned above,
after tunneling, the electron wave packet will oscillate along
with the laser field and part of the wave packet may return
to the parent ion, triggering a wealth of nonlinear physical
phenomena, such as high-order harmonic generation [16,17],
nonsequential double ionization [18], and high-order above-
threshold ionization [19], etc.

In the linearly polarized laser field, it is possible that
the return electron does not gain enough drift energy from
the laser field and eventually is recaptured to a bound state,
leading to the Rydberg state excitation (RSE). This mecha-
nism is dubbed the frustrated tunneling ionization (FTI) [5],
which has been widely applied to comprehend the RSE pro-
cess for atoms [5,20,21], atomic dimers [22], and diatomic
molecules [23-25], etc. As documented [5], based on the FTI
mechanism, the intensity dependence of both the ionization
and excitation yields would be smooth. On the other hand,
distinctive out-of-phase oscillations of RSE and ionization
yields have been experimentally observed and comprehended
by a coherent recapture mechanism [26-28].

©2024 American Physical Society


https://orcid.org/0000-0002-0353-7650
https://ror.org/03y3e3s17
https://ror.org/00zky9d41
https://ror.org/05qbk4x57
https://ror.org/01jeedh73
https://ror.org/04c4dkn09
https://ror.org/04qzpec27
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.110.013114&domain=pdf&date_stamp=2024-07-16
https://doi.org/10.1103/PhysRevA.110.013114

WANG, QUAN, HAO, CHEN, AND LIU

PHYSICAL REVIEW A 110, 013114 (2024)

In addition to the excitation dynamics in a linearly polar-
ized laser field (see, e.g., Refs. [25,29,30]), the RSE process
in an elliptically polarized laser field is also of significant
interest. Intuitively, the probability of returning to the vicin-
ity of the core for the rescattering wave packet could be
lower in the laser field with a larger ellipticity, where the
RSE yields are expected to be less. Experimentally, an earlier
study is performed by Nubbemeyer et al. [5], which shows
a dramatic decrease of the RSE yields with ellipticity, as
predicted by the FTI mechanism. Theoretically, Landsman
et al. [31] analyze the ellipticity dependence of RSE yields
for He based on the strong-field approximation (SFA) model
and argue that the initial transverse momentum of the tunneled
electron is compensated by the drift momentum gained in the
field, resulting in a peculiar ellipticity dependence of RSE.
These calculations well reproduce the experimental data of
Nubbermeyer et al. [5]. A theoretical work for Ar is reported
by Zhao et al. [32], where an astonishing maximum of RSE
yields at a nonzero ellipticity has been found based on a
two-dimensional semiclassical calculation. This interesting
phenomenon is inconsistent with a following work by Pauly
et al. [33], where the calculations are performed by the nu-
merical solution of the time-dependent Schrodinger equation.
A more recent work [34] demonstrates that this anomalous
behavior will disappear if the nonadiabatic effect is included
in a three-dimensional semiclassical model and the absence
of this anomalous behavior can partly be attributed to the
nonadiabatic corrections of the instantaneous ionization rate
and the initial photoelectron momentum distribution at the
tunnel exit.

Although the above-mentioned theoretical and experimen-
tal endeavours have been made, a consensus on the anomalous
ellipticity dependence behavior of the ratio of RSE to ioniza-
tion yields has not been reached. Apparently, absence of the
relevant experimental evidence could be the main obstacle to
solving this problem.

In this paper, the ellipticity dependence of RSE and ioniza-
tion in the laser fields at both 400 and 800 nm is investigated
experimentally and theoretically. Our results show that, at
800 nm, the ratio of RSE to ionization yields decreases
monotonically with increasing ellipticity for the intensities
explored in this work, while at 400 nm, the ratio decreases
monotonically in the higher-intensity regime but increases in
the lower-intensity regime. A dedicated semiclassical model
where the influence of Coulomb potential and nonadiabatic
effect have been considered can reproduce the experimental
observations qualitatively at 800 nm and in the high-intensity
regime at 400 nm. However, in the low-intensity regime at
400 nm, our semiclassical model cannot reproduce the ex-
perimental measurements, indicating that the well-accepted
semiclassical frustrated tunneling ionization mechanism is not
valid any more for a Keldysh parameter significantly larger
than unity. Our work provides a comprehensive understanding
of the atomic RSE process and raises a challenge for the
theoretical methods in the future.

II. EXPERIMENTAL METHOD

Experimentally, 800-nm laser pulses are generated by a
commercial Ti:sapphire femtosecond laser system (Legend,

Coherent Inc.) with a repetition of 1 kHz. The laser beam
at 400 nm is produced by frequency doubling of the funda-
mental beam with a 500-um-thick S-barium borate (5-BBO)
crystal. The laser pulse energy is precisely controlled with
a combination of a broadband achromatic A /2 plate and a
Glan-Taylor Polarizer. The laser polarization can be altered
through rotating a quarter-wave plate before the laser beam
is focused into the vacuum chamber by a thin lens with a
focal length of 15 cm. The pulse duration of the laser beam
is about 35 fs at 800 nm, while at 400 nm, the duration is not
measured but estimated to be about 70 fs. Before introduced
into the spectrometer, the laser beam passes through an optical
aperture with a diameter D of 4.0 (5.0) mm for 400 (800) nm
to truncate the laser spot (with a diameter of 18 mm) near
the focal lens. The peak laser intensity is calibrated by com-
paring the measured intensity dependence of Ar™ yields with
the calculations by the Ammosov-Delome-Krainov (ADK)
model [35,36].

The singly charged ions and Rydberg atoms generated by
the femtosecond laser field are measured by a homemade
spectrometer (see Ref. [27] for details). In the interaction
chamber of the spectrometer, the base pressure is maintained
around 3 x 10~° Pa. Neutral excited atoms (Ar*) and singly
charged ions (Ar™) produced by the laser field are detected
by a position-sensitive microchannel plate (MCP) detector
equipped with a delay-line anode (DLD80 RoentDek Handels
GmbH). With the specific electric field scheme employed in
our spectrometer [27], the Ar Rydberg atoms with the princi-
pal quantum numbers of n < 75 can be detected.

III. THEORETICAL METHOD
A. Adiabatic model

In this work, we employ a classical-trajectory Monte Carlo
(CTMC) model to study the ellipticity dependence of RSE
yields for Ar subject to the elliptically polarized laser fields.
In this model, there are two steps for a RSE process: tunneling
ionization and classical evolution of the tunneled electron in
a combination of the laser field and Coulomb potential of the
ion.

The tunneled electron has a Gaussian distribution versus
the transverse momentum perpendicular to the instantaneous
laser field. The transverse momentum p; is given randomly in
the range of 0 < p, < 1.0 a.u. and the longitudinal momen-
tum p| is zero. The definitions of p, and p| are given in a
rotating coordinate, which rotates along with the elliptically
polarized laser field, as shown in Fig. 1. Each electron orbit is
weighted by the ADK ionization rate [35,37].

Because the duration of the laser pulse (35 fs) is too long
to observe any carrier envelope phase (CEP) effect, CEP is set
to be zero in our calculations. Thus, the laser electric field is
given by

F(t) = Fyf (t)[cos(wt)Z + esin(wt )X], (D

where Fy = Ey/+/€2 + 1, Ej is the peak electric field ampli-
tude, ¢ the ellipticity, 2 the major axis, and X the minor axis
of the polarization ellipse. In our calculation, a trapezoidal
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FIG. 1. A graphic illustration of the coordinate systems in the
laboratory (x, y, z) and rotating (x, y’, z’) frames. The red and
large (black and small) arrows indicate the coordinate axes of the
rotating (laboratory) coordinate system in the polarization plane. The
rotating coordinate system rotates along with the laser electric field
and 7' represents the direction of the transient laser polarization.
B = tan~'[etan(wty)], where w is the laser angular frequency and 7y
the instant in question, is the angle between the transient laser polar-
ization direction and the z axis in the x-z plane. p; (p,) indicates the
photoelectron initial momentum in the direction of parallel (perpen-
dicular) to the transient laser polarization in the rotating coordinate
system.

envelope [38—40] has been applied for the laser field at each
wavelength,

1, 0 <1< 10Ty
fr@) = {cos? T 40T, <1 < 13T, (2)
f 6T, ° f X f

0, t > 13Tf

1, 0 <t <207
fi@) = feos? 2T 20T, <1 <267,  (3)

0, t > 26T,

where Ty and T; represent the optical periods of the
800-nm and 400-nm laser fields, respectively. For the intensi-
ties explored in this work, our numerical calculations indicate
that no significant difference can be identified if the pulse
duration of the 400-nm laser beam is increased to 70 fs. After
tunneling, the electron evolution in the combined laser field
and Coulomb field is obtained from the numerical solution of
the classical Newtonian equation, i.e., dd—jzr =—-F@)—-VV(©),
where the effective potential V (r) is given by V(r) = —@,
Loft = \/E is the effective charge of the ionic core, I, is
the ionization potential of the atom in question, and r is the
distance between the tunneled electron and the parent ionic
core. In this adiabatic model, the tunneling exit is given by
rg = —I,/F ().

We examine the energy Ey of the electron when the laser
pulse ends and focus on the electron trajectories with the en-
ergies £y = P2/2 — Zeii/r < 0, where P = (P,, P, P,) is the
final photoelectron momentum. These electrons are captured
by the ionic potential, while those with £y > 0 stand for the
ionized ones. The weights of the corresponding photoelectron
trajectories are summed up to calculate the yields of the RSE
and ionization processes, respectively.
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FIG. 2. The measured (a) and (d) and calculated (b), (c), (e), and
(f) yields of RSE (black squares), ionization (red circles), and the
ratio of RSE to ionization yields (blue triangles) as a function of
ellipticity. The data in (b) and (e) are calculated by the semiclassi-
cal model where only the influence of Coulomb potential has been
considered. The data in (c) and (f) are calculated by the semiclassical
model where the influence of Coulomb potential and nonadiabatic ef-
fect have been included. The laser intensities are 5.2 x 10> W /cm?
for [(a)~(c)] and 1.7 x 10" W/cm? for [(d)—(f)], respectively. The
laser wavelength is 800 nm. The measured or calculated data is
normalized by the maximum of the corresponding curve.

B. Nonadiabatic model

To describe the ultrafast dynamics more accurately, in our
nonadiabatic model, the initial photoelectron momenta, tun-
nel exit, and instantaneous ionization rate have been further
corrected by the nonadiabatic effect [13,34,41-43]. Consid-
ering that detailed descriptions on nonadiabatic model have
already been given in Ref. [34], only essentials are given here.
Based on the S-matrix theory [44,45], the transition probabil-
ity from the ground state to a continuum state can be described
by W = exp{—2ImS}, where S = [ di{3[P + A(1)]* +1,},
P = (P, P,, P,) is the final photoelectron momentum after the
laser pulse ends in the laboratory coordinate systems, A(t)
is the laser vector potential, and #; = #( + if; is the complex
transition point, which can be obtained from the numerical
solution of the saddle-point equation [P + At))? + 21, = 0.
The real part (fy) of ¢, is the above-mentioned photoelectron
tunneling instant and the imaginary part (;) of #; denotes
the imaginary time spent by the electron in the subbarrier
process. In our calculations, the tunneling time #j, the ini-
tial photoelectron transverse momentum p,, and the initial
photoelectron momentum in the y direction pyo are given
randomly in their corresponding parameter spaces. The ini-
tial photoelectron longitudinal momentum, #;, tunnel exit, and
instantaneous ionization probability rate can be obtained by
solving the saddle-point equation. The following evolution of
the photoelectron can be achieved by numerically solving the
Newtonian equation Z—ii =-F@)-VV(@).

IV. RESULTS AND DISCUSSION

The typical experimental results for Ar subject to strong
elliptically polarized laser fields at 800 nm are presented in
Figs. 2(a) and 2(d). The corresponding Keldysh parameters
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at ¢ = 0 are y = 1.57 and 0.87, respectively. In Fig. 2(a),
the measured ellipticity dependence of RSE, ionization, and
the ratio of RSE to ionization yields at 5.2 x 10'> W/cm? and
800 nm are presented. The yields of RSE, ionization, and the
ratio decrease monotonically with ellipticity. In this work, we
also study the ellipticity dependence of the ratio because the
ratio is more sensitive to the photoelectron dynamics than the
RSE yields. Closer inspection indicates that the decrease of
RSE yields with ellipticity is more distinct than that of ioniza-
tion yields. The laser parameters of Fig. 2(a) are close to those
of the data indicated by the blue solid line and open circles in
Fig. 1 of Ref. [32], in which an anomalous ratio maximum
exhibits around a nonzero ellipticity of & = 0.2. The result in
Fig. 1 of Ref. [32] is in stark contrast to our measurements in
Fig. 2(a), where the anomalous ratio maximum at a nonzero
ellipticity does not exist.

The difference can be partly attributed to the deficiencies of
the two-dimensional adiabatic model employed in Ref. [32].
In the calculations by a two-dimensional adiabatic semiclassi-
cal model, we can identify a prominent maximum of the ratio
and a less clear maximum of the RSE yields at the nonzero
ellipticities, which is qualitatively similar to the result in
Ref. [32]. In this two-dimensional model, because the motion
of the tunneling electron is confined in the xz plane in the two-
dimensional adiabatic model calculation, the electron might
possess a higher possibility of coming back to the vicinity of
the core if compared to the case of three-dimensional model
calculation. Thus, the influence of Coulomb potential could
be overestimated in the case of the two-dimensional adiabatic
model [34].

The other issue which could give rise to a less pronounced
or even absent anomalous ratio maximum at nonzero ellip-
ticity is the influence of the nonadiabatic effect, which can
be considered in the nonadiabatic semiclassical model [34].
The calculations by the three-dimensional adiabatic model
have been presented in Fig. 2(b), where the ratio maximum
appears at the ellipticity of ¢ = 0.2. These calculation results
are apparently inconsistent with the experimental observa-
tions in Fig. 2(a). In contrast, as shown in Fig. 2(c), if the
nonadiabatic effect has been further considered in the nonadi-
abatic semiclassical model, the anomalous ratio maximum at
nonzero ellipticity disappears and the ratio decreases mono-
tonically with the ellipticity. The nonadiabatic semiclassical
model calculations qualitatively match our experimental re-
sult, indicating the important role played by the nonadiabatic
effect in the regime of y ~ 1.

As shown in Fig. 2(d), at a higher laser intensity of
1.7 x 10" W/cm?, with rising ellipticity, the ionization yields
decay more slowly, while the ellipticity dependence of RSE
yields remains almost unchanged if compared to the results in
Fig. 2(a). Considering that the Keldysh parameter becomes
smaller at a higher intensity, the nonadiabatic effect would
become less significant. Indeed, as shown in Fig. 2(f), the
calculations by the nonadiabatic model are very close to the
calculations by the adiabatic model [see Fig. 2(e)]. Further-
more, both calculations are qualitatively consistent with the
experimental measurements.

In order to intuitively comprehend the ellipticity depen-
dence of the ratio of RSE to ionization yields, based on the
calculations by the three-dimensional adiabatic CTMC model,

£=0.2 x107
' 10
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FIG. 3. The tunneling instant (zy) dependence of the initial photo-
electron transverse momentum distribution (p, ) of tunneling (a, d, g,
and j), ionization (b, e, h, and k), and RSE (c, f, i, and 1) processes at
the ellipticities of ¢ = 0 [(a)—(c), (g)-(1)], € = 0.2 [(d)—(f), G)—D].
These data are calculated by the adiabatic model. The laser wave-
length is 800 nm. The laser intensities are 5.2 x 10> W/cm? [(a)—(f)]
and 1.7 x 10" W/cm? [(g)—(1)], respectively. Please find more details
in the text.

we present the tunneling instant (fp) dependence of the ini-
tial photoelectron transverse momentum (p ) distributions at
& =0 and ¢ = 0.2 for tunneling (including the contributions
of both ionization and RSE processes) [Figs. 3(a) and 3(d)],
ionization [Figs. 3(b) and 3(e)] and RSE [Figs. 3(c) and 3(f)]
at 5.2 x 10'®* W/cm? and 800 nm. As we can see, the distri-
butions of the RSE are symmetric with respect to p; =0 at
& = 0 and can be roughly divided into three parts, which are
indicated by A, B, and C, respectively [see Fig. 3(c)]. With
rising ellipticity, regions A, B, and C shift toward the positive
direction of p, to compensate the additional acceleration due
to the increasing minor axis of the laser field [see Figs. 3(c)
and 3(f)]. On the other hand, the tunneling distributions are
symmetric with respect to p; = 0 [see Figs. 3(a) and 3(d)]. At
& = 0.2, as region A shifts to the momentum around p;, = 0,
where the tunneling probability is the highest [Fig. 3(d)], the
yields of region A also become the highest and the distribu-
tion of the RSE becomes asymmetric with respect to p; =0
[see Fig. 3(f)]. In the meantime, ionization yields become
relatively low [see Fig. 3(e)] because significant tunneling
electrons have been recaptured by the Coulomb potential,
leaving a prominent groove in the center of the ionization dis-
tribution [Fig. 3(e)]. Thus, the ratio of RSE to ionization yields
increases with rising ellipticity and reaches a local maximum
at ¢ = 0.2, as shown in Fig. 2(b). As can be comprehended,
if the ellipticity increases further, region A will shift away
from the peak of tunneling distributions and the ratio starts
to decrease.

To shed more light on the ellipticity dependence of the ra-
tio, the p, distributions as a function of y at a higher intensity
of 1.7 x 10" W/cm? are presented in Figs. 3(g)-3(1), where
the higher intensity gives rise to wider tunneling distributions
along both the 7y and p, axes. It can be expected that the spa-
tial distributions of photoelectrons have been extended further
from the ionic core at a larger intensity after the conclusion
of the laser pulse. On the other hand, the Coulomb potential
will not vary with the laser intensity. Note that, to be captured
by the Coulomb potential, the electrons would appear close to
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FIG. 4. The tunneling instant (#)) dependence of the initial pho-
toelectron transverse momentum distribution (p, ) of tunneling (a, d,
g, and j), ionization (b, e, h, and k), and RSE (c, f, i, and 1) processes
at the ellipticities of ¢ = 0 [(a)—(c), (g)-(1)], € = 0.2 [(d)-(), ()-
(D]. These data are calculated by the nonadiabatic model. The laser
wavelength is 800 nm. The laser intensities are 5.2 x 10" W/cm?
[(@)—(f)] and 1.7 x 10" W/cm? [(g)-(D], respectively. Please find
more details in the text.

the core and possess relatively low kinetic energies after the
conclusion of the laser pulse. Thus, RSE distributions along
the 7y axis shrink significantly and shift to the negative direc-
tion [Figs. 3(i) and 3(1)] because only the electrons born at this
area will appear close to the core and obtain relatively low ki-
netic energies. Because the RSE area shifts lower and shrinks
significantly along the 7y axis with ellipticity and, meanwhile,
the tunneling area remains symmetric with respect to 7y = 0,
the RSE area will miss the center of the tunneling area, where
the yields are highest [see Figs. 3(h) and 3(k)]. In contrast
to the lower-intensity case, where a prominent groove appears
exactly over the peak of tunneling distributions [Fig. 3(e)] and
a local ratio maximum appears at ¢ = 0.2, at the intensity of
5.2 x 10" W/cm? [Fig. 2(b)], the ratio maximum at ¢ = 0.2
totally disappears and a monotonous decreasing trend of the
ratio at the intensity of 1.7 x 10'* W/cm? can be identified in
Fig. 2(e). A more detailed analysis can be found in Ref. [34]
In Figs. 4(a)—4(f), the calculations at 5.2 x 10'3 W/em? by
the nonadiabatic model have been analyzed and presented to
comprehend the influence of the nonadiabatic effect. Com-
pared to the calculations by the adiabatic model (see Fig. 3),
the nonadiabatic effect gives rise to wider tunneling distribu-
tions along the p, axis [see Figs. 4(a) and 4(d)] and narrower
RSE distributions along the 7, axis [see Figs. 4(c) and 4(f)].
Moreover, the RSE distribution shifts toward the negative
direction of the #( axis, just as the calculations by the adiabatic
model at a higher intensity of 1.7 x 10'* W/cm?. As shown
in Figs. 4(b) and 4(e), the RSE distributions miss the most
significant part of the tunneling area. Thus, the local ratio
maximum at a nonzero ellipticity, which exists only when a
groove appears in the center of the ionization distributions,
does not exist in Fig. 2(c) and the ratio calculated by the
nonadiabatic model at 5.2 x 10'> W/cm? declines monoton-
ically with ellipticity [see Fig. 2(c)]. At a higher intensity
of 1.7 x 10" W/cm?, the tunneling distributions along both
p. and fy become wider [Figs. 4(g) and 4(j)], while the
corresponding RSE distribution at ¢ = 0 [Fig. 4(i)] is rela-
tively insensitive to the laser intensity. As shown in Fig. 4(1),
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FIG. 5. The measured (a) and (d) and calculated (b), (c), (e), and
(f) ellipticity dependence of RSE yield (black squares), ionization
yield (red circles), and the ratio of RSE to ionization yields (blue
triangles). The data in (b) and (e) are calculated by the semiclassical
model where only the influence of Coulomb potential has been
considered. The data in (c) and (f) are calculated by the semi-
classical model where the influence of Coulomb potential and the
nonadiabatic effect have been included. The laser intensities are
3.8 x 103 W/em? for (a), (b), and (c) and 4.5 x 10" W/em? for
(d), (e), and (f), respectively. The laser wavelength is 400 nm. The
measured or calculated result is normalized by the maximum of the
corresponding curve.

the RSE distributions shift faster to the positive direction
of p, than that in the case of 5.2 x 10'3 W/cm? [Fig. 4(f)]
because a larger p, is necessary to compensate the larger
drift momentum gained in the laser field at higher intensity at
each ellipticity. Thus, the ratio calculated by the nonadiabatic
model at 1.7 x 10" W/cm? declines faster with ellipticity [see
Fig. 2(f)] than that in the case of 5.2 x 10'> W/cm? [Fig. 2(c)].

The typical measurements on the ellipticity dependence
of RSE and ionization for Ar at 400 nm are presented in
Figs. 5(a) and 5(d). At the intensity of 4.5 x10' W/cm?
[see Fig. 5(d)], the RSE yields, ionization yields, and the
ratio decrease monotonically, with the ellipticity and the RSE
yields decreasing the most abruptly. These results are very
similar to the case at 800 nm. On the contrary, at the intensity
of 3.8 x 103 W/cm? [see Fig. 5(a)], with rising ellipticity, the
RSE yields decay so slowly that the ratio increases monotoni-
cally. In Figs. 5(b), 5(c), 5(e), and 5(f), the calculations by the
adiabatic [Figs. 5(b) and 5(e)] and nonaidabatic [Figs. 5(c)
and 5(f)] models are presented. Although the calculations at
a higher intensity of 4.5 x 10" W/cm? in Figs. 5(e) and 5(f)
are close to each other and qualitatively match the experi-
mental measurements [see Fig. 5(d)], the calculations in both
Figs. 5(b) and 5(c) deviate significantly from the measure-
ments in Fig. 5(a). In Fig. 5(b), the RSE and ionization
yields decrease much more abruptly than the measurements
in Fig. 5(a), while in Fig. 5(c), the ellipticity dependence of
RSE yields and ionization yields is very close, giving rise to a
ratio hardly dependent on the ellipticity. The measured and
calculated ellipticity dependence curves show qualitatively
agreement at high intensity but exhibit significant discrepan-
cies at low intensity at 400 nm, indicating that the tunneling
ionization picture is not viable any longer in the low-intensity
regime at 400 nm.
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FIG. 6. The tunneling instant (zy) dependence of the initial photo-
electron transverse momentum distributions (p_ ) for tunneling (a, d,
g, and j), ionization (b, e, h, and k), and RSE (c, f, i, and 1) processes
at the ellipticities of ¢ =0 [(a)—(c), (g)—()] and & = 0.5 [(d)—(f)
and (j)—(1)]. These data are calculated by the nonadiabatic model at
laser intensities of 4.5 x 10" W/cm? [(a)—(f)] and 3.8 x 10" W/cm?
[(g)-(D)], respectively. The laser wavelength is 400 nm.

To provide more physical insights of the measurements
at 400 nm, based on the nonadiabatic model, we calculate
the #y) dependence of p, distributions for tunneling, ioniza-
tion, and RSE processes at the intensity of 3.8 x 10> W/cm?
and 4.5 x 10" W/cm?, respectively. The results are given in
Fig. 6. In the case of 4.5 x 10" W/ecm? [Figs. 6(a)-6(f)], sim-
ilar to the calculations by the nonadiabatic model at 800 nm
[see Figs. 4(c), 4(f), 4(i), and 4(1)], the RSE distributions are
narrow along the 7y axis and shift to the negative direction of
1o [see Figs. 6(c) and 6(f)]. As expected, the RSE distributions
miss the most significant part of the area where the tunneling
rate is the highest [see Figs. 6(b) and 6(e)], leading to a mono-
tonically and abruptly decreasing trend of RSE yields with
ellipticity. Because the ellipticity dependence of the ionization
rate is more gentle compared to the RSE curve at this intensity
[Fig. 5(f)], the ratio of RSE to ionization yields still decreases
monotonically with respect to the ellipticity. As for the case at
3.8 x 10" W/cm? [Figs. 6(g)-6(1)], the RSE distribution be-
comes wider along the 7y axis and another area above 7o = 1.0
o.c. appears at the ellipticity around zero [see Fig. 6(i)]. These
enlarged RSE distributions at small ellipticities, which can
be mainly attributed to the more important influence of the
Coulomb potential in the low-intensity regime at such a short
wavelength, give rise to a decreasing trend of RSE yields close
to that of ionization yields. Thus, the ratio becomes slowly
dependent on the ellipticity.

The significant difference between the calculations by the
nonadiabatic model and the measurements at the low-intensity

regime and 400 nm indicates that FTI mechanism breaks
down. This could be reasonable because the value of the
Keldysh parameter (y =3.7) at ¢ =0 at the intensity of
3.8 x 10" W/em? is too large for the FTI mechanism, which
is conceived principally based on a semiclassical model [5].
In this intensity and wavelength regime, as documented in
our earlier work [27], the RSE process can be understood by
the mechanism of the multiphoton resonance with AC-Stark-
shifted excited states. Similar results have been documented
recently in Ref. [46], where the contributions of RSE based
on FTT and multiphoton excitation mechanisms can be con-
trolled by altering the ratio between the strengths of the laser
fields at fundamental frequency and second harmonic for a
constant intensity of the combined laser field. Nevertheless,
the quantitative theoretical calculations on the RSE process
at the low-intensity regime and 400 nm are still demanding.
Our work raises a challenge for the theoretical methods in the
future.

V. CONCLUSION

To conclude, we experimentally and theoretically inves-
tigate the ellipticity dependence of the RSE and ionization
yields of Ar subject to strong laser fields. Our results indi-
cate that, at 800 nm, the ratio of RSE to ionization yields
decreases monotonically with ellipticity for the intensities
explored in this work, while at 400 nm, the ratio decreases
monotonically in the high-intensity regime but increases in
the low-intensity regime. A dedicated semiclassical model
where the influence of Coulomb potential and nonadiabatic
effect have been considered can reproduce the experimental
observations qualitatively at 800 nm and the high inten-
sity at 400 nm. However, in the low-intensity regime at
400 nm, significant deviation between our calculations by
the semiclassical model and the measurements can be identi-
fied, indicating that the well-accepted semiclassical frustrated
tunneling ionization mechanism is not valid anymore for a
Keldysh parameter significantly larger than unity. Our work
provides a comprehensive understanding of the atomic RSE
process and raises a challenge for theoretical methods in the
future.
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