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We measure photoelectron angular distributions of single ionization of krypton and xenon atoms by
laser pulses at 1320 nm, 0.2-1.0 X 10'* W/cm?, and observe that the yield of near-zero-momentum
electrons in the strong-field tunneling ionization regime is significantly suppressed. Semiclassical
simulations indicate that this local ionization suppression effect can be attributed to a fraction of the
tunneled electrons that are released in a certain window of the initial field phase and transverse velocity
are ejected into Rydberg elliptical orbits with a frequency much smaller than that of the laser; i.e., the
corresponding atoms are stabilized. These electrons with high-lying atomic orbits are thus prevented from
ionization, resulting in the substantially reduced near-zero-momentum electron yield. The refined
transition between the Rydberg states of the stabilized atoms has implication on the THz radiation

from gas targets in strong laser fields.
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Atomic stabilization in superintense high-frequency
fields has been studied theoretically for decades (see, e.g.,
[1] for a review) and has led to a wealth of profound and
intriguing topics in strong-field physics [2—4]. It is usually
discussed in the Kramers-Henneberger (KH) frame; i.e., the
moving coordinate frame of a free electron responding to
the laser field. In the KH frame, the ground-state wave
function of the atom splits into two nonoverlapping peaks
and the atom becomes stabilized against ionization when
the laser frequency is much higher than the bound state
frequency of the atom [5]. Recent theoretical investigations
further reveal that this concept is not exclusively associated
with high frequencies, as widely assumed [6]. The stabili-
zation can also occur when the field frequency is sufficiently
large compared to some typical atomic excitation energy.
Lacking experimental evidence, this theory is not yet sol-
idified. On the other hand, in an intense low-frequency laser
field (e.g., in the infrared regime) the tunneling limit of
multiphoton ionization is more appropriately described by
the Keldysh theory [7]. With the picture of the Keldysh
theory, an effect of ionization suppression associated with
tunneling was predicted at some specific field strengths [8].
The controversial issue in the deduction however has been
argued recently [9], in which the dependence of the ioniza-
tion rate on the laser field is found to be monotonic. In
contrast to the high-frequency multiphoton ionization, the
low-frequency atomic stabilization in the tunneling regime
is a more subtle and unsettled question that needs further
experimental and theoretical investigation.
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In this Letter we present experimental observation that
the yield of near-zero-momentum electrons from single
ionization of xenon (Xe) and krypton (Kr) atoms produced
by a linearly polarized infrared laser is much suppressed in
the deep tunneling ionization regime, where the Keldysh

parameter y is much less than unity. Here y = 1/1 » /22U Pr

I, is the ionization potential, U, is the ponderomotive
potential, U, = &*/4w?, € is the field amplitude, w is
the field frequency, and atomic units (a.u.) are used unless
otherwise specified. In the experiment, we did not observe
the traditional atomic stabilization in the strict sense that
the total ionization yield decreases or at least cease to
increase as the laser intensity increases. Instead, we ob-
served that, as the intensity of the field increases, the
relative contribution of low-energy photoelectrons to the
total ionization yield decreases. With a three-dimensional
semiclassical electron ensemble model, we have repro-
duced this pronounced local ionization suppression effect
and uncovered the underlying physics as partial atomic
stabilization. We found that, when the electrons initially
tunnel in a certain time window at the rising front of a laser
cycle, a fraction of atoms can be finally excited into the
Rydberg states with high-lying elliptical orbits. Because
the frequency associated with the orbit is much smaller
than that of the laser, the effect of the fast laser-driven
electron oscillations is averaged out on the time scale of the
orbital motion and the electrons can remain in the elliptical
orbits after the laser pulse is switched off. Those stabilized
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atoms can make up the suppressed yield of the low-energy
ionized electrons. Our analysis provides an intuitive pic-
ture for the low-frequency stabilization in strong-field
tunneling ionization that largely extends the ADK
(Ammosov-Delone-Krainov) theory [10] and enriches the
rescattering scenario [11].

We used linearly polarized 1320 nm radiation generated
by an optical parametric amplification system that was
pumped by 25 fs, 795 nm pulses from a Ti:Sa laser system
with 3 kHz repetition rate, amplified pulse energy up
to 0.8 mJ. The estimated pulse duration at 1320 nm was
3540 fs. The laser intensity was controlled with a pair of
polarizers and was calibrated with the electron energy
cutoff of 10 U,,.

We measured the photoelectron angular distributions
(PADs) with a reaction microscope [12] (for the principle,
see [13]). The spectrometer has the photoelectron momen-
tum resolution ~0.02 a.u. along the time-of-flight direc-
tion and ~0.05 a.u. along the transverse direction. Ions and
electrons were measured with two position-sensitive chan-
nel plate detectors, respectively. We applied a weak electric
(~ 3 V/cm) and magnetic (~ 5 G) field applied along the
time-of-flight axis. From the time-of-flight and position on
the detectors, the full momentum vectors of particles were
reconstructed. In the offline analysis, the photoelectrons
were selected in coincidence with their singly charged
parent atomic ions. We have carefully adjusted the mag-
netic field and electrical field along the spectrometer to
avoid the poor resolution of the transverse momentum for
the low-energy electrons. The laser polarization direction
was along the time-of-flight axis.

Figure 1 shows two-dimensional PADs in momentum
space (P,, P;) of Xe and Kr in the intensities of

0.2-1x10'*W/cm? at 1320 nm. The P, and P, (P, =

P2+P?) represent the momentum parallel and
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FIG. 1 (color online). Experimental two-dimensional PADs in
momentum space (P,, P;) of Kr and Xe in the intensities of
0.2-1 X 10" W/cm? at 1320 nm. The Keldysh parameters are
labeled at the top right corner.

perpendicular to the laser polarization axis, respectively.
One may first observe the ““fanout™ structures on the PADs.
Indeed, there is a large body of theoretical literature on
the origin of resonant structures [14] in the multiphoton
ionization regime with both the classical and quantum
models [15,16], which is beyond the scope of this Letter.
The striking finding in Fig. 1 is that the relative yield of
near-threshold electrons is more suppressed when the laser
intensity increases.

In order to achieve deep insight into the ionization
dynamics behind the striking PADs, we have performed
three-dimensional semiclassical electron ensemble simula-
tions including the tunneling effect (for the details see, e.g.,
[17,18]). Briefly, in the model the electron initial position
along the laser polarization direction is derived from the
Landau effective potential theory [19]. The tunneled elec-
trons have initially zero longitudinal velocity and a
Gaussian-like transverse velocity distribution. Each elec-
tron trajectory is weighed by the ADK ionization rate
@ty v, ") = wy(tg)w (v, [10]. w(v,’) > v, exp X
[V2T,(v,)?*/1e(tp)l] is the distribution of initial trans-

verse velocity, and (1)) = |(2Ip)2/8(t0)|2/ 2L exp X

[—2(21,)*/?/|3&(ty)|] depends on the field phase wt, at the

instant of ionization as well as the ionization potential /,.
After tunneling, the electron evolution in the combined

oscillating laser field and Coulomb field is solved via the

Newtonian equation, 7= —7/ P —& coswt?z, where the
polarization direction is along the z axis, r is the distance
between the electron and nucleus, € and w are the ampli-
tude and frequency of the laser field, respectively. The
dressed energy of the electron in an oscillating laser field

takes the form of E =1(r + & sinwre,)> — L. In the
simulation, the laser field has a constant amplitude with
ten cycles and is ramped off within three laser cycles.

The simulation results of two-dimensional momentum
distributions of (P, P, ) for Xe atoms at the intensity of
6 X 10> W/cm? and the wavelength of 1300 nm are
presented in Fig. 2(a). Generally, the simulation results
agree with the experimental results qualitatively except
for the interference patterns. In particular, it reproduces
the phenomenon of local ionization suppression in PADs at
the origin.

In order to trace the suppressed events, we illustrate the
energy distribution of all electrons that tunnel from the first
half of the laser cycle wt € (—m/2, 7w/2), regardless of
whether the final energy is positive or negative, in Fig. 2(c).
The figure exhibits that, after the laser pulse there is a large
number of tunneled electrons with the final negative
energies within (— 0.01, 0) a.u., which means that those
electrons are finally bounded by the atomic potential. The
binding energies of those Rydberg states (E < 0.01 a.u.)
are much smaller than the photon energy of the low-
frequency light (for 1320 nm, the photon energy is
~0.04 a.u.). It has been found experimentally that a large
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FIG. 2 (color online). Simulation results of two-dimensional
momentum distribution (P,, P;) of the ionized electrons (a)
and the un-ionized electrons (b) for Xe at the intensity of
6 X 10'3 W/cm? at 1300 nm. (c) The energy distribution of
all electrons vs the initial phase. The solid curve shows the
prediction of the simple-man model. (d) The survival rate with
respect to the inverse Keldysh parameter.

number of excited neutral atoms can survive in strong laser
fields [20]. In Fig. 2(b), we show the two-dimensional
momentum distribution of those electrons with the nega-
tive energy (the survival events), which can really make up
the suppressed yield of those low-energy ionized electrons.
The fact that a substantial part of the tunneled electrons end
up in the bound states should affect the momentum spec-
trum of ionized electrons, particularly the low-energy part.
Moreover, the survival rate increases with the inverse
Keldysh parameter as presented in Fig. 2(d). This is con-
sistent with the experimental observation that the relative
yield of near-zero-momentum electrons is more suppressed
in deep tunneling regime.

As shown in Fig. 2(c), in the presence of the Coulomb
field, the energies of the electrons released at the rising
front of the laser cycle are depressed and the energies of the
electrons released at the descending front are enhanced, as
compared with the prediction by the simple-man model
[21] (the solid curve in Fig. 2(c)]. Some electrons tunneled
from the phase region slightly before the field maximum
can achieve much higher energy than 2 U, because of the
electron chaotic motions [17].

In order to shed more light on the local ionization
suppression effect, we now consider the subcycle ioniza-
tion dynamics. In the combined Coulomb and laser field,
the ionization (survival) rate from the first half of the laser
cycle is shown in Fig. 3(a). Without the Coulomb field,
electrons released from the rising front of the laser cycle
will drift away from their parent ions and never return to
the vicinity of the nucleus. However, if the Coulomb
potential is present, the final ionization rate deviates dra-
matically from the ADK rate [dashed curve in Fig. 3(a)].
The suppressed ionization results from several distinct
phase regions at the rising front of a laser cycle, leading
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FIG. 3 (color online). (a) The ionization (or survival) rate vs
the initial phase (see the text for details). (b) Two-dimensional
momentum distribution (P,, P ) that is contributed from the
rising front of the first half laser cycle. (c),(d) show the initial
transverse velocities of tunneled electrons with respect to the
laser phase that contribute to ionization and stabilization process,
respectively. In (d), the solid and dashed curves indicate the
theoretical predictions for the boundary for the un-ionized
window (see text for details).

to the survival rate [solid curve in Fig. 3(a)]. On closer
inspection, two-dimensional momentum distribution of
(P,, P, ) is shown when the electrons are launched within
the rising front of the first half laser cycle wt € (—7/2,0)
in Fig. 3(b).

To see why those electrons released from those time
windows remain un-ionized, we consider the role of the
initial transverse velocity vil of the tunneled electrons. We
show the distributions of the initial transverse velocities of
the tunneled electrons that contribute to the ionization rate
and survival rate with respect to the field phase in Figs. 3(c)
and 3(d), respectively. The launch window of the laser
phase and initial transverse velocities for those negative
energy electrons consists of a regular hippocampuslike
structure (the bright regime in Fig. 3(d)], and an irregular
regime [encircled in Fig. 3(d)]. Those electrons ionized
slightly before the field maximum with a small transverse
velocity are strongly affected by the attraction of the
Coulomb field, especially moving with an initially small
drift velocity along the laser field.

The physics behind the un-ionized window can be
understood by the following approximate theoretical
analysis. Considering the Coulomb potential, the final
energy of the tunneled electron at the birth time of #; can

be given by Ey =1(v' &) + £ sinwtye,)* — ﬁ where

0= (Ip + ,/112, —4e coswto)/Zs coswty is the tunnel

exit point. The energy value can be smaller than zero,
indicating tunneling without ionization. In Fig. 3(d), the
boundary expressed by E, =0 in t, and v’ | Plane is
plotted with the solid curve, below which the initial energy
of the tunneling electron is negative. Nevertheless, the
tunneled electron will be accelerated in the conse-
quent scattering mediated by the Coulomb and light
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fields. The energy gain can be expressed analytically
by AE = — [¥Z%5sinwtdr. Ignoring the Coulomb
focusing effect, we approximate the electron orbit to
be z= %(r — tp) + = (coswt — coswty) — zp, =

\/[vi L (t—19)* + 2%, and then the energy change can be

obtained by evaluating the above integral numerically. We
plot the line of E, + AE = 0 in Fig. 3(d) (labeled by the
dashed line), which gives a good approximation for the
boundary that confines the un-ionized window. However,
since some electrons inside the arc region might experi-
ence multiple forward and backward scatterings, their
orbits are essentially chaotic [17] and cannot be described
by the approximate orbits. During the chaotic scattering,
those electrons can acquire additional energy and are even-
tually ionized, thus making the boundary of the un-ionized
window irregular.

Figures 4(a) and 4(b) show the typical trajectories asso-
ciated with the regular hippocampuslike structure and the
irregular structure, respectively, in the specific launching
window. The electrons born with a certain field phase and
transverse velocity at the rising front of a laser cycle can
finally be launched into the elliptical orbits that have the
negative energy. In the first optical cycle after tunneling,
the electron obtains or releases energy depending on the
instantaneous field phases, and then is pumped into the
Rydberg elliptical orbits. The difference between those two
typical trajectories is that the electron in Fig. 4(a) is ejected
directly into an elliptical orbit without collision with the
atomic ion. While the tunneled electron in Fig. 4(b) expe-
riences the hard collision with the core during its launching
process. Our statistics indicate that the first type orbits
constitute ~90% and the second type orbits contribute
the residual ~10% of the total un-ionized electrons,
respectively.
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FIG. 4. (a),(b) indicate the typical trajectories in the hippo-

campuslike structure regime and irregular regime (encircled with
solid curve) in Figs. 3(d), respectively. The first type trajectory
represents the tunneled electron ejected into the elliptical orbits
without collisions, and the second one experiences collisions
with nucleus. (c),(d) are the statistical analysis on the semimajor
axis and eccentricity distributions corresponding to those two
typical trajectories, respectively.

We illustrate the statistic analysis on the semimajor
axis and the eccentricity of the elliptic orbits in Figs. 4(c)
and 4(d). Those electrons with collisions prefer to move in
the elliptic orbits with the smaller semimajor axes and
larger eccentricities. The energy of an electron in the
elliptic obit is E = —1/2a, where a is the semimajor
axis. One can find that the distribution of semimajor axis
mostly falls into the regime 1/2a < w; i.e., the binding
energies of the Rybderg states are much smaller than the
photon energy. Because the classical elliptic orbit frequen-
cies (~ 1/a’/?) are much smaller than the laser frequency,
the fast oscillating motion driven by laser field can be
safely averaged out and the electrons will finally remain
on the elliptical orbits [see Figs. 4(a) and 4(b)]. This is
analogous to the stabilization condition for the Rydberg
atoms in the low-frequency light field [5]. However, in our
case, the electrons are released from the ground state
through tunneling rather than prepared in the Rydberg
states directly and thus the stringent atomic stabilization
cannot be observed.

With the semiclassical model, we have identified the
local ionization suppression as a signature of partial atomic
stabilization in the strong-field tunneling ionization regime.
The underlying dynamics is that the electrons are dynami-
cally mediated by the Coulomb and light potential in mul-
tiple forward and backward scattering processes. Since
only the tunneling effect is considered in our semiclassical
model, the quantum transition between those Rydberg states
is ignored. However, it will efficiently produce the radiation
from the allowed transition in the atomic stabilization pro-
cess. The transition frequency between the Rydberg states is
well in THz regime, and thus strong-field atomic stabiliza-
tion has evident implications on the THz radiation from gas
targets in strong laser fields [22], e.g., femtosecond laser
filamentation [23].

Note that the above finding differs from the low-energy
hump structure of electron spectra observed in the laser
polarization direction [24,25], which was attributed as
electron multiple forward scattering due to overall influ-
ence of the Coulomb potential on the wave packet’s
longitudinal momentum of the electron [26,27]. This effect
results in the enhancement of low-energy photoelectrons
in the laser polarization plane. With fully-differential
measurement on PADs, we observe that the yield of near-
threshold electrons is suppressed in all solid angles.

In conclusion, we have investigated the partial atomic
stabilization effect in strong-field tunneling ionization
of atoms both experimentally and theoretically. We iden-
tify that a fraction of tunneled electrons released in a
certain window of the field phase and transverse velocity
can be successively launched into two types of elliptical
orbits and is finally stabilized there. This leads to the
suppressed yield of near-zero-momentum photoelectrons,
i.e., a phenomenon that is universal and is very essential
in strong-field tunneling ionization. The identification
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provides a deep intuition for further quantum control using
an attosecond vacuum ultraviolet pulse to excite an atom at
a proper time window in a strong few-cycle low-frequency
light field.

The semiclassical simulation does not replicate all of the
experimental details, e.g., the interference structures. For
tunneling ionization at the long wavelength limit, the PADs
of low-energy photoelectrons show more or less constant
interference structure and we do not observe multiphoton
channel closing or channel shift effect. On the other hand, in
deep tunneling ionization (y < 1) the interference structure
in the PADs deviates from the radial distribution. This is
very different from the fan structure in multiphoton regime
[13,28] (see also Fig. 1 for the largest Keldysh parameter),
and a dedicated quantum model is required. Similar to the
ionization of the metastable xenon atoms in 7.5 wm far-
infrared laser fields [29], these interference structures can
be associated with photoelectron holography.
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