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Creation and survival of autoionizing states in strong laser fields
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Very sharp, low-energy structures observed in photoelectron spectra reveal the population of autoionizing states
in krypton and argon in strong laser fields over a large range of different wavelengths. The energies of the electrons,
emitted by autoionization in a field-free environment, provide direct information about the spectrum of states
involved. Despite their ability to resist ionization by the populating laser pulse, we demonstrate the possibility
to promote the excited electrons into the continuum by subsequent absorption of a single photon. Thus, applying
a classical pump-probe scheme, we are able to manipulate the autoionization contribution on a picosecond time
scale. Different scenarios for the creation of autoionizing states in strong laser fields are discussed.
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Within the framework of single-electron theory for strong-
field ionization [1-4] a wealth of experimental observations,
as e.g., the rates for single ionization [5] or photoelectron
energy spectra [6] and angular distributions [7], are predicted
reasonably well. However, many phenomena, such as the
enhancement of double ionization at low intensities [8,9],
require extensions to and refinements of these models. In
particular, the electronic structure of the parention [10,11] and
the electron dynamics in the combined laser electric and atomic
Coulomb field [12,13] turned out to play a crucial role. Both
aspects were needed to explain the recently discovered neutral
exit channel [14,15], dubbed frustrated tunneling ionization
(FTD). There, involving the famous three-step model [16], a
highly excited neutral atom is formed by the recapture of a
low-energy electron recolliding with the parent ion. Although
the neutral atom is directly detectable in specifically designed
experiments [14], the proof of this process often requires
additional experimental effort, e.g., subsequent field ionization
of the excited atoms [14,17].

In this Rapid Communication we report on the observation
of very sharp, low-energy structures in the photoelectron spec-
tra observed for strong-field ionization of krypton and argon
at different wavelengths. The energetic widths of the peaks are
in the meV range and thus smaller than the spectral width of
the laser (=45 meV) and far smaller than the ponderomotive
potential (>17 eV at 790 nm and 3 x 10'* W/cm?). We prove
the appearance of the low-energy electrons over a large range
of wavelengths and show that they originate from autoioniza-
tion of the neutral species, long after the laser pulse. From
this we infer the existence of a mechanism which efficiently
populates autoionizing states in krypton and argon in strong
laser fields. Moreover, our measurements reveal the spectrum
of the strong-field excited states. Different population scenar-
ios and a possible connection to the well-known dielectronic
recombination processes (see, e.g., [18-20], and references
therein) are discussed. Finally, we unambiguously demonstrate
that—although the highly excited autoionizing states may
resist ionization by the laser pulse—it is possible to manipulate
the population with a second, much weaker probe pulse.
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The experimental setup consists of a laser system delivering
strong femtosecond pulses with a duration of <30 fs at a
central wavelength of about 790 nm. A commercial optical
parametric amplifier is used for shifting the central wavelength
in the range from 470 to 1600 nm. The intensity used in
the experiments is estimated to be on the order of 3 x
10'* W /cm?; the pulse durations are typically 20 fs or longer.
For the pump-probe measurements at 790 nm, a beam splitter
and a piezodriven Mach-Zehnder interferometer are used. We
apply an asymmetric intensity splitting, namely, 90% as pump
and 10% as probe pulse. The laser pulses are focused into a
reaction microscope (REMI) with a background pressure in the
low 10~!! mbar regime. Atoms from a very dilute supersonic
gas jet are ionized and the created ions and electrons are
accelerated in combined electric and magnetic fields. From
their flight times and the impact positions on the respective
detectors, the trajectories of the particles and thus their initial
momentum vectors are reconstructed with very high precision
(see, e.g., [21] for details).

The upper part of Fig. 1 displays two high-resolution
photoelectron momentum distributions (PMD) from a series of
measurements performed with krypton and argon at different
wavelengths. p; denotes the momentum component along
the laser polarization and p, = (p; + p})'/* the transverse
one. Exploiting the coincidence capability of the REMI, all
features discussed are proven to stem from single ionization
of the respective target. In regions of larger momenta, typical
features arising from inter- and intracycle interference of elec-
tron trajectories [22] are visible, including the characteristic
and broad equienergetic rings representing above-threshold
ionization (see, e.g., [11], and references therein). While these
patterns are very pronounced in the PMD recorded for short
wavelengths they wash out as the ponderomotive potential
increases towards long wavelengths. However, also for the
longest wavelength used, 1600 nm, faint residuals of the
features are visible. In addition, we observe sharp Freeman res-
onances [10,11], indicating ionization via singly excited states.

In the following we focus on the regions of very low electron
momenta in the PMD, magnified in the lower part of Fig. 1.
For both targets, krypton and argon, a series of sharp rings can
be observed, indicating the emission of electrons with very
low, but well-defined kinetic energies. For krypton, up to four
or even five rings are visible with decreasing distance between
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FIG. 1. (Color online) Typical PMD obtained for the ionization of krypton (left) and argon (right). The laser polarization is aligned along
the horizontal axes; linear color scales are used. In each of the magnified regions, a series of sharp rings is visible, most clearly for krypton. The
total momentum of these electrons—and likewise their kinetic energy—is observed to be independent of the wavelength used for ionization

(see text).

them for increasing radii. In the case of argon, the observed
rings are less pronounced and even lower in energy.

For closer inspection of the rings we plot the photoelectron
energy spectra (PES) (see Fig. 2), where each ring forms a
sharp peak. The experimental data is represented by colored
bars; solid lines are fits to the data, consisting of a broad
Gaussian distribution to account for the background and
several sharp pseudo-Voigt peaks [23]. The observed peak
positions in the 470 nm data recorded with krypton were
utilized for a linear calibration of the experimental momenta,
applied to all data sets displayed. This calibration has been
considered already for Fig. 1. In striking contrast to the
Freeman resonances, the positions of the observed low-energy
peaks in Fig. 2 are independent of the wavelength. This is only
reasonable, if the electrons are emitted at an instant when no
laser field is present, that is, at a time when the laser pulse is
already over. However, it requires the preparation of a state in
which the total energy exceeds the ionization potential of the
system but—at first instance—the electrons are still bound. In
the states relevant for our experiment, one electron is found in a
high-lying Rydberg state orbiting the residual, singly charged
ion. The latter may be found either in its 2P5/, ground state
(I") or in the spin-orbit excited % Py /; state (I'**), which results
in a situation as outlined above: The spin-orbit splitting AE
between these states is about 666 and 177 meV in Kr™ and Ar™,
respectively [24]. This amount of energy—stored in the inner
ionic core of the system and released upon its relaxation—is
enough to overcome many of the Rydberg binding energies
and thus will lead to the emission of the outer electron via
autoionization [25]. Due to the simultaneous presence of
two excitations in the atom, namely, the electronic Rydberg
excitation and the spin-orbit excitation of the ionic core, we
refer to these states as doubly excited states (DES) in the
following. They have been extensively studied in recent years
(see [26], and references therein).

The energy of the Rydberg electron in a state characterized
by the principal quantum number n and the angular momentum

quantum number / can be described in terms of the general
Rydberg series [25]
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FIG. 2. (Color online) Energy spectra of low-energy photoelec-
trons for ionization of krypton (top) and argon (bottom) at different
wavelengths. The solid lines represent simple fits to the data;
theoretical energy levels are calculated with Eq. (1) and §;, = O (see
text). Additionally, the reference position of the 8 p DES in krypton
is displayed, taken from [24]. The peak positions in the 470 nm data
recorded with krypton were utilized for calibration of all spectra
shown (see text).
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where Ei(*) is the respective ionization potential for ionization
toabare I or I"* ion and R, denotes the Rydberg constant. &
is the quantum defect, considering the partial screening of the
nuclear charge due to the finite probability density close to the
nucleus. It is significant only for states with small / and quickly
approaches zero for larger values. Thus, Eq. (1) with §; =0
yields a simplified level diagram for the Rydberg series, which
is a very good approximation for all states with large angular
momentum. In Fig. 2, these diagrams are displayed for krypton
as well as for argon. Forn > 5 (krypton) andn > 9 (argon), the
total energy of the Rydberg states in the presence of the excited
ionic core exceeds the ionization potential into the ground-state
ion. These DES decay via autoionization and produce electrons
with well-defined energies, smaller than the spin-orbit splitting
of the system [25]. The energies E calculated with Eq. (1)
and §; = O significantly differ from the available spectroscopic
data [24] for/ < 3 and! < 2 for the case of krypton and argon,
respectively. For larger [, the deviations are on the order of a
few meV and below.

Very good agreement between the full series of peaks
with the predicted energies can be observed for all spectra
shown in Fig. 2. Besides providing a direct proof of the
population of DES in strong laser fields over a large range
of wavelengths, our results additionally yield state-selective
information. In this regard, the absence of any peak not
covered by the simplified level diagram is noteworthy. It allows
the conclusion, that the emission of electrons with sharp,
well-defined energies is limited to states with/ > 3 and [ > 2
in krypton and argon, respectively. All other states, e.g., the
8p DES of krypton additionally displayed in Fig. 2, are not
significantly active in this respect. Before possible reasons
are discussed, we note the additional presence of a “plateau”
region in the PES for krypton, falling off towards the ionization
potential of Kr**. In this region, for n > 9, the energy
difference between adjacent states becomes comparable with
the typical width of the peaks such that they cannot be resolved
anymore. The same behavior may—Iess pronounced—also
be visible for argon at 530 nm. The peak widths observed
we attribute to the experimental resolution rather than being
related to the lifetime of the states.

The fact that only a subset of states contributes to the series
of peaks in the PES may be understood either as a consequence
of the population process or the autoionization dynamics. The
experimental finding calls for a favored population of states
with/ > 3 and !/ > 2 in krypton and argon, respectively. How-
ever, assuming equal population of all states, peaks covered
by the simplified level diagram are expected to be enhanced
by the contribution of several, essentially degenerated / states.
With regard to the autoionization process, the absence of signal
from low-/ states may also be caused by short autoionization
lifetimes. If the electrons are emitted at a time when the laser
field is still present, the respective peaks are expected to be
broadened on an energy scale of the ponderomotive potential,
which is much larger than their initial width or their separation.
Thus, these states would contribute to the broad background
instead of leaving sharp peaks in the PES as a footprint.

In the tunneling regime, the mechanism of FTT has recently
been discussed as a possible population scenario for (singly
excited) Rydberg states [14,15]. In this process, a low-energy
recollision of a tunnel-ionized electron with its parent ion
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forms a neutral Rydberg atom. Within this picture, two differ-
ent sequences are possible which may lead to the population
of DES. First, the electron may tunnel out, directly leaving the
ionic core in the excited % P, /2 state. Such an excitation of the
residual core by tunnel ionization is indeed possible and can
even be utilized, e.g., in order to create a coherent superposition
of the ionic ground and the excited state [27-32]. Later, the
freed electron may recollide with the excited ion and be
recaptured. Alternatively, the electron may first tunnel, leaving
the residual ion in its ground state. Later, after being driven
in the laser field, the electron can be resonantly recaptured
into a Rydberg state, simultaneously using its excess energy
to resonantly excite the ionic core. Such processes are well
known from dielectronic recombination experiments (see,
e.g., [18-20], and references therein) and have been largely
investigated, e.g., in ion storage-ring experiments for higher
charged or lighter ions [18]. To the best of our knowledge, such
experiments have never been performed for singly charged
argon or krypton.

The ability of the DES to resist ionization by the laser field
until the pulse is over and autoionization takes place raises the
question: If and to what extent is their population accessible in
a classical pump-probe experiment, using a second laser pulse
for inspection? With krypton as a target, we use 90% of the
pulse intensity to populate the DES and only 10% for probing
the system. Thus, the probe pulse alone is not intense enough
to cause significant ground-state ionization. In order to achieve
better statistical significance, the time delay between the pulses
has been changed in discrete steps rather than scanning it
continuously. A reference spectrum has been recorded at a
negative time delay of about —80 fs, where the weak probe
pulse precedes the strong pump pulse. We assume that this
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FIG. 3. (Color online) Results of the pump-probe measurements
with krypton. The solid black line (identical in all plots) represents
the delay-averaged PES. Positions of the autoionization peaks are de-
noted by E; expected electron energies EF for the photoionization
channel are additionally displayed (see text). The relative differences
between PES obtained at different time delays and the reference PES
are encoded in the colored filling below the curves (see text).
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configuration leaves the target in its ground state before the
pump pulse arrives: The reference spectrum thus is effectively
created by the pump pulse alone.

The black solid line shown in all three panels of Fig. 3
represents the delay-averaged PES. Again, the peaks created by
autoionization are found in the energy range below =~ 666 meV
and are used for absolute calibration as before. The relative
difference between the PES obtained at a certain time delay and
the reference PES, i.e., the difference between the normalized
PES and the normalized reference PES divided by the latter,
is encoded in the colors of the filling below the curves: Blue
colors indicate regions where the signal is suppressed by the
probe pulse, and red colors those where it is enhanced. Figure 3
shows the results for three selected time delays, up to about
3 ps. In all cases, a suppression of the autoionization peaks can
be observed. Rather than being emitted by autoionization, the
Rydberg electrons are freed from the Kr™* core by absorption
of a photon in the probe pulse. The expected photoelectron
energies EY' = hw — R /n? are shown together with the data
in the second panel of Fig. 3 and fall in the region filled with red
colors, indicating probe-pulse-induced enhancement of signal.
In contrast to the sharp peaks originating from autoionization
in a field-free environment, the structures created in the
presence of the probe pulse and its ponderomotive potential
show the characteristic broadening.
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The overall effect measured is small with relative differ-
ences in the order of only a few percent. Nevertheless, with
increasing time delay along the three panels of Fig. 3, the
influence of the probe pulse on the PES can be observed to
decrease. At large delays, a significant part of the DES popu-
lated in the pump pulse has already undergone autoionization
before the probe pulse arrives. While the contrast obtained
and, in particular, the changes with the time delay are too small
for a quantitative determination of the lifetimes, the result is
consistent with the observed width of the autoionization peaks,
requiring lifetimes longer than the laser pulse duration.

In conclusion, our results prove the population of DES
in neutral krypton and argon atoms by strong laser fields
over a large range of wavelengths. Since the doubly excited
atoms autoionize in a field-free environment, long after the
laser pulse is over, sharp, low-energy peaks are formed in the
respective PES, revealing state-selective information about the
states involved: We find/ > 3 and/ > 2 for krypton and argon,
respectively, while all other states are absent in the PES. More-
over, we demonstrate the general accessibility of the states in a
classical pump-probe scheme on a picosecond time scale. With
regard to the recently discovered population of singly excited
states by FTI, future work may focus on the observed addi-
tional excitation of the ionic core and elucidate the individual
contribution of the two population scenarios discussed.
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