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Photoelectron spectra and high Rydberg states of lithium generated by intense lasers
in the over-the-barrier ionization regime
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We calculated photoelectron energy and momentum spectra and the population of high Rydberg states of
lithium atoms by intense 785 nm laser pulses at intensities in the over-the-barrier ionization (OBI) regime. The
calculated spectra are compared to experiments reported in Schuricke et al. [Phys. Rev. A 83, 023413 (2011)].
It is shown that in the OBI regime, due to strong depletion of the ground state, the photoelectron spectra are
generated from the leading edge of the laser pulse only, resulting in spectra that are nearly independent of laser
intensities. Analysis of the calculated spectra reveals that total ionization probability is suppressed as the intensity
is increased in the OBI regime. The suppression is due to the increase of excitation probability of high Rydberg
states in the OBI regime, demonstrating that atoms and molecules are never fully ionized at high intensities. We
also conclude that the interference stabilization model is not needed to explain the formation of high Rydberg
states, and that there is no evidence that laser-dressed Kramers-Henneberger states play a role in the strong-field
ionization of atoms and molecules by infrared lasers in the OBI regime.
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I. INTRODUCTION

In the past two decades, strong-field ionization of atomic
targets has been studied widely both in theoretical calculations
and in experiments [1–9]. Most of the experiments have
focused on rare-gas atoms whose ionization potential Ip =
12–25 eV, with the laser wavelength centered around 800 nm.
For such measurements, it takes about ten or more photons
to ionize the atom. In a few cases, experiments have been
carried out at shorter wavelengths close to 600 nm [2,3]. Lately,
midinfrared lasers have been used in ionization studies and a
number of interesting low-energy structures in the electron
spectra have been reported [10–12].

Strong-field ionization by low-frequency lasers is often dis-
cussed in terms of multiphoton ionization (MPI) or tunneling
ionization (TI) models. In the weak-field regime, the pertur-
bative MPI model would predict distinct equal-spaced sharp
peaks in the photoelectron spectra [called above-threshold
ionization (ATI)] where the spectral strength drops rapidly
with the number of absorbed photons. On the other hand, in
the strong-field regime, the TI model predicts a photoelectron
spectrum that drops steeply from the threshold to around 2Up,
but then it flattens out between 2 and 10Up. Here, Up is the
ponderomotive energy of an electron in the laser field. These
high-energy electrons arise from backscattering of laser-driven
returning electrons with the target ion [13,14]. Such recolli-
sions are also responsible for high-order harmonic generation
and nonsequential double-ionization phenomena [15–17]. As
the laser intensity is further increased, one enters the so-called
over-the-barrier ionization (OBI) regime. In the OBI regime,
a classical electron can leak out over the barrier formed by the
combined potential from the atomic ion and the electric field of
the laser. The threshold electric field is given by I 2

p/4 in a.u. for
an electron with ionization potential Ip. Note that this simple
expression, which is commonly used in the literature, is derived
by assuming the electron is moving in a one-dimensional
Cartesian coordinate. A more precise estimate based on the
parabolic coordinates [18] in three dimensions (3D) gives the

threshold to be κ4/[8(2 − κ)] a.u., where κ = √
2Ip. For easy

distinction, this less familiar but more accurate threshold will
be called the η-OBI threshold, in view of the fact that the
potential barrier is formed in the η parabolic coordinate.

The division of strong-field ionization of atoms and
molecules by low-frequency infrared (IR) lasers in terms of
Keldysh parameter γ = √

Ip/2Up, or in terms of MPI, TI, and
OBI, is too simple. Both TI and OBI are static concepts. Re-
cently, an adiabatic theory based on the asymptotic expansion
of a small parameter ε, defined by the ratio between atomic
and laser time scales (ε = ω/Ip for a monochromatic field),
has been developed [19–21]. In this theory, the nonperturbative
TI (as well as OBI) model has meaning only in the “adiabatic
regime,” i.e., for ε close to zero. This latter condition is satisfied
for rare-gas atoms, but not for atoms such as Li when they
are exposed to ∼800 nm laser pulses. In a recent experiment
by Schuricke et al. [4], photoelectron spectra of Li atoms
by 785 nm, 30 fs pulses with intensities between 1011 and
1014 W/cm2 were reported. Due to the small Ip = 5.39 eV,
absorption of only four photons will be able to ionize a Li
atom. At the OBI (η-OBI) threshold intensity of 3.4 TW/cm2

(7.2 TW/cm2), the Keldysh parameter is γ = 3.6 (2.5), which
is much larger than the typical dividing line (at γ ∼ 1) of the
TI regime for rare-gas atoms. In terms of adiabatic parameter,
for Li, ε = 0.29, which is just near the onset of the adiabatic
regime. In fact, the optical period of a 785 nm laser is 2.7 fs,
which is not much longer than the typical orbiting period
(about 0.6 fs if the radius of 2s orbital is taken to be 2.5 a.u.)
of the Li 2s electron to justify the use of the TI or the OBI
pictures. Thus, in the experiment of Schuricke et al., we are
faced with the question of how the ionization evolves from the
MPI mechanism at low intensity to the high-intensity regime
where ionization probability reaches near unity.

It is well known that strong-field ionization of an atom can
also be formulated in the frame of the oscillating laser field, in
the so-called Kramers-Henneberger (KH) frame. In the 1990s,
extensive theoretical works by Gavrila and coworkers [22,23]
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showed that atoms become stable against high-frequency pho-
tons at high laser intensities (ε � 1) using the high-frequency
Floquet theory (HFFT). The leading-order solution of this the-
ory predicts the existence of a new class of stable bound states,
called KH states, for an atom. In the next order, ionization of
an atom in the stabilization regime can be calculated from the
initial KH states. Despite intense investigations in the 1990s,
no clear evidence of stabilization has been firmly established
experimentally for the ionization of atoms from valence elec-
trons. Still, stabilization of an atom in a strong laser field has
been repeatedly addressed in recent years, in the form of exper-
imental observation of neutrals at high laser intensities. In ad-
dition, recently, Morales et al. [24] claimed that photoelectron
momentum spectra can be used to “image” the KH bound states
for K atoms in intense 800 nm laser pulses. For this system,
ε = 0.36, which is close to the Li studied here. We thus also
examined the “existence” of KH states from our calculations.

The goal of the present study is twofold. Initially, we
intended to understand the origin of the remaining differ-
ence between the experimental photoelectron spectra and
the theoretical calculations reported in Schuricke et al. In
this paper, two different theoretical approaches were used
and they showed discrepancies between the two methods
and with experiment. We comment that a similar study
for this purpose has also been carried out by Jheng and
Jiang [25] recently. Second, since the experiment reported
photoelectron momentum spectra at intensities way beyond
the OBI threshold, we decided to carry out a careful analysis
of the observed photoelectron spectra and touch upon issues
such as ionization suppression, populations of Rydberg states,
and evidences of KH states.

The rest of this paper is organized as follows. In Sec. II,
we briefly describe the computational methods and parameters
used in the calculation. Section III presents our theoretical re-
sults and comparison with experimental photoelectron energy
and momentum spectra. In Sec. IV, we analyze photoelectron
energy and momentum spectra calculated at fixed peak laser
intensities in order to understand the fine structures observed in
the experiment. Section V analyzes the population of Rydberg
states and the mechanism of their formation, especially in the
η-OBI regime. In doing so, we concluded that there is no need
to employ the so-called interference stabilization mechanism
for the formation of Rydberg states at high laser intensities.
This section also addresses the issue of the existence of KH
states for ionization of Li in the deep OBI regime. A short
summary is given at the end to conclude.

II. THEORETICAL METHODS

We solved the time-dependent Schrödinger equation
(TDSE) for a Li atom under an intense laser field to calculate
the photoelectron spectra. The computational method has been
described in detail in [6,7]. The target Li atom is treated in
the single-active-electron approximation by a model potential
[26]. The interaction with the linearly polarized laser field
is calculated in the dipole length form, and the laser field is
assumed to be given by

E0 cos2

(
πt

τ

)
cos(ωt + ϕ), (1)

for −τ/2 � t � τ/2, and zero outside of this range. Here
the carrier envelope phase is set to ϕ = π/2 throughout this
work [see Fig. 2(a)]. The peak intensity of the pulse is
defined by I = cε0E

2
0/2, with c and ε0 being the speed of

light and the dielectric permittivity, respectively. The pulse
duration in terms of full width at half maximum of the
intensity is given by τ/2.75. In the calculations, the pulse
duration is 30 fs, which is the value used in the experiment of
Schuricke et al.

In the numerical solution, the electronic wave function
is expanded in spherical coordinates where the radial func-
tion is expanded in terms of direct products of discrete
variable representation (DVR) functions associated with
Legendre polynomials. The time propagation is carried out
using the split-operator method in the energy representation of
the target atom. We note that a larger time step can be used for
longer wavelength lasers in the length form calculations. The
photoelectron momentum spectrum is obtained by projecting
out the total wave function onto the normalized momentum
eigenstate wave functions with the correct boundary conditions
at the end of the laser pulse, t = τ/2.

In actual calculations, the typical radial box size is 2500 a.u.,
the number of radial grids is 2500, and the number of time grids
is 2000. The angular momenta included in the expansion is
from 100 to 500, depending on the laser intensity. Convergence
of the calculations has been checked.

III. IONIZATION MECHANISM AND COMPARISON
WITH EXPERIMENTS

A. Features of strong-field ionization of Li atom
by 785 nm lasers

The strong-field ionization of Li by a 785 nm laser is vastly
different from rare-gas atoms because of its much smaller
Ip = 5.39 eV. It takes only four photons to ionize a Li atom.
As stated earlier, at the OBI threshold of 3.4 TW/cm2, γ = 3.6,
which lies in the “conventional” MPI regime. In other words,
for the intensity range of 0.4 to 70 TW/cm2 covered by the
experiment of Schuricke et al., ionization proceeds from the
MPI to OBI regime directly. What are the characteristics of
the photoelectron spectrum in the OBI regime? In this regime,
the atom is severely ionized before the laser’s peak field is
reached. Thus the atom is not exposed to the whole pulse
duration, i.e., the observed electrons are generated from the
leading edge of the pulse only. Indeed, the main features of
the experimental spectra of Schuricke et al. hardly change over
the whole range of intensities investigated. They are dominated
by the four-photon absorption peak, with only a minor presence
of the five-photon absorption peak.

B. Multiphoton ionization of Li—total ionization probabilities

Before comparing with experimental results, first we ex-
amine TDSE results for each fixed single peak laser intensity.
Figure 1 shows the probabilities for 2s, 4f, sum of Rydberg
states (for n > 7), and total ionization as functions of laser
intensities. A few notable features are obvious. First, the
yields of 2s and 4f oscillate out of phase versus the laser
intensity. This is an example of Rabi oscillation between 2s
and 4f states via three-photon absorption [27]. For Li, this
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FIG. 1. (Color online) Single intensity excitation and ionization
probabilities obtained by solving the TDSE for a Li atom exposed to a
785 nm/30 fs laser pulse. Notable features are (1) three-photon Rabi
oscillations between 2s and 4f, (2) full depletion of the 2s ground
state beyond 6 TW/cm2, and of the 4f state beyond 8 TW/cm2, and
(3) ionization suppression accompanied by growth of Rydberg states
at intensities beyond 8 TW/cm2. Note that atoms are not fully ionized
in intense laser fields and survive by staying in Rydberg states.

excitation energy is 4.54 eV, which is slightly smaller than
the three-photon energy of 4.74 eV. As the laser intensity
increases, the 4f electron gains additional quiver energy from
the laser field such that the 4f state is populated resonantly. At
higher intensities, ionization and excitation to other states also
occur, thus the out-of-phase oscillations are damped. The total
ionization probability increases up to 0.95 with several steps
that reflect the 2s–4f Rabi oscillation until near the η-OBI
threshold of 7.1 TW/cm2, where it begins to flatten out.
In the η-OBI region, a further increase of intensity actually
results in a slight decrease of the ionization probability. The
total ionization probability never reaches unity. This is an
example of ionization suppression, where a few percent of
atoms remains neutral, in spite of increasing laser intensity.
Note that the decrease of ionization is traced to the increase
of Rydberg states. Figure 1 shows that the 2s state is fully
depleted above 6.3 TW/cm2 and the 4f state is fully depleted
at 8.5 TW/cm2. Thus, at extremely high intensities, neutral
atoms exist only in the form of high Rydberg states. These
high Rydberg atoms have large induced dipole polarizability.
In the presence of an intense laser field, they would experience
unprecedented acceleration [28]. The population of Rydberg
states will be further analyzed in Sec. V.

To understand the results of Fig. 1, we show in Fig. 2 the
time evolution of the “probability” of the unperturbed 2s state
within the pulse duration at different intensities. (We comment
that this definition is approximately correct only. See [20].) In
Fig. 2(a), the electric field of the laser is depicted. Figure 2(b)
shows the time evolution for peak intensities below the OBI
threshold. At peak intensity of 1.7 TW/cm2, the 2s probability
decreases monotonically during the pulse. At 2.5 TW/cm2, the
2s probability drops in the first half of the pulse, but it gains
back to reach 60% at the end of the pulse, reflecting one full
Rabi oscillation for the 2s. At 3.2 TW/cm2, the 2s population
goes through one full Rabi oscillation near the middle of the
pulse, but then its probability is lost in the falling tail. From
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FIG. 2. (Color online) Time dependence of the probability of the
field-free 2s state during the laser pulse: (a) Input laser’s electric field;
(b), (c) 2s survival probability as a function of time for different input
intensity.

Fig. 1, it is clear that the probability is lost to the 4f state. Thus,
below the OBI threshold of 3.2 TW/cm2, the laser mainly
excites Li to the 4f state, with the remaining part in ionization.
Figure 2(c) shows the time evolution of 2s probability above
the OBI threshold. For 8 TW/cm2, the 2s probability is fully
depleted at t ∼ −5 fs, while for 20 TW/cm2, it is fully depleted
at t ∼ −15 fs. Thus, at intensities above the OBI threshold,
ionization of the atom occurs at the leading edge of the pulse
only, not by the full 30 fs pulse. When this happens, it is
equivalent that the Li atom is ionized by a short pulse. Thus, the
spectral features would be broadened when the peak intensity
is raised in the OBI regime.

C. Effect of integration over laser focus volume

In strong-field experiments, the laser is focused into a gas
cell or a gas jet. Within the focused volume, the laser beam
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intensity has a spatial dependence. To compare with experi-
mental data, integration of yields over the volume has to be
carried out [7]. If we assume that the focused volume is smaller
than the volume of the gas jet or cell, then the measured pho-
toelectron momentum spectrum SI0 (k) can be calculated from

SI0 (k) ∝ D

∫ I0

0
P (k,I )

(
−∂V

∂I

)
dI, (2)

where I0 stands for the peak intensity at the laser focus, P (k,I )
is the photoelectron spectrum calculated with the intensity
of I , and D is the density of target atoms in the interaction
region. Here, (− ∂V

∂I
)dI represents the differential volume for

intensity between I and I + dI . We assumed that the spatial
intensity distribution is Lorentzian along the propagation
direction (z) and Gaussian in the transverse direction [29].

Figure 3 shows the volume-weighted differential ionization
yield obtained by summing up the integrand of Eq. (2) over the
electron momentum k. In Fig. 3(a), for each I0 below the OBI
threshold, a range of differential intensities I contributes to
the ionization, with the maximal contribution occurring at I ∼
0.75I0. Above the OBI threshold, as shown in Fig. 3(b), at each
I0, the entire peak contribution occurs at I ∼ 1.8 TW/cm2. For
higher I0, higher I ’s have little contributions due to ionization
saturation. As demonstrated in Fig. 2(c), for I � 4 TW/cm2,
only the early part of the laser pulse contributes to the
photoelectron spectra. From Fig. 3(b), one thus expects that
photoelectron spectra at all input intensities, I0 � 4 TW/cm2
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FIG. 3. (Color online) Illustration of the differential intensity
contributions to the ionization yield, weighted by the volume element,
for a focused laser beam with various peak intensities at the focus.
Due to strong depletion, at high peak intensities at the focus, the
distributions are very similar.
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FIG. 4. (Color online) Comparison of theoretical and experimen-
tal photoelectron energy spectra at different peak intensities at the
laser focus. The experiment is from Schuricke et al. [4]. Note that the
photoelectron spectrum is dominated by the four-photon absorption
peak, with a minor contribution from the five-photon absorption
peak, for intensities from 4–70 TW/cm2. The theory results are from
solving the TDSE and include contributions from the whole laser
focus volume. The remaining discrepancy is likely due to the fact that
parameters for spatial and temporal distributions of the input laser
between theory and experiments are not exactly identical.
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would be about the same. Below we compare the calculated
spectra with the experimental data of Schuricke et al.

D. Comparison with experimental photoelectron energy and
two-dimensional momentum spectra

In Fig. 4, we compare photoelectron energy spectra between
theory and experiment at I0 = 4, 8, 20, and 70 TW/cm2. The
spectral features shown in the four frames, for intensities in
the OBI regime, are very similar, as expected. In fact, only
the four-photon absorption peak near 0.7 eV is clearly seen
at all intensities, with a small five-photon absorption peak
near 2.3 eV barely visible at higher intensities. However, this
does not mean that ionization yield is proportional to the fourth
power of intensity. From Fig. 1, the fourth power law is correct
only for intensities below 2 TW/cm2. This is the perturbation
regime. At higher intensities, the deviation from the fourth
power law is partly due to the 2s–4f three-photon resonance
and ionization saturation in the OBI regime. In Fig. 4, the
theoretical four-photon absorption peak is consistently broader
than the experimental one. Such discrepancy may result from
longer pulse duration used in the experiment than in the
simulation, but this is probably not the cause since it would
need a large error in the reported experimental pulse duration.
A more probable explanation may possibly come from the
nonuniform gas density distribution in the magnetic-optical
trap (MOT). If the density is smaller away from the center, then
the high-intensity distribution curves in Fig. 3 will be reduced.
This would have the effect of reducing the spread of electron
energies, as seen in Fig. 4 (and in Fig. 5). Other possible
sources that can contribute to the discrepancy are the laser’s
spatial and temporal distributions. We note that a large fraction
of ionization occurs from the leading edge of the laser, and
thus detailed knowledge of the laser pulse in the experiment is
essential. There is no reason to expect that the pulse shape used
in Eq. (2) is the correct one. For the weak five-photon peaks,
their relative values to the four-photon peaks are predicted
well by the calculations. At 20 and 70 TW/cm2, the two
subpeaks observed are reproduced by the simulation, but
the theory predicts much higher strength for the low-energy
subpeak.

We next compare in Fig. 5 the two-dimensional (2D)
photoelectron momentum spectra, also in the OBI regime only.
The horizontal axis is the momentum along the polarization
direction, while the vertical axis is the perpendicular
component. Only the angular distribution of the four-photon
absorption peak is clearly seen; the five-photon absorption
peak is barely visible at angles close to the polarization
axis. For the four-photon absorption peak, the angular
momentum of the photoelectron can have � = 0, 2, and 4.
If the absorption went through the 4f state via three-photon
resonance, then absorption of one more photon would result
in photoelectrons with � = 2 or 4. The angular distributions
in these figures indicate that � = 4 mostly (since the zeros
in the distributions are very clear). The width of the ring
from the calculation is broader than shown in the experiment,
for the possible reasons explained in the energy spectra in the
previous paragraph. We have checked that better agreement
with experiment is achieved if 50% of the peak intensity is
used in the theoretical calculation. Since the 2D momentum
spectra for the four different I0’s differ little, except that the
spectral width becomes broader as the input I0 is increased,
we next set to understand the origin of these broadenings at
higher intensities. For this purpose, we analyze the details of
the calculated theoretical spectra.

IV. FINE STRUCTURES OF PHOTOELECTRON SPECTRA
IN THE OBI REGIME

In this section, we analyze the photoelectron energy and
momentum spectra of Li obtained from solving the TDSE.
We treat TDSE results as numerical experimental data and
ask whether main features of the calculated spectra can be
explained. Figure 6 shows the energy spectra at different laser
intensities. Starting with 1.7 TW/cm2, only a four-photon
absorption peak is seen clearly. At 3.2 TW/cm2, there are
two peaks: one is shifted to the lower energy, while the other
stays at the same location. The one at ∼0.55 eV is identified
to be the nonresonant four-photon absorption peak, which
shifts to lower energy as the laser intensity is increased. The
second one at ∼0.7 eV is the Freeman resonance formed via
three-photon absorption to the Stark-shifted 4f state, followed
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FIG. 5. (Color online) Comparison of experimental (top row) and theoretical (bottom row) 2D momentum spectra for different peak
intensities. Note that main features of the angular distributions have not changed over the intensities shown. The theoretical spectra are broader
than the experimental data. We found (not shown) that better agreement with experimental data can be seen if the simulation is carried out with
half of the indicated experimental peak intensity. Volume effect has been considered in the theoretical calculation.
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FIG. 6. (Color online) Expanded photoelectron energy spectra at
selected intensities. The nonresonant four-photon absorption peak is
shown to display the shift to lower energy with increasing intensity,
while the main 4f and 5f Freeman resonances are clearly seen in
the calculation. Fainter features at higher energies are more difficult
to identify. Above 8 TW/cm2, i.e., above the η-OBI threshold, the
four-photon absorption peak position does not change with input peak
intensity because of ionization depletion before the pulse is over. In
fact, its peak position shifts slightly to higher energy.

by a one-photon absorption to the continuum. Its location is
fixed at the one-photon energy of h̄ω above the 4f state with
respect to the ionization threshold. At 4.6 TW/cm2, three peaks
are now seen. The highest energy one again is the 4f Freeman
resonance; the lowest one is the nonresonant four-photon
absorption peak. The middle weaker one moves rapidly with
laser intensity, and we attribute this to be from interference
of ionization at different moments of the Rabi oscillation. We
continue to the three higher intensities that lie above the OBI
threshold; see Fig. 6(b). The 4f Freeman resonance remains at
essentially the same position, except that it has been broadened
as the peak intensity is increased. For the nonresonant four-
photon absorption peak, its position does not change with
peak intensity any more, but its width becomes broader. The
fact that the peak positions do not change is consistent with
Fig. 3(b), where the equivalent intensity distribution for each
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FIG. 7. (Color online) Theoretical 2D momentum spectra at
selected intensities shown. Note the presence of split fine structures
within the ATI peak.

peak intensity was shown to be identical. Figure 6(a) also
shows additional fine spectral features near electron energy at
1.0 eV. For clarity, they are shown in expanded scale in the
inset. These additional features become much more prominent
for higher intensities, as seen in Fig. 6(b). In the figure, the
positions of the expected 5f, 6f, and 7f Freeman resonances
are also indicated. While the 5f resonance appears to be seen
clearly, the others are harder to confirm.

Next, Fig. 7 shows the 2D momentum spectra at different
laser intensities. Figure 7(a) at I = 1.7 TW/cm2 indicates a
clear ring at |k| ∼ 0.22 a.u., associated with the 4f Freeman
resonance as shown in Fig. 6(a). As the intensity is increased,
as shown in Figs. 7(b)–7(d), the nonresonant ring appears
and moves toward lower energies. Note that in spite of the
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spreading due to the depletion of the 2s state for higher
intensities, they all have nearly identical angular distributions
that are characteristic of four-photon absorption, including
the rings at |k| ∼ 0.3 a.u. corresponding to the 5f, 6f, and 7f
resonances in Fig. 6. The five-photon absorption peak, clearly
seen at 20 TW/cm2, displays a different angular distribution
as expected.

One additional remark should be made as the result of our
analysis of the theoretical spectra. In Figs. 6 and 7, the four-
photon absorption peaks were found to move to lower energies
with increasing laser intensity. Below 5.0 TW/cm2, the shift
is given approximately by 2Up, not the commonly used Up. If
the ac Stark shift of the ground-state level is included, then the
theoretical shift would be about 2.1Up [30]. This large shift is
due to the fact that the ground state of Li has a large dipole
polarizability. Note that both shifts are proportional to the
square of the laser-field amplitude or to the laser intensity.
In the literature, the lowest peak has been suggested as a
possible means to deduce subshell binding energy for complex
molecules [31], by measuring electron spectra in strong fields.
The accuracy of such a method will be limited in view of
uncertainties in laser peak intensities, the presence of Freeman
resonances, and the shift of the orbital energy due to induced
polarization. For the latter, the energy shift requires knowledge
of dynamic polarizability of the subshell.

V. IONIZATION SUPPRESSION AND RYDBERG STATES
IN THE OBI REGIME

A. The formation of Rydberg states in strong-field
ionization of atoms

Returning to Fig. 1 again, above the η-OBI threshold,
the ionization probability decreases with intensity, while the
Rydberg population increases. We can state that this is an
example of ionization suppression. The ionization suppression
here, however, is not about the removal of the 2s electron, since
the 2s electron is already fully depleted at lower intensities. The
ionization suppression here is the suppression of ionization of
Rydberg states, i.e., the stability of Rydberg states against
high-intensity laser fields. Neutral atoms survive extremely
intense IR laser fields if they exist as high Rydberg states.
Lower excited states can also survive moderately intense laser
fields, as seen in earlier experiments [32–36] and in the present
calculation for 4f up to about 8 TW/cm2; see Fig. 1. Based on
the numerical calculations carried out here, we will try to offer
a mechanism for the formation and stability of high Rydberg
states in intense IR laser fields.

In Fig. 8(a), we show the excitation probability of Rydberg
states with angular momenta of � = 0, 2, and 4 in the η-OBI
regime at 10 TW/cm2. Note that excited states with principal
number n < 6 are not formed. The states with other �’s are not
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populated due to selection rules in four-photon absorption. The
population peaks at n ∼ 11. Figure 8(b) shows the probabilities
at the η-OBI threshold of 7 TW/cm2. The Rydberg state
probability peaks at n ∼ 22, and there are few Rydberg states
below n < 8. Note that the peak Rydberg state probability at
10 TW/cm2 is 5.6 × 10−4, while at 7 TW/cm2, it is 2 × 10−5,
which is a factor of about 30 times smaller.

To understand the general features of the populations of
high Rydberg states, it is convenient to express the population
in terms of probability density per unit energy, Pn/�En, for
each partial wave, similar to the one used in [37–39]. With
this normalization, the density is smoothly connected to the
electron energy spectra across the ionization threshold; see
Fig. 8(d). In Fig. 8(c), we show the results at four intensities
from 4 to 20 TW/cm2. It is clear that at 4 TW/cm2, the tail
of the lower energy side of the four-photon absorption peak is
above the threshold, thus no Rydberg states are populated. As
intensity is increased from 7 to 20 TW/cm2, the peak becomes
broader, with the tail extending below the threshold. Thus, the
total Rydberg population increases. This broadening is due to
the early depletion of the 2s electron as the laser intensity is
increased, and the effect is equivalent to Li ionized by a shorter
pulse. This is also consistent with the result shown in Fig. 1,
where total Rydberg population increases with intensity in the
OBI regime.

Based on the analysis above, we anticipate that the Rydberg
population will be enhanced whenever the first ATI peak is
close to the ionization threshold. This occurs even at lower
laser intensities, below the OBI threshold, at intensities near
where channel closing occurs. Suppose an N -photon ATI
peak appears near the ionization threshold; as the intensity is
slightly increased, this N -photon ATI peak would have moved
down to below the ionization threshold, and the real lowest
ATI peak would be due to the (N + 1)-photon absorption
peak, which lies at about h̄ω above the ionization threshold.
Accordingly, we can anticipate high Rydberg population at
each new channel closing. Channel closing does not occur
in the present Li atom under IR laser fields due to its low
ionization potential, but would happen many times for a typical
800 nm laser on a target with higher binding energy. For atomic
hydrogen and Ag atoms, earlier TDSE calculations have shown
such a result already [40–42]. Clearly, high Rydberg states
can also be formed by molecules in intense laser fields. If
these Rydberg molecules have repulsive potential curves, they
may then dissociate into two or more neutral atoms, thus
achieving dissociation without any ionization [43]. A similar
observation has also been shown recently for the ionization
of molecular ions by intense lasers [44]. We comment that
the above analysis is based on a single laser intensity. For a
focused laser experiment, the laser intensity is distributed over
a broad range, especially in the OBI or the η-OBI regime, thus
high Rydberg states are expected to be observed generally in
intense laser experiments.

After analyzing the ubiquitous presence of high Rydberg
states of atoms and molecules under an intense laser field,
there remain at least two questions:

(1) How are they formed (Q1)?
(2) Why do they survive the intense laser field (Q2)?
These questions have been addressed in the literature in the

past: one is the interference stabilization (IS) model [40,41,45],

the other is the rescattering (RS) model [36,46]. In the RS
model, the Rydberg states are formed by recombination of the
returning electrons with the ion, at the end of the laser pulse.
The RS model does not have to deal with Q2, but this model
has been refuted [41,47], since a recombination would have to
involve the emission of radiation which was not considered in
the RS model according to [36,46]. In the IS model, Rydberg
states are formed in the early part of the laser pulse (Q1); the
survival of Rydberg states in the laser field (Q2) is explained
(or modeled) by destructive interference of -type Raman
transitions via the continuum states. This model invokes a
second-order process and a destructive interference mecha-
nism to explain the stability of Rydberg states in the intense
laser fields. In our interpretation, the answer to Q1 is the same
as the IS model: these Rydberg states are formed analogous to
the formation of low-lying excited states that are responsible
for Freeman resonances. These low-lying excited states are
formed via resonant few-photon absorption to ponderomotive
energy-shifted excited states. The Freeman resonances seen
in the photoelectron spectra are due to absorption of one
additional photon from these excited states. In the case of
high Rydberg states, their binding energies are very small
compared to the photon energy h̄ω of an IR laser. Once
formed, they are very stable against IR lasers. Such stability is
analogous to valence electrons being transparent with respect
to x rays, corresponding to the high-frequency limit of ε � 1.
Our argument of the stability of high Rydberg states against
IR lasers is also supported by numerical calculations presented
by Potvliege and Smith [48]. These authors showed that the
lifetimes of n = 7–8 Rydberg states for lasers between 455
and 1064 nm are of the order of more than many tens of
picoseconds. The higher the Rydberg states are, the more stable
they are against the the same IR laser. Their ionization rates are
definitely much smaller than the formation rates since Rydberg
states have been observed with lasers of durations of tens to
hundreds of femtoseconds. The formation of stable Rydberg
states, or population trapping, has also been used by Chin
and coworkers [49–51] to explain the bumps observed in the
intensity dependence of the total ion yields. Clearly, such small
bumps are harder to see for shorter pulses than for longer pulses
[49], especially after volume integration over laser intensities
in the experiment. Sharper contrast can be easily seen in TDSE
calculations carried out at each fixed intensity [40–42,49]. We
emphasize that our model of population trapping of Rydberg
states does not differ from the earlier model in terms of the
formation of Rydberg states, only that we do not rely on the
IS mechanism for these states to survive the intense laser
field.

Rydberg states would not be formed if circularly polarized
IR lasers are used to excite the atom. The reason is similar
to the observation that Freeman resonances are not formed in
photoelectron spectra if circularly polarized IR lasers are used;
see Bucksbaum et al. [52]. Finally, the ellipticity dependence
of Rydberg state formation reported in Nubbemeyer et al. [36]
has been explained recently by Landsman et al. [47] using
semiclassical simulation. They found that these Rydberg atoms
are formed by electrons ionized before the peak of the laser
field and that rescattering does not play any role. They also used
the same theory to explain the lack of low-energy electrons
as the ellipticity of the laser is increased, as observed in
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Pfeiffer et al. [53], stressing that the formation of Rydberg
states and low-energy photoelectrons are from the same
mechanism.

B. Do KH states play a role in strong-field ionization
suppression by infrared lasers?

The theory of ionization suppression of Gavrila and
coworkers [22,23], as well as the more recent works [54–56],
was formulated in the oscillating frame of the laser field, or in
the so-called KH frame. In this frame, for an atomic potential
V (r), the TDSE takes the form

i
∂

∂t
�KH =

[
−∇2

2
+ V (r + α(t)ez)

]
�KH, (3)

where ez is the unit vector parallel to the polarization. For
a monochromatic laser field E(t) = E0 cos ωt , the ion core
executes a harmonic motion, α(t) = α0 cos ωt , where α0 =
E0/ω

2 is the excursion amplitude. Expanding the atomic
potential V in a Fourier series in ωt , the leading order
term V0(r), called the KH potential, is independent of time,
and supports stationary bound and continuum states. At the
high-frequency limit, V0(r) is dominant over all the other
higher terms, Vn (n > 0), and then ionization may be perceived
as initiated from the KH states perturbatively [22]. Under this
model, the ionization probability is expected to be small if
ionization can be calculated perturbatively. This would require
high-frequency fields, or for ε � 1.

To apply KH-frame formulation to real experiments, the
additional issue of how the initial field-free state evolves into
KH states under the laser field with a finite pulse duration will
have to be addressed. In a recent paper, Morales et al. [24]
claimed that photoelectron momentum spectra for strong-field
ionization in the deep OBI regime can be used to image KH
states. They studied the ionization of K atoms by 800 nm lasers
having a flat top with a few-cycle turn on and turn off. The
OBI threshold for K with Ip = 4.34 eV is about 1.5 TW/cm2.
Their TDSE calculations showed that ionization becomes
significant beyond the OBI threshold and stabilization occurs
for �20 TW/cm2, with about 10% of atoms remaining not
ionized at the end of the pulse. Photoelectron momentum
spectra were analyzed at two intensities below and above
the stabilization intensity, 14 and 56 TW/cm2. They found
that for both intensities, the momentum spectra calculated
from the standard TDSE method can be reproduced fairly
well by calculations carried out in the KH frame, with the
absorption of a few photons, assuming that the electron is
initially in the KH states where the ground 4s and excited
4p states are strongly coupled with the 800 nm field. Based
on such an observation, they concluded that photoelectron
momentum spectra in the OBI regime can be used to image
KH states.

The Li atom studied in this article is very similar to the
K atom investigated in Morales et al. For the Li case, 2s and
4f states are strongly coupled by the three-photon absorption.
In our calculations, stabilization occurs in the OBI regime,
which is similar to the K case in Morales et al. As shown
in Figs. 6 and 7, below the η-OBI threshold and before
stabilization occurs, the ATI peaks move to lower energies

with increasing laser intensity. The shift of the energy position
of the ATI peaks can be approximated by the two comparable
contributions from the shift of the ground-state energy and the
ponderomotive shift of the ionization threshold. In the deep
stabilization regime above the η-OBI threshold, the ATI peak
does not change with input laser intensities. However, it is
not clear how the ATI peak shift is to be interpreted in the
KH picture. For lower intensities below the η-OBI threshold,
the energy shift of the KH ground state is identical to the
ac Stark shift due to the dynamical dipole polarizability. But
the ponderomotive shift would not be described by a few
harmonics in the KH potentials, since the coupling among
the continuum states is very weak. In addition, for higher
intensities in the η-OBI regime, features of photoelectron
energy and momentum spectra can be easily understood in
terms of depletion of the 2s state that occurs at the leading
edge of the laser pulse, as we have shown in this work.
Before the peak laser field is reached, there is no 2s electron
remaining in the atom, and there is no evidence that KH states
associated with the 2s state are formed in the laser field,
since these states would be much more localized than the
remaining high Rydberg states in the atom found in the TDSE
calculations.

In our opinion, KH-frame formulation is relevant only in the
high-frequency limit of ε � 1 with slowly varying envelope of
the pulse, where higher order terms can be neglected [54,55].
Such conditions are satisfied for ionization of Rydberg states
by IR lasers, or by simple atomic hydrogen or helium in the
field of intense x rays. The latter may become available in the
near future with the emergence of free-electron x-ray lasers.
The ionization suppression or stabilization observed in the
present system is the stability of Rydberg states against intense
IR pulses. We conclude that KH states play no role in the
ionization of Li or K atoms using 800 nm lasers where ε is
close to 0.3–0.4 only.

VI. SUMMARY AND DISCUSSION

In this article, we examined strong-field ionization of
Li atoms by an intense 785 nm laser at intensities up to
70 TW/cm2. Our initial goal was to obtain photoelectron
spectra by solving the time-dependent Schrödinger equa-
tion to compare with the experimental data of Schuricke
et al. Since the static over-the-barrier ionization (OBI)
threshold intensity for Li is only 3.4 TW/cm2, most of
the experimental data were taken in the OBI regime. At
intensities way over the OBI threshold, the 2s electron is
fully depleted before the peak intensity of the pulse is
reached. The recorded photoelectron momentum spectra are
generated from the early part of the pulse, and are nearly
independent of input laser intensity. The agreement between
simulation and experiment is considered to be good in view
of the fact that detailed experimental conditions are not fully
known.

Ionization suppression has been observed in our calcu-
lations at intensities way above the OBI threshold. This
was traced to the presence of high Rydberg states, which
are stable against ionization by the infrared lasers. We
studied the mechanism of the formation and stability of
these Rydberg states. Our mechanism differs from the
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well-accepted interference stabilization model for the trapping
of Rydberg states, and also from the rescattering model
proposed recently. In addition, we also disagree with the
recent interpretation that one can image the so-called KH
states by measuring photoelectron momentum spectra at
extreme high intensities using infrared lasers for atoms and
molecules.
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