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Atomic excitation in strong optical laser fields has been found to take place even at intensities exceeding
saturation. The concomitant acceleration of the atom in the focused laser field has been considered a strong
link to, if not proof of, the existence of the so-called Kramers-Henneberger (KH) atom, a bound atomic
system in an intense laser field. Recent findings have moved the importance of the KH atom from being
purely of theoretical interest toward real world applications; for instance, in the context of laser
filamentation. Considering this increasing importance, we explore the limits of strong-field excitation
in optical fields, which are basically imposed by ionization through the spatial field envelope and the field
propagation.
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Stabilization of atoms in ultrastrong laser fields is an
intriguing feature of laser-matter interaction and has been
intensively discussed ever since its first initial theoretical
trigger [1–3]. The hypothetical existence of bound states of
a strongly oscillating electron in a high-frequency electric
(laser) field in the vicinity of an ionic core finds its origin in
the Kramers-Henneberger (KH) approach [4] and has been
shown theoretically [1,5,6], but only isolated experimental
demonstrations of stabilization have been achieved so
far [7,8].
Recently, several groups have elaborated on the idea

that the Kramers-Henneberger approach can be fruitfully
applied to low-frequency laser fields [9–11] as well.
Atomic stabilization and effects due to the quantum
mechanical level structure arising from the KH potential
are theoretically shown to be observable even at relatively
low laser intensities [12]. The aforementioned investiga-
tions were partially fueled by a recent experiment [13]
confirming the fact that neutral atoms survive strong near-
infrared (NIR) laser pulses. Most noticeable is the con-
comitant acceleration of the surviving atom in the strong
focused inhomogeneous laser field, which leads to a
measurable deflection as a result of the strongly oscillating
electron. It can be viewed as a strong indication of the
existence of KH states [12]. As a far-reaching consequence,
KH states have been speculated to strongly influence
atomic and plasma dynamics, e.g., via a high-order term
of the Kerr effect, which, in turn, is largely responsible for
the formation of laser filaments [14,15]. In contrast to the
high-frequency case well described in the dipole approxi-
mation, low-frequency fields might hamper the formation
of KH states by beyond dipole contributions.
In this Letter we explore the limits of atomic excitation

and stabilization in strong NIR laser fields imposed by the
spatial field envelope and the field propagation. It is known

from earlier experimental investigations and from theoreti-
cal studies within the validity of the dipole approximation
both classically and quantum mechanically that the exci-
tation of atoms is possible even for laser intensities
reaching beyond the saturation intensity [16]. However,
it is expected that field gradients as those present in a
focused laser beam and the relativistic v ×B drift become
important for low-frequency laser fields and essentially
hinder the occurrence of bound states, even in the high-
frequency regime [17,18]. First experimental indications of
the impact of the field gradients in optical fields have been
reported [19,20]. Moreover, our investigation extends
recent work on studying the influence of nondipole
interactions and the Coulomb potential on the electron
dynamics [21–23] by looking into the dynamics of the
center of mass (c.m.) motion.
We tackle the problem by using an experimental setup

which allows for the direct detection of excited atoms after
strong-field excitation and simultaneously monitor the
atomic deflection in the strong laser field as a sensitive
probe to gradient fields inside the laser focus [13]. Using
He, with its high ionization potentials for the two electrons,
as a target atom, the application of high laser intensities up
to 10 PWcm−2 to study neutral excitation is possible
before substantial suppression of the excited-state forma-
tion sets in due to ionization of the otherwise uninvolved
second electron. We apply semiclassical models [13,24] to
identify physical mechanisms responsible for strongly
reduced excitation and to finally reach a quantitative
understanding. Quantum mechanical single-active-electron
time-dependent Schrödinger equation (TDSE) calculations
are shown to confirm the classical results.
The experimental setup and the measuring technique

have been described elsewhere [13,25]. In brief, a colli-
mated thermal beam of He atoms which is directed toward a
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position sensitive multichannel-plate (MCP) detector is
intersected by a strong pulsed laser beam focused down
to a beam waist w0 ¼ ð11.4� 0.2Þ μm which mostly
ionizes atoms but also excites a small fraction of them.
These atoms are detected if they are still in an excited state
when they hit the detector. This is the case since the atoms
partially decay into a metastable state which lives long
enough [26]. A scheme of the apparatus with actual
measurements is shown in Fig. 1.
The experimental data displayed in Fig. 2 show the

deflection of atoms which were initially located in the focal
plane (z ¼ 0� 100 μm). The data are extracted from the
full measurements shown in Fig. 1. We can clearly follow
the increasing deflection of atoms with increasing laser
peak intensity up to I0 ¼ 10 PWcm−2 [Figs. 2(a)–2(c)]. A
further increase of the laser intensity substantially dimin-
ishes the number of surviving atoms that experience the
enhanced deflection [Figs. 2(d) and 2(e)]. Note that, at all

intensities, we do not observe deflection in propagation
direction of the laser field.
In order to describe the experimental results theoreti-

cally, we exploit the semiclassical model of frustrated
tunneling ionization (FTI) [13,24,25] to perform
classical-trajectory Monte Carlo calculations. We solve
the coupled classical Newton equations for a Heþ ion
and the electron (the subscript values i ¼ 1 and 2, respec-
tively) subjected to the Lorentz force and the Coulomb
force FC, with qi being the charge and vi the velocity of the
electron and the ion, respectively:

Fi ¼ qiEi þ qivi ×Bi þ FC: ð1Þ
For the electric and magnetic fields E and B, we use in the
first-order approximation the description of a focused
Gaussian beam which propagates in the uz direction [27]
and is linearly polarized in the ux direction; see Fig. 1. The
initial conditions are given by the tunneling model
[25,28,29]. Excited bound states are characterized by neg-
ative total energy in the relative motion of ion and electron
[24,25]. Additionally, we obtain the momentum transfer to
the c.m. of the system which leads to its deflection.
As detailed in the Supplemental Material [30], we

identify the two most influential terms emerging from
the inclusion of the field envelope, E0fðtÞexpð−u2=w2

0Þ×
cosðωt−kuzÞûxþ2ðE0=ωÞfðtÞexpð−u2=w2

0Þvuxðuy=w2
0Þ×

sinðωt−kuzÞûy and the field propagation ðE0=cÞfðtÞ
expð−u2=w2

0Þvux cosðωt − kuzÞûz. Here, ω is the photon
energy, k ¼ ω=c is the wave number, c is the speed of light,
E0 is the electric field amplitude in the ux direction and fðtÞ
is the temporal field envelope, u ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2x þ u2y
q

is the radial

(a)

(b) (c)

(d) (e)

FIG. 1. Schematic sketch of the experimental setup and actual
measurements of the atomic distribution on the detector. The
laser intensities for (a)–(e) are the same as in Figs. 2(a)–2(e),
respectively.

FIG. 2. Measured and calculated deflection of the c.m. of excited atoms after exposing ground state He atoms to laser pulses with the
indicated peak intensities I0 of (a) 1.3, (b) 4.4, (c) 8.8, (d) 13 and (e) 18 PW cm−2. Experimental data, black curves; calculated
distribution for bound trajectories, red (grey) curves; c.m. deflections for unbound trajectories, dashed blue curves. The vertical dashed
green lines indicate the limits of deflection.
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position in the beam, and vuj represents the velocity
components of the charged particle. Since the terms are
proportional to the laser driven excursion and velocity of
the charged particle, they are appreciable only for the light
electron and are negligible for the heavy ion. Thus, loosely
speaking, they act not only on the relative coordinate but,
importantly, also on the c.m. In essence, the first term can
be reformulated to recover the ponderomotive or gradient
force, which results in momentum transfer to the c.m. The
second term, which is associated with the Lorentz drift
force, displaces the c.m. negligibly during the laser pulse
but does not transfer lasting momentum after the laser pulse
has been turned off. However, it influences the final n
distribution since it substantially displaces the electron
during the laser pulse. The same is true for the ponder-
omotive force that acts as a quasiunidirectional static
electric field that follows in strength the field gradient,
which in turn rises and falls in time with the field envelope.
Finally, we note that, at high laser intensities, saturation sets
in very early in the laser pulse, prompting the start of the
trajectories at the beginning of the pulse. Thus, the
electrons gain only limited drift energy, independent of
the maximum pulse intensity, which helps them finally to
relax into a bound state.
The calculated neutral excited atom yields as a function

of the deflection are displayed in Fig. 2. To make a
comparison with the experiment, we restrict our analysis
to the focal plane. The focal-volume averaging effect along
the transversal (radial) direction is intrinsically considered
in our calculations. Except for an overall scaling factor,
there is no additional fitting parameter involved. The yield
of excited atoms is nicely confirmed by the semiclassical
calculations. It is also clearly visible in Figs. 2(d)–2(e) that
only very few atoms experience the maximum deflection
given by the ponderomotive force acting on the c.m. [13].
Obviously, a large portion of the excitation yield is lost
due to enhanced ionization. To appreciate the decreasing
number of atoms surviving higher deflection, we show for
comparison the deflection of the c.m. for those trajectories
where the electron does not stay bound. In this case the
deflection curve is not subjected to a suppression at the
higher intensities and the maximum deflection of the c.m.
increases proportional to the intensity gradient at w0=2.
Given the very good agreement with the experimental data,
we are encouraged to analyze in more detail the processes
that lead to the suppression of excitation with increasing
intensity of the laser pulses.
In Fig. 3 we show the results of a comprehensive analysis

of the excited atom yield calculated as a function of
the radial distance from the center of the laser field for
four different peak intensities. The effective intensity
decreases in the focal plane according to IðuÞ ¼
I0 exp ( − ð2u2=w2

0Þ). The radial intensity gradient ∇I ¼
−4I0ðu=w2

0Þ exp ( − ð2u2=w2
0Þ) changes nonmonotoni-

cally, with a maximum at w0=2. The curves are obtained

by calculating the number of bound trajectories out of a
fixed number of initially launched trajectories (typically
104 per spatial point) and weighting the outcome of the
calculations with the overall tunneling probability. The
laser field is taken into account in the dipole approximation,
as a propagating plane wave, and as a full focused
electromagnetic field. Additionally, we have the option
to exclude double ionization.
In Fig. 3(a), where we display the results for a peak

intensity of I0 ¼ 4.4 PWcm−2, we find for all three
representations of the laser field that the curves are
essentially superposable. This indicates the validity of
the dipole picture for excitation. Double ionization does
not play a role at this intensity. At higher intensities,

FIG. 3. Population of excited states as a function of the radial
distance u for different peak intensities I0 of (a) 4.4, (b) 8.8, (b)
13 and (d) 18 PW cm−2. The upper axis shows the intensity IðuÞ
normalized to the peak intensity I0. The laser field is taken into
account in the dipole approximation [the red (grey) curves], a
plane-wave approximation (the black curves), and as a full field
[the blue (noisy) curves]. The dashed curves give the population
with double ionization included, the solid curves without. The
dotted green curve gives the intensity gradient with the scale on
the right side. Note that the population in the full field
calculations [the blue (noisy) curves] oscillate erratically due
to the combination of a reduced number of trajectories captured
into bound states at high intensity gradients and a lower sampling
volume.
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Figs. 3(b)–3(d), we first recognize two important features
for the dipole versus the plane-wave approximation. While
the yields calculated within the dipole approximation stay
basically flat toward the peak intensity, the results for the
plane-wave field fall substantially below the pure dipole
results indicating a strong onset of a reduced FTI process
due to field propagation effects. In remarkable contrast, one
observes the opposite behavior in the lower intensity
regime. Here, the field propagation term actually slightly
increases the fraction of bound trajectories. This behavior
has also been theoretically observed in high-frequency field
stabilization [34]. In our case this fact might become clear
when considering that the electron, which is heavily
oscillating in the laser field, is pushed away from the ionic
core, thus reducing fatal encounters during the laser pulse,
while, concomitantly, the drift force does not introduce
additional drift momentum. Looking at the ionization
weighted yields, one realizes the influence of the double
ionization probability, which reduces the yield substantially
above an effective intensity I > 10 PWcm−2 and results in
the steep descents of the curves.
Turning to the full field calculation, Figs. 3(b)–3(d), it is

obvious that the curves show a substantial decrease in
the formation of bound states around w0=2, i.e., around the
maximum gradient, which can be attributed mostly to the
gradient (ponderomotive) force acting on the system. It is
important to note that the decrease in the yield due to the
gradient force clearly occurs before double ionization sets
in at a high intensity. In any case the spatial field envelope
seems to be largely responsible for the strongly reduced
excitation in strong optical laser pulses.
The calculations also allow for a conclusive insight on

the ramifications that the spatial field envelope and the field
propagation have on the Rydberg state distribution. In
Fig. 4(a) we show the influence of propagation effects
on the n distribution by approximating the laser field by
a plane wave neglecting the spatial field envelope. Only

toward higher peak intensities does the distribution origi-
nally centered around n ¼ 10 drop, which indicates a
strong reduction of excited states. Simultaneously, a second
maximum evolves which shifts toward larger n values
with increasing intensity. In Fig. 4(b) we show the
influence of the spatial field envelope on the n distribution
at a comparably low peak intensity of 5.3 PWcm−2. By
increasing the gradient, i.e., effectively focusing more
tightly but keeping the peak intensity fixed, the population
in the center of the distribution drops without exhibiting a
second maximum nor affecting higher n states. In Fig. 4(c)
we compare the results for various approximations of the
laser field. Obviously, the main decrease in the n distri-
bution comes from the spatial field envelope and is only
minorly influenced by the field propagation. At a higher
peak intensity, the effect of both terms becomes similar,
exhibiting a shift in the n distribution—but only on a very
low level.
Finally, the classical calculations including the spatial

field envelope are essentially backed by quantum mechani-
cal calculations; see Fig. 4(e) and the detailed information
in the Supplemental Material [30]. Here, at a peak intensity
of 10 PWcm−2 states around n ¼ 10 are diminished in
comparison with calculations that do not include spatial
field effects. Although the spatial field effects formally
resemble a Stark Hamiltonian, where one could expect
ionization to occur from high n to low n values, the
outcome leaves the formation of high Rydberg states
unaffected and ionizes, basically, states around n ¼ 10.
In conclusion, we have studied experimentally the limits

on atomic excitation in strong laser fields. Using an
experimental technique that allows for a direct measure-
ment of excited states by simultaneously recording the c.m.
motion of the surviving atom, we are able to analyze the
excitation yield within the focal plane. Comparing our
results to a semiclassical calculation, we find, for 45 fs long
pulses, that at laser intensities above 10 PWcm−2 spatial

FIG. 4. The n distributions (a) for a plane wave at different peak intensities, (b) for dipole approximation at a fixed effective intensity
of I ¼ 5.3 PWcm−2 but including also the spatial field envelope at positions in the focus corresponding to different gradients, and (c) at
a peak intensity I0 ¼ 8.8 PWcm−2 for the pure dipole approximation (D) and additionally including the field envelope at w0=2 (Dþ G)
and full field (full). (d) As in (c), except for I0 ¼ 17.7 PWcm−2. (e) TDSE calculations for a 40 fs laser pulse (cos2 envelope), in the
dipole approximation at a peak intensity I0 ¼ 10 PWcm−2 (D1); at an effective intensity I ¼ 6 PWcm−2 (which corresponds to
u ¼ w0=2) (D2); and as (D2), but with the field gradient (D2 þG).
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field envelope effects due to the focusing of the laser beam
strongly suppress excitation. Only at even higher intensities
does the onset of field propagation, a genuine nondipole
effect, fortify the suppression, but double ionization also
sets in. Thus, the limit of the formation of the KH atom in
optical laser fields as given by our investigation might be
circumvented in a small intensity range by using a less
focused laser beam, which then, however, requires higher
laser pulse energy.
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