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Strong-field photoionization of O2 at intermediate light intensity
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We investigated by electron spectroscopy the strong-field multiphoton ionization of O2 molecules with
ultrashort laser pulses in the intensity range between the multiphoton and tunneling regimes. The ionization
proceeds by at least three different mechanisms, in addition to the eight- and nine-photon nonresonant pathways.
Transient multiphoton resonances with vibrational Rydberg levels give rise to direct Freeman-type peaks with
sublaser linewidth and spin-orbit splitting. Some resonance levels actually become populated and yield extremely
narrow lines because of postpulse vibrational autoionization. When the lowest photon order resonance channel
for the Rydberg states is closed, a third contribution becomes dominant with a main peak at 0.4 eV that shares
its main properties with the recently discovered universal low-energy structure in the electron spectra of atoms
and molecules [C. I. Blaga et al., Nat. Phys. 5, 335 (2009); W. Quan et al., Phys. Rev. Lett. 103, 093001 (2009)].
The variation of the Freeman resonance spectrum with the laser peak intensity is well correlated with the vibronic
Franck-Condon factors for the overlap of the intermediate Rydberg state with the O2 ground state. Accordingly,
the Freeman peaks could be unambiguously assigned to individual vibronic multiphoton resonances, and the
disappearance of the Freeman resonances at a certain laser intensity could be explained. The population of the
autoionizing Rydberg states could be assigned similarly to such vibronic resonances.
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I. INTRODUCTION

The present frontier research in attosecond phenomena
[1,2] fuels a considerable effort in the scientific community
to improve our understanding of the behavior of atoms and
molecules in intense electromagnetic fields. The pertinent
fields are strong enough to significantly modify the forces
governing the evolution of the unperturbed systems, and a
pivotal process in this context is field-induced ionization.
Given the magnitude of typical atomic and molecular valence
electron forces, a lower limit on the strong field range can
be defined at 1 TW/cm2. At these intensities, multiphoton
processes leading to ionization are important, and effects like
multiorder above threshold ionization (ATI) [3], manifested by
photoelectrons carrying away multiples of the photon energy,
and ac Stark shifts of Rydberg states leading to Freeman
resonances in ionization appear [4]. Much of the current
research concerns intensities above about 100 TW/cm2,
for which direct tunneling dominates the ionization
process and high-order harmonics generation becomes
operative [5–8].

In general, the strong-field processes are considered to
be well understood for atoms (see [9] for a recent review).
Important effects are still being discovered, though. It was
very recently found that the low-energy spectrum of the
photoelectrons from atoms and molecules exhibits a universal
structure [10,11]. It occurs for field wavelengths of 800 nm or
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longer in an intensity range that is intermediate between the
multiphoton and tunneling regimes. This low-energy structure
(LES) in the photoelectron spectrum appears to have no
generally accepted explanation yet, but it may be related to
the Coulomb interaction between the outgoing electron and its
parent ion [11].

In comparison to the case of atoms, the understanding
of the strong-field ionization of molecules is fairly limited
[12,13]. The major complication, of course, is the additional
degrees of freedom associated with nuclear motion, which
makes the full quantum mechanical theoretical treatment
still a most challenging problem even for the simple neutral
hydrogen molecule [14]. Photoelectron spectroscopy in the
subtunneling intensity regime indicates that Freeman-type
resonances with Rydberg states as well as higher valence
states play a crucial role also for molecules [15–19]. As
for atoms, such Rydberg resonances appear in the electron
spectrum as sharp peaks located at Eγ -Eb, where Eγ is the
photon energy and Eb is the electronic binding energy of the
Rydberg state, independent of the light intensity [16,17,19].
Particular molecular phenomena that occur because of the
inherent atomic multicenter nature, in addition to alignment
and orientation effects [20–22], include molecular bond soft-
ening and hardening, enhanced ionization, above-threshold
dissociation, and Coulomb explosion [12]. Nuclear dynamics
can also influence the electron emission greatly [18,23]. Major
attention has been paid to the total ion yield as a function
of field intensity compared to atoms with similar ionization
potentials. The general behavior is the same for the same
ionization potential irrespective of the nature of the system.
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FIG. 1. Schematic of the experiment setup. Legend: H (V), horizontal (vertical) polarized beam; BS, beam splitter; M1, M2, concave-convex
mirror telescope; AWP1, adjustable half-wave plate; P1, P2, thin-film polarizers; WP, half-wave plate; L1, focusing lens; TS1, translation stage;
SM, steering mirror; VP, viewport; IV, interaction volume.

A few exceptions have been found, however, among those O2

in which molecular systems exhibit a suppressed ionization
rate [24–28]. This has been attributed to interference between
parts of the outgoing electron wavefunction that may occur
in open-shell systems [29–36]. The ionization suppression
in oxygen molecules is the same for linear and circular
polarization, which has been taken as evidence that Freeman
resonances are unimportant for strong-field ionization of this
molecule [27].

Apart from the extensive work on the ionization suppres-
sion phenomenon and the related multielectron ionization
[24,37–48] occurring in the tunneling ionization regime,
there exist only a few published studies of the strong-field
ionization of the O2 molecule. References [23] and [49]
investigated ionization mechanisms in the multiphoton ATI
regime with visible and ultraviolet laser pulses of 0.5 ps to 10 ns
duration. In this intensity and duration range, an intricate
interplay between various parallel resonant and nonresonant
pathways is observed. Reference [50] employed shorter visible
and near-infrared pulses to study the plasma formation in oxy-
gen gas. They could distinguish different ionization regimes
and concluded that multiphoton ATI dominates for wave-
lengths of 405 nm and laser peak intensities <∼12 TW/cm2,
whereas tunneling ionization occurs for 810 nm light and
35 TW/cm2.

In the present article, we present high-resolution pho-
toelectron spectra obtained in strong-field ionization of O2

with 800 nm pulses of about 45 fs duration in the intensity
range intermediate between the multiphoton and the tunneling
ATI regimes. Our electron spectra reveal strong Freeman
resonances with sublaser linewidths that are split by spin-orbit
interaction in the final ionic state. These unexpected features
are discussed by us in a separate article [51], where we show
that they are related to a line shape that is basically Lorentzian,
with a corresponding effective decay time by ionization of
the O2 molecules much shorter than the laser pulse duration
and the period of the spin-orbit interaction, as well. Here
we analyze the electron spectrum and its laser intensity
dependence over the whole low-energy range, including the
first two ATI structures. In addition to the aforementioned
Freeman resonances, we also observed long-lived vibrationally
autoionizing states and a low-energy structure with similar
properties to the recently discovered universal LES feature
[10,11]. Guided by model calculations, we assign the Freeman
peaks to individual vibronic Rydberg resonances and infer that
the autoionizing states are populated via similar resonances.

II. EXPERIMENT

A schematic of the experimental setup is shown in Fig. 1.
The overall system consists of an amplified femtosecond laser
coupled to a high-resolution magnetic bottle electron time-of-
flight spectrometer with multiparticle coincidence detection
capability [52]. The electron spectrometer optionally could be
combined with an ion time-of-flight mass spectrometer akin
to the setup used in [53,54].

The data presented here were acquired with the 800 nm out-
put from the amplified Ti:sapphire femtosecond laser system
(Coherent Legend USP-HE). The laser pulses from this system
had a duration of 40–50 fs and integrated energy of 2.1 mJ at
1 kHz repetition rate. A 15% fraction of the laser beam was split
off, reduced twofold in beam diameter, and further variably
attenuated in a wave plate–polarizer combination with fixed
final linear polarization. The laser pulses were focused with a
spherical planoconvex lens with a focal length of 35 cm into the
interaction volume of the electron spectrometer with the po-
larization perpendicular to the electron spectrometer time-of-
flight axis. The laser pulse duration was expectedly minimized
by adjustment of the compressor in the chirped-pulse amplifier
to obtain maximal Xe ion yield for a given laser fluence low
enough to ensure a substantial contribution from nonresonant
ionization pathways. Complementary pulse time–bandwidth
characterization was performed with a frequency-resolved
optical gating device (Newport UPM-8-20). The resulting laser
peak intensity in the interaction volume, I0, was estimated from
the ponderomotive shift of the nonresonant ionization peak
for Xe [55].

The electron spectrometer has been described before [52].
Briefly, it is a 5.5-m-long magnetic bottle electron time-of-
flight spectrometer possessing an energy resolution of less
than 5 meV for electron kinetic energies below 1 eV and
E/�E of 100 or better at electron energies above that.
The electron spectrometer could optionally be equipped with
an ion time-of-flight mass spectrometer and operated in
electron-ion coincidence mode with a mass resolution of
about 200 and somewhat reduced electron energy resolu-
tion (cf. [53,54]). The ion mass spectra under the present
conditions showed no or negligible traces of O+ formation,
except at the very lowest I0 of 4 TW/cm2, for which the
atomic ion peak height was about 10% of the molecular
one. The electron spectra presented here were therefore all
taken in the higher-resolution pure electron spectrometer
configuration.
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The electron spectra were calibrated against known au-
toionization peaks and energy levels for Xe atoms [56–58]
with an absolute energy accuracy of about 5 meV at low
energies. Correspondingly, a systematic error of ±2.5 meV
has been included in all error estimates referring to determined
absolute electron energies. To complete the characterization
of the laser-electron spectrometer combination, we note that
the nonresonant eight-photon ionization of Xe at relatively
low laser intensities yields a peak with 0.12 eV full width at
half maximum (FWHM), which is consistent with our laser
bandwidth and a

√
N scaling with the multiphoton order N .

The oxygen gas was let into the interaction region of the
spectrometer via a gas needle. The partial oxygen pressure
in the chamber was adjusted within the range 3 × 10−8–8 ×
10−5 mbar to accommodate the maximally allowed total
count rate of five per laser pulse at the electron detector.
At laser peak intensities up to 10 TW/cm2, the background
counts from the 2 × 10−7 mbar residual gas were negligible.
Above that limit, background electron spectra were taken in
direct connection with the measurement and subtracted from
the spectra obtained with O2 present. The upper laser peak
intensity in our measurements was limited to 30 TW/cm2 by
ionization of the residual gas becoming prohibitively large.

III. RESULTS

An overview of electron spectra from singly ionized O2

at representative laser peak intensities is given in Fig. 2. All
spectra exhibit multiple ATI structures separated by the photon
energy of 1.55 eV that extend well beyond the displayed range.
At the lowest and medium laser peak intensities, we see sharp
fine structures in the range 0.9–1.5 eV (B in Fig. 2). They are

FIG. 2. Representative electron spectra from O2 covering the
first two ATI orders. The spectra were acquired at the indicated
laser peak intensities I0 which, starting from below, correspond to
ponderomotive shifts Up of 0.41, 1.10, and 1.52 eV, respectively. The
spectra were normalized to the same maximum peak height, except
the low-energy part of the 6.9 TW/cm2 trace, which was reduced
by a factor of 6, and were offset relative to each other for clarity
of presentation. A, B, and C refer to spectral structures of different
origins, as discussed in the text.

also seen in the next ATI order with similar relative intensity
distribution. At the highest laser intensity, they are gone, and
instead, a broad peak at 0.4 eV (C in Fig. 2) is seen, which is
also repeated in the next ATI order. Finally, there is, in the low-
laser intensity spectrum, a series of very sharp lines superposed
on a strong background at the lowest electron energies (A in
Fig. 2), which are seen neither in the other two spectra nor in
the higher order ATI peaks of this spectrum.

All in all, we discern in these overview electron spectra
three qualitatively different peak structures. These have some
resonant photoionization character as they match neither
the energy position nor the width expected for nonresonant
ionization. A peak of the latter kind is seen at about 1.5 eV
in the lowest I0 spectrum because of nonresonant nine-photon
ionization. In the same spectrum, the tail of the nonresonant
eight-photon ionization is responsible for the strong increase
of the signal at the very lowest electron kinetic energies.
The relative contributions from the nonresonant peaks to the
electron spectra at higher laser peak intensities are small and
will be mostly ignored in the following discussion.

A. Structure A

An expanded view of the low electron energy structure A
at laser peak intensities of 6.9 and 9.2 TW/cm2, respectively,
is shown in Fig. 3. Similar structures with very sharp lines
on a background are visible in the spectra from the lowest
I0 up to about 12 TW/cm2. The background changes in this
intensity range from a broad peak into a slope rising toward
zero electron kinetic energy, as seen in Fig. 3. This evolution

FIG. 3. Electron spectra in the kinetic energy range of structure
A in Fig. 2. The spectra were acquired at the indicated laser peak
intensities. Our assignments of the peaks marked by vertical lines as
owing to vibrational autoionization of Rydberg states are indicated
by the effective principal quantum number n. Note the logarithmic
scale of the ordinate.
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agrees in all parts with the expectations for the nonresonant
eight-photon ionization peak [55].

The sharp lines have widths that appear to be limited by
our electron spectrometer resolution. Their energy positions
are independent of the laser peak intensity, and the absolute
count rate in each increases more rapidly than linearly with the
laser intensity—a linear log-log fit to the variation of the very
lowest energy peak in the two shown spectra together with one
for I0 at 11.5 TW/cm2 gives a slope of 1.6 ± 0.3 (we use 1
standard deviation error throughout).

The line positions extracted from the electron spectrum
obtained for I0 = 6.9 TW/cm2, for instance, are 0.018,
0.063, 0.095, and 0.117 eV. These compare well to the
vibrational autoionization peaks assigned to d Rydberg states
with vibrational quantum number v = 1 [59], except for an
overall negative shift of 6 meV. Thus we assign tentatively the
structure A to vibrational autoionization of Rydberg states with
effective principal quantum numbers n, as indicated in Fig. 3.
Fitting of the four discernible line positions in the figure to
the Rydberg formula with a constant quantum defect yields
weighted averages for the convergence limit of 230 ± 3 meV
and for the quantum defect 0.004 ± 0.002.

B. Structure B

The structure B part of the electron spectrum is shown for a
range of laser peak intensities in Fig. 4. The common feature
of these spectra is a series of split peaks at fixed energies below
Eγ . We have discussed these peaks recently in the context of
Freeman-type resonances with Rydberg states, with particular
emphasis on the hitherto unobserved line splitting and sublaser

FIG. 4. Electron spectra in the kinetic energy range of structure
B in Fig. 2 acquired at the indicated I0 which, starting from below,
correspond to Up of 0.28, 0.41, 0.55, 0.69, 0.83, and 0.97 eV,
respectively. The spectra were normalized to the same maximum peak
height and were offset relative to each other for clarity of presentation.

linewidth [51]. Here we will focus on the actual assignment of
the lines to particular Freeman-Rydberg resonances.

Fits of the peak positions to the Rydberg formula for the
6.9 TW/cm2 spectrum [51] yield two series that are split
by an amount corresponding to the energy difference of the
�+ = 1/2 and 3/2 spin-orbit components of the O2

+(X 2�g)
electronic ground state. The average of the convergence limits,
1.543 ± 0.003 eV, is close to the photon energy, and the
average quantum defect is 0.003 ± 0.007. On these grounds,
it was concluded in [51] that the likely physical origin of the
peaks is Freeman resonances involving effectively spinless
Rydberg electrons that are split by subsequent spin-orbit
interaction acting on the photoelectron in the final continuum
state.

Freeman resonances are expected to give electron energy
peaks at fixed energies irrespective of the laser peak intensity.
This is clearly seen in Fig. 4 to be the case for the structure B.
The assignment of these peaks in terms of specific Rydberg
vibronic resonances, for which the changes in the electron
peak amplitudes are instrumental, is discussed in Sec. IV B. In
addition to the substantial variation of the relative peak heights,
there is a qualitative change between the topmost spectrum in
Fig. 4 and the middle one in Fig. 2, despite a rather modest
change in laser peak intensity in a range corresponding to a
ponderomotive potential Up ≈ 1 eV. The structure B is not
immediately discernible at laser peak intensities higher than
this up to at least 30 TW/cm2, which is the upper intensity
limit for the spectra acquired in this study.

C. Structure C

The structure C comprises at least two broad peaks, a
dominating one at 0.41 eV and a smaller one at 0.16 eV. It
appears at laser peak intensities of about 14 TW/cm2 and
becomes the main feature of the electron spectrum when the
Freeman resonance peaks disappear. It is not explicitly shown
here, but the structure C peaks are strongly dependent on the
laser polarization and vanish when the light polarization is
changed to circular [60]. This stands in contrast to the Freeman
peaks, which seem not to change in their appearance with
polarization, except for a reduction by about a factor of 2
in the absolute intensity [60]. The structure C peaks remain
at fixed energy positions over the whole range of laser peak
intensity we used. These energy positions we could not fit to
any known O2 Rydberg levels. Finally, as will be discussed
in [60], the peak at 0.75 eV may well belong to this structure
as it has similar appearance and laser polarization dependence.
It shows, however, a quite different variation with I0.

IV. DISCUSSION

The laser peak intensities applied here range from 5 to
30 TW/cm2, which translates into Keldysh parameter values√

EIP/(2Up) between 5 and 2, where EIP = 12.07 eV is the
O2 ionization potential [61]. Thus we are in an intensity range
that is intermediate between the multiphoton and the tunneling
ionization regimes [62]. The laser-induced ac Stark shifts of
the molecular electronic states are substantial, accordingly. For
Rydberg states, these shifts are similar to the ponderomotive
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potential Up of free electrons in the laser field, which here
ranges from about 0.3 to 1.8 eV.

The overview electron spectra shown in Fig. 2 were chosen
to represent characteristic values of Up. Thus the lowest
trace illustrates the situation when Up is substantial but still
low enough to exhibit vibrational autoionization peaks and a
multitude of Freeman-Rydberg resonances. The middle trace
corresponds to the highest Up for which the Freeman-Rydberg
resonances constitute a major component of the electron
spectrum. When Up becomes equal to Eγ , a channel closing
occurs, and Freeman-Rydberg resonances can only reappear
by an increase in the number of photons involved in the
fulfillment of the resonance condition. This condition applies
to the topmost spectrum of Fig. 2. Clearly almost only the still
unassigned structure C is then present.

We will next discuss separately the three qualitatively
different structures A, B, and C identified earlier. A general
selection rule they share, because of the 3�+

g symmetry
of the O2 ground state, is that an even (odd) number of
photons interact only with g (u) parity excited states. This
puts restrictions on the possible orbital angular momenta of
the Rydberg states. The Rydberg series converges to the O2

+
ion ground state with 2�g symmetry, which implies that the
overall parity of the Rydberg states is dictated by that of
the Rydberg electron: l even (odd) ↔ g (u). The minimum
number of photons required to surpass the 12.07 eV zero-field
ionization limit EIP of O2 is eight. Consequently, we expect in
the present data to find only resonances with even-l Rydberg
states as we restricted the laser intensities to those for which
Up < Eγ .

A. Vibrational autoionization

In Sec. III A, we assumed provisionally that the structure
A is because of vibrational autoionization of Rydberg states,
primarily on the basis of the observed line positions. The
Rydberg character of the lines is identified based on the
successful fit of their energy positions to a Rydberg series.
Their autoionization origin is indicated by the independence
of the line positions on I0 and their extreme narrowness, which
facts taken together are only consistent with an ionization
process occurring on a much longer time scale than the
laser pulse duration. Indeed, similar vibrational autoionization
peaks of O2 were observed by [59] to have linewidths of the
order of 0.1 meV.

The vibrational autoionization mechanism is further corrob-
orated by the observed convergence limit of the Rydberg series
at 230 ± 3 meV. The total eight-photon angular momentum
and energy in the absence of external fields is sufficient to
excite the v = 2 or lower vibrational states in a range of nl

Rydberg states correlating with the two O2
+(X 2�g) spin-orbit

components. Thus, because of the �v = −1 propensity rule
for vibrational autoionization of diatomic molecules [63], we
could expect only v = 1 → 0 and 2 → 1 autoionization tran-
sitions to occur with the associated Rydberg series converging
to electron energies equaling the corresponding vibrational
transition of the ion core. As the two possible ion core states
have similar potential energy curves, any Rydberg series built
on one of them would exhibit a convergence limit at an electron

energy of either 232 or 228 meV [61], in agreement with our
fit value.

The quantum defect we extract from the fit to the Rydberg
formula is very close to zero. This does not match the
value for the d Rydberg states obtained in [59]. More recent
measurements on those Rydberg states [64] give a smaller
value of the quantum defect with error limits that might be
consistent with our value. A more likely explanation, however,
could be that some of the Rydberg states which give rise
to the Freeman resonances discussed in Sec. IV B actually
get populated and remain populated at the end of the laser
pulse. These Rydberg states appear to belong to a g series
with possible minor contributions from higher l states and
have a negligible quantum defect. Later, we will see that
the vibronic Freeman resonances corresponding to v = 1 for
n � 8 are expected to be most intense for laser peak intensities
of about 5 TW/cm2. This correlates well with the spectra in
which we see the most well developed autoionization lines.
A similar reasoning explains qualitatively the nonexistence of
the autoionization peaks at higher laser peak intensities.

It thus seems that structure A originates from vibronic
Rydberg levels which are ac Stark shifted in the intense laser
field and get populated through multiphoton resonances when
the molecules feel an appropriate laser peak intensity, similar
to observations in the atomic case [65], and subsequently au-
toionize vibrationally. This would imply that the autoionizing
states are produced primarily in shells of constant laser peak
intensity. The signal at I0 values substantially larger than the
minimum required to bring a particular state into resonance,
then, should scale as I

3/2
0 [66]. This is in good agreement with

the I 1.6±0.3
0 dependence we find for the n = 8 peak amplitude,

which is the most well developed one in our data.

B. Molecular Freeman resonances

In a previous article [51], we assigned the structure B to
vibronic Freeman resonances with Rydberg states converging
to the O2

+ electronic ground state. The spin-orbit splitting of
the peaks was treated in that context and will not be further
discussed here. The same applies to the sublaser linewidth of
the peaks, which was observed also for Xe atoms and shown to
be related to a decaylike ionization of the Freeman resonance
occurring on the time scale of a few tens of femtoseconds.
Here we will focus on the assignment of the resonances to
particular vibronic Rydberg levels.

As discussed in [51], the spin-orbit interaction in the
Rydberg states is too weak to have appreciable influence during
the few tens of femtoseconds that it takes to ionize the molecule
in the intense laser field, and the peak splitting develops
afterward. Therefore one could expect the transient resonances
to be well described in terms of spin-free electrons and, as the
spin-orbit splitting of the O2

+ 2�g ground state is symmetric
in energy and the two states have equal statistical weight, take
their energies to correspond to the center of the split peaks.
This accounts in a natural way for the fact that the convergence
limit of the average of the split O2 Freeman-Rydberg series
coincides with that obtained for Xe atoms under comparable
conditions. In the following, we will adopt this picture and
omit spin-orbit interaction from our analysis and calculations
of electron spectra. This will prevent us from reproducing the
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Freeman peak splitting, but the relative intensities of peaks
belonging to different principal quantum numbers should be
reflected.

We begin the vibronic assignment of the Freeman res-
onances by noting that the Rydberg series contributing to
the structure B appears to have only members with n � 5.
This indicates that the two lowest n members have angular
momentum l = 4, which is consistent with the very small
quantum defect for the series as well as the g ↔ g parity
selection rule applying to the eight-photon resonance expected
to be involved in the process. For the higher n members,
also, larger even-l states could participate; however, the
corresponding states have increasingly poorer overlap with
the ion core region, where the ionization is mostly taking
place. This has been found to cause a general propensity
for the sharpest atomic Freeman peaks to belong to f and
g Rydberg series with essentially no contribution from h or
higher [67,68], even though the higher l states can become
appreciably populated [67]. Such nonpenetrating states are
very similar in atoms and molecules, and we assign on these
grounds the observed Freeman peaks as mainly because of a
g Rydberg series. In the following, we will denote these states
accordingly, with the reservation that for n � 7, some small
higher l contributions cannot be rigorously excluded on the
present evidence.

To proceed further with the assignment, we employ a
model similar in spirit to those used successfully in [17,18],
comprising two components: a multiphoton resonance with
molecular states that are shifted upward by an amount Up in
the laser field and a concomitant decay into the ionization
continuum. The main contribution to the Freeman resonances
comes from the central focal volume when the resonance
condition is met at the laser peak intensity [69], which warrants
a time-independent model. There is a spatial distribution of
laser peak intensities, however, which we take into account
approximately by summing over a Gaussian distribution of
ponderomotive shifts centered on each nominal Up. In contrast
to atomic Freeman resonances, the molecular ones also involve
the nuclear degrees of freedom, and the overlap between
vibrational states has to be accounted for, whereas the rotation
is essentially frozen on the time scale of our laser pulse
duration and can be ignored. The multiphoton resonance
strength therefore includes both electronic and vibrational
[Franck-Condon factors (FCFs)] contributions. The electronic
part we bunch together with that for the ionization step into
an effective n−q power scaling of the overall signal. Because
of the Rydberg character of the resonant state, the vibrational
part of the resonance step is taken to be given by the FCFs for
the O2

+(X+, v+) ← O2(X, v = 0) transition. No vibrational
factor appears in the ionization step because of the �v = 0
propensity rule for photoionization of Rydberg states.

We used the effective width �Up of the spatial Up

distribution and q as globally adjustable parameters. In the
calculations accounted for here, �Up = 0.06 eV (FWHM),
and a best value q = 3 was found by variation in half-integer
steps. All other data were obtained from either calculations or
experiment. The energy levels and FCFs were calculated for
nonrotating molecules with the LEVEL 7.4 software [70], with
the molecular parameters from [61]. The Rydberg electron
binding energies were calculated from the Rydberg formula

FIG. 5. Calculated electron spectra corresponding to those in
Fig. 4. The indicated I0, starting from below, correspond to Up of
0.28, 0.41, 0.55, 0.69, 0.83, and 0.97 eV, respectively. The spectra
were normalized to the same maximum peak height and were offset
relative to each other for clarity of presentation.

without quantum defect. The number of states was restricted to
n � 12, and all total angular momentum states were assumed
to be identical.

Figure 5 displays electron spectra calculated for a g

Rydberg series with zero quantum defect and I0 values chosen
to match those in Fig. 4, to facilitate a direct comparison.
The qualitative agreement is remarkably good in view of the
simplicity of the model. Of course, the peak splitting is not
there in the calculations, but the center electron kinetic energies
and the variation of the relative peak heights with I0 are well
reproduced. The origin of the differences is probably found
in the use of a time-independent model, the electronic part
of the resonance strength, and the crude averaging over the
spatial laser intensity. The first two deficiencies require aid
from higher level calculations to assess in a meaningful way.
The effect of spatial averaging, on the other hand, is well
understood [66]. In general, it will contribute components to
the electron spectrum that originate from regions with local
laser peak intensities less than I0. This might explain, for
instance, the presence of the 1.17 eV peak in the measured
spectrum at 16.1 TW/cm2, while it is not seen in the calculated
one.

The fair agreement between the measured and calculated
electron spectra in Figs. 4 and 5 confirms our assignment
of the peaks as because of Freeman-Rydberg resonances.
To elucidate the physical mechanisms behind the variation
in relative peak amplitudes, we show in Fig. 6 how the
calculated electron spectrum varies with laser peak intensity
in more detail. Basically, what is seen for each n state is
how its contribution oscillates periodically as the vibrational
states go in and out of resonance with changing Up. The
amplitudes of these peaks reflect largely the FCFs for the
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FIG. 6. Overview of the calculated electron spectrum as a
function of laser peak intensity reexpressed in terms of Up . The
gray intensity scale is linear from black at zero to white at a cutoff
value chosen for clarity of presentation. Assignments of the peaks to
vibronic Freeman-Rydberg resonances are indicated. The n numbers
apply vertically, while the v numbers run along the diagonal lines.

overlap of the O2 ground state with the assigned Rydberg
vibrational states. There is a maximum ponderomotive shift
beyond which a particular n ceases to contribute to the electron
spectrum, which occurs when its v = 0 level has been shifted
above resonance. Thus, at Up about 1 eV, corresponding to
I0 ≈ 17 TW/cm2, the g series of Rydberg states goes through
something like a channel closure as above that laser peak
intensity, it has shifted completely out of the eight-photon
resonance window.

The spectra in Fig. 5 represent horizontal cuts out of Fig. 6.
It is now easily seen that the peaks in each spectrum can
be assigned to particular vibronic resonances nlv . The three
main peaks in the spectrum at I0 = 6.9 TW/cm2, for instance,
can be identified as 5g2, 6g1, and 7g1. Thus the superficially
quite erratic peak amplitude variations in Fig. 4 mainly reflect
the variation in vibronic resonance strength, that is, the FCFs
for the overlap of the O2 ground state and the Rydberg states.
Figure 6 also provides a clear explanation for the disappearance
of the Freeman peaks that sets in between our measured spectra
at laser peak intensities of 16.1 and 18.4 TW/cm2. These
embrace precisely the predicted I0 for the eight-photon channel
closure of the g Rydberg series. Furthermore, allowing for the
effects of the spatial averaging, we can see clearly in Fig. 4 the
sequential closing of individual n vibronic resonance series in
accordance with the theoretical predictions: The high-n states
at 1.4 eV vanish above Up = 0.55 eV, the 7gv peak decreases
as Up surpasses 0.69 eV, and the n = 6 series stops at 0.83 eV
so that the 5g0 resonance is the last remaining peak at Up =
0.97 eV.

The overall features of the structure B part of the elec-
tron spectrum, thus, are readily assignable as Freeman-type
resonances with properties analogous to those observed for
atoms, as originally suggested by Gibson et al. [16] and Helm
et al. [17]. A general difference to the case of atoms, however,
is that the ponderomotive shift Up required for bringing a

particular molecular Rydberg state into resonance is governed
by vibronic levels rather than by purely electronic ones. This,
we have seen, modulates the relative intensities of the Freeman
peaks in accordance with the vibrational overlap of the initial
and resonant states. It also allows the molecular Freeman
resonances corresponding to a particular n to appear at much
smaller Up than in the case of atoms.

Our identification of Freeman-Rydberg resonances occur-
ring for O2 is contrary to the conclusions by Wu et al. [27]
drawn from polarization-dependent total ion yield measure-
ments. Their arguments were based on the assumption that
Freeman resonances would not occur at all for circularly
polarized light because of angular momentum conservation
restrictions in molecules as for atoms [71]. Molecules, how-
ever, also have the rotational angular momentum available,
and the analogy to atoms seems to be weak in this case. In
fact, as is shown in [60], the Freeman resonances observed
here remain also for circularly polarized light.

C. Rydberg channel closure and beyond

As described and explained in Sec. IV B, the Freeman-
Rydberg resonances disappear rather abruptly at I0 above
about 17 TW/cm2 because of an eight-photon channel closure.
Concomitant with this, structure C becomes the dominant
contribution to the electron spectrum. It is strongly dependent
on the laser polarization to the extent that it vanishes for
circular polarization [60], which is contrary to the behavior
of the Freeman resonances. Moreover, we could not match the
energy positions of the structure C peaks to any known O2

Rydberg states.
At present, we have no clear understanding of the structure

C other than it has a different origin than the vibronic Freeman
resonances seen at lower laser peak intensities. It is tempting,
however, as the energy range and polarization dependence are
commensurate, to associate it with the recently discovered
LES [10,11] observed for both atoms and molecules at
somewhat smaller values of the Keldysh parameter than
here. The assessment of this association will have to await
further theoretical development, as also the LES lacks a fully
satisfactory explanation.

Possibly, our peak at 0.75 eV with similar laser polarization
dependence is related to the structure C. It has a rather different
I0 dependence, however, and there are a number of other broad
peaks in the electron energy range below 1 eV, for instance, the
0.6 eV peak seen in the 18.4 TW/cm2 spectrum in Fig. 2. The
positions of these peaks correlate well with those we obtain
in calculations of the time-dependent quantum dynamics for
ionization pathways via nine-photon resonances with Rydberg
states belonging to excited O2

+ states. The complexity of the
overall dynamics is considerable, however, and we have so far
no conclusive assessment of this ionization mechanism.

V. CONCLUSION

The intense-field multiphoton ionization of O2 molecules
with ultrashort laser pulses in the intensity range intermediate
between the multiphoton and tunneling regimes proceeds by at
least three different mechanisms in addition to the comparably
weak eight- and nine-photon nonresonant pathways. Transient
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multiphoton resonances with vibronic Rydberg levels give
rise to direct Freeman-type peaks with sublaser linewidth and
spin-orbit splitting [51] as well as peaks owing to postpulse
vibrational autoionization of actually populated levels. When
the lowest photon order resonance channel for the Rydberg
states is closed, a third contribution becomes dominant, with
a main peak at 0.4 eV, that shares its main properties with the
recently discovered and still unexplained LES in atomic and
molecular electron spectra [10,11].

The Freeman resonance spectrum varies strongly with laser
peak intensity. These variations, we showed by comparison
to model calculations, depend mainly on the FCFs for the
vibrational overlap of the initial O2 ground state and Rydberg
states. Accordingly, the Freeman peaks can be unambiguously
assigned to individual vibronic resonances. The vibronic over-
lap model also successfully predicts the laser peak intensity at
which the Freeman resonances disappear in terms of closure of
the lowest order photon resonance channel as the vibrational

ground level of the lowest lying Rydberg member is shifted
above resonance.

The autoionizing states seem to be populated by the same
resonance mechanism as the direct Freeman peaks. This
accounts well for the observed values of the laser peak intensity
at which the autoionization peaks are most prominent and
implies that predominantly v = 1 levels of Rydberg states with
n � 8 are involved.
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