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Comparative study on atomic and molecular Rydberg-state excitation in strong infrared laser fields
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Rydberg-state excitation of atoms in strong infrared laser fields provides a new complementary aspect of the
perspective of atom–strong field interactions. In this article, we perform an experimental and theoretical study on
the corresponding process of diatomic molecules, N2 and O2. We show that neutral molecules can also survive
strong 800-nm laser fields in high Rydberg states, while their behavior is remarkably different in comparison
with their companion atoms, Ar and Xe. The Rydberg excitation of N2 generally behaves similarly to Ar, while
that of O2 is more significantly suppressed than the ionization compared to Xe in a high intensity region, which
can be understood in the frame of a semiclassical picture, together with their different structures of molecular
orbitals. However, distinct quantum features in the Rydberg excitation processes that are apparently beyond the
semiclassical picture have been identified, i.e., the less suppressed probability of O2 at low intensity and the
oscillation behavior of the ratio between N2 and Ar, indicating that our understanding of the relevant physics is
still far from complete.
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I. INTRODUCTION

When atoms and molecules are subjected to strong laser
fields, they will undergo single or even multiple ionizations
[1–3]. A semiclassical perspective has been established to un-
derstand various phenomena in atom–strong laser interactions,
for example, above threshold ionization (ATI), nonsequential
double ionization (NSDI), and high harmonic generation
(HHG) [4,5]. Recently, it was surprising to find, both theo-
retically and experimentally, that neutral atoms in Rydberg
states can survive strong laser fields [6,7], which has been the
subject of elaborate experimental and theoretical studies in the
past few years [8–16]. Besides atoms, Rydberg-state excitation
(RSE) has also been observed in atomic fragments from the
Coulomb explosion of dimers [17] and diatomic molecules
[18].

In the semiclassical picture, the neutral atomic RSE is
attributed to the capture of the tunneling electron into the
Rydberg states under the interaction of a combined ionic
Coulomb potential and laser fields, which is dubbed the
recapture effect [6] or frustrated tunneling ionization (FTI)
[7]. On the other hand, numerical calculations with the time-
dependent Schrödinger equation (TDSE) [9,14] have shown
that the probability of atomic RSE exhibits an oscillating
function of the laser intensity, which cannot be explained by
the semiclassical perspective. It is argued that the RSE can
occur via Freeman resonance in which the electron is pumped
to the Rydberg states via multiphoton absorption [9,14,19].
Unfortunately, to date, no quantum feature in the RSE in strong
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laser fields has been observed, and the underlying mechanism
of the process is still under debate.

A neutral RSE of molecules in strong laser fields has
yet to be observed. Various studies have shown that the
molecular structure plays an important role in strong-field
single ionization [20–26], as well as the processes that are
directly related to tunneling ionization, such as ATI [27–30]
and NSDI [21,31–33]. A comparative study between a
molecule and its companion atom [an atom with an ionization
potential (IP) value that is similar to that of the molecule]
will provide important information to reveal the underlying
mechanism and to explore new features of a strong-field
physical process. In this article, we show experimentally and
theoretically that neutral diatomic molecules (N2 and O2)
can survive strong 800-nm laser fields in Rydberg states.
Compared to that of their companion atoms (Ar and Xe),
remarkably different RSE probabilities of the molecules were
observed. Analysis indicates that the semiclassical model,
together with the structure of the molecular orbitals, can
only partially explain the experimental observations, and some
distinct quantum features beyond the semiclassical picture are
clearly identified in the RSE process in strong laser fields.

II. EXPERIMENTAL SETUP

Because of their various decay processes, excited neutral
molecules cannot be directly measured as the excited neutral
atoms presented in Ref. [7], which have metastable states
with lifetimes that are long enough to fly to the detector
(typically hundreds of microseconds for a molecular beam). In
our experiments, we applied a delayed static field ionization
method to ionize the neutral Rydbergs, using a time-of-flight
(TOF) mass spectrometer operated under a pulsed-electric-
field mode. Experimentally, an effusive atomic or molecular
beam through a leak valve was interacted by a focused
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Ti:sapphire femtosecond laser with a central wavelength of
800 nm and a pulse duration of 50 fs. After the directly
ionized ions (M+, M = N2, O2, Ar, or Xe) were pushed away
from the detector by an electric field, the remaining high-
lying neutral Rydbergs (M∗) were field-ionized by another
electric field with a delay time of typically 1.0 μs, and were
detected by dual microchannel plates at the end of the flight,
about 50 cm. In the case for detection of M+, standard dc
electric fields were applied in the TOF mass spectrometer.
The voltages in both cases were kept the same to ensure
identical detection efficiencies for M+ and (M∗)+. This allows
us to detect the neutral Rydberg states with 20 < n < 30,
estimated by a saddle-point model of static field ionization
[F = 1/(9n4)] [34]. The laser pulse energy was controlled by
a half-wave plate and a Glan prism, before being focused into
the vacuum chamber with a 250-mm lens. The peak intensity
of the focused laser pulse was calibrated by comparing the
measured saturation intensity of Xe with that calculated by the
Ammosov-Delone-Krainov (ADK) model [35].

III. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b), we present the measured ion yields
from Rydberg N2

∗ vs Ar∗ and O2
∗ vs Xe∗, respectively,

using a linearly polarized 800-nm light. For comparison, data
of the corresponding singly charged ions are also shown in
each panel, which well reproduce the previous experimental
measurements [20,21,25]. The results clearly show that,
similar to strong-field single ionization, it exhibits a significant
suppression of Rydberg formation in O2 compared to Xe,
while N2 and Ar have comparable probabilities at all the laser
intensities used in the experiment.

In order to compare more clearly the RSE behaviors of
molecules with the ionization process, we plot the ratios
of Rydberg and ionization yields, N2

∗/Ar∗ and N2
+/Ar+ in

Fig. 1(c) and O2
∗/Xe∗ and O2

+/Xe+ in Fig. 1(d), respectively.
The ratios of both N2

∗/Ar∗ and N2
+/Ar+ are around 1,

irrespective of the laser intensity, however, N2
∗/Ar∗ shows

a distinct bump structure compared with the smooth curve of
N2

+/Ar+. For O2 and Xe, both ratios of O2
∗/Xe∗ and O2

+/Xe+

FIG. 1. (a) and (b) Experimentally measured single ionization
and Rydberg excitation yields (see text). (c) and (d) Ratios of single
ionization and Rydberg excitation yields.

show suppression and, more interestingly, the ratio of O2
∗/Xe∗

is apparently smaller than that of O2
+/Xe+ in the whole laser

intensity region considered, showing that the suppression in
the RSE is stronger than that in the ionization.

To compare with the observed data, we numerically solve
TDSE with B splines and the Crank-Nicolson method [36,37],
and the single-active-electron model potentials [38,39] (the
details of the calculation method can be found in the appendix).
After the end of the pulse, we calculate the Rydberg-state
population and ionization probability by projecting the wave
function onto the corresponding field-free eigenstates. To
simplify the calculation, the molecular axis is assumed to be
parallel to the polarization direction of the laser field (parallel
alignment).

The calculated results are shown in Fig. 2. Both the
single ionization and RSE of N2 and Ar well reproduce
the experimental results [see Figs. 1(a) and 1(c)]. The ratio
N2

+/Ar+ shows a smooth curve, but N2
∗/Ar∗ oscillates around

1, corresponding to the observed bump structure in Fig. 1(c),
which may be a portion of an oscillation curve of which
the low intensity region is beyond the detection limit in
the current experiment. For O2 and Xe, the calculation
reproduces the observed stronger suppression of O2

∗/Xe∗ with
respect to O2

+/Xe+ at the high intensity region. At the low
intensity region, on the other hand, the calculation shows
that O2

∗/Xe∗ will exceed O2
+/Xe+, indicating that the RSE

will become less suppressed compared with the ionization
process.

As mentioned above, there are two possible mechanisms
for the RSE process, i.e., the Freeman resonance [9,19], and
the recapture effect [6] or FTI [7]. The dependence of the
excited neutral atom on ellipticity and the consistency between
the TDSE and semiclassical simulation on populations of
Rydberg states tend to support the FTI mechanism [7,40].
It is noteworthy that, if resonance were the underlying
mechanism, the suppression for O2 should be unexpected since

FIG. 2. (a) and (b) Calculated single ionization and Rydberg
excitation yields with focal average. The Rydberg excitation without
focal average is also shown (see text). (c) and (d) Ratios of single
ionization and Rydberg excitation yields.
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FIG. 3. Calculated distributions of populated Rydberg states after
the laser pulse is over. For Ar and N2, laser intensity I = 1.2 × 1014

W/cm2. For Xe and O2, I = 1 × 1014 W/cm2.

Ar, N2, Xe, and O2 possess similar Rydberg levels owing
to the large orbits of the almost decoupled electron, noting
that the Freeman resonance structures have been identified
experimentally for both molecules [41,42]. Therefore, the
simultaneous appearance or absence of the suppression of
the RSE, compared with ionization for accompanied atoms
and molecules, indicates that the Rydberg states populated
after an interaction with the infrared intense laser field come
from the photoelectron that first tunnels out through the barrier
formed by the Coulomb potential and the external laser field,
and then is trapped by the Coulomb potential in the way it
goes out.

To further understand the difference between atomic and
molecular RSE, we plot populations of Rydberg states of
different species after the laser pulse is over in Fig. 3. All
distributions show a peak structure, however, the positions
of the peaks for N2, Ar, and Xe locate at about energy of
−0.02 a.u. while the peak of O2 is at −0.029 a.u. This
observation indicates that, compared with other species, the
electron tends to occupy lower Rydberg states in O2. In
Fig. 4, we show the spatial distributions of the populated

FIG. 4. Spatial distribution of Rydberg states in the region of
−0.001 a.u. < E < 0. (a) Ar, (b) N2, (c) Xe, and (d) O2. Laser
intensity I = 1 × 1014 W/cm2.

FIG. 5. Calculated angular distributions of photoelectrons with
respect to the polarization direction of the laser field (0◦).

Rydberg state from an energy of −0.001 a.u. to 0. Again,
the distributions of N2, Ar, and Xe look very similar, but the
one of O2 shows a pronounced difference. The distributions
of atoms and N2 have maxima in the field direction (0◦ and
180◦), while for O2 the maximum shifts to about 20◦. This
apparent deviation from the laser field direction of the spatial
distribution of O2

∗ indicates a further intrinsic difference
between the behaviors of O2 and other species in the RSE
process.

In Fig. 5, we further show angular distributions of pho-
toelectrons ejected in the single ionization for all species,
which are obtained by the flux analysis approach [43]. The
photoelectrons highly concentrate in the field direction [with
a full width at half maximum (FWHM) of about 10◦] for
N2, Ar, and Xe. In contrast, the maximum of the angular
distribution of O2 locates at about 15◦ at an intensity of
3 × 1013 W/cm2 and shifts to about 6◦ when the intensity
increases to 1 × 1014 W/cm2. This difference between the
angular distributions of N2 and O2 is attributed to their
different highest occupied molecular orbitals (HOMOs) (3σg

for N2 and 1πg for O2, respectively) [31,44]. Apparently,
there is a good correspondence between the photoelectron
angular distribution and the spatial angular distribution of the
populated Rydberg states. According to the above analysis,
the Rydberg states are populated by electrons during their
ejection process after tunneling out of the barrier. So, for atoms
and N2, the electrons will populate the Rydberg states with
maxima in the field direction since the electrons go out mainly
in the field direction. For O2, since the peak of the angular
distribution of electrons deviates from the field direction, they
will tend to occupy the Rydberg states with a maximum at other
angles [45].

Moreover, the FWHM of the angular distribution of O2

(∼ 20◦) is noticeably wider than those of other species.
This explains the more pronounced suppression of the RSE
compared with the ionization for O2. Compared with other
species, a wider angular distribution leads to a stronger
diffusion of the wave packet of the electron ionized from
O2 when it evolves in the laser field. Therefore, it will be
harder for the electron to occupy high Rydberg states which
locate relatively farther from the ionic core, leading to peaks of
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the energy distributions of populated Rydberg states at lower-
energy levels and a relatively smaller population of Rydberg
states in the energy region of −0.001 a.u. < E < 0, which is
far away from the ionic core (see Fig. 4). It should be mentioned
here that this particular photoelectron angular distribution has
also been shown to be responsible for the suppression of
the NSDI ratio and the relatively wider differential angular
distribution at a cutoff energy in the high-order ATI of O2

compared with atoms and the N2 molecule [29,31].
Despite the fact that only parallel alignment is considered

in our calculation, the main result will not be affected by this
limitation. For N2, the angular distribution always peaks at the
field direction, irrespective of the alignment angle, which is
very similar to atoms [44]. So, according to our analysis, the
RSE will also be similar to Ar even when the other alignment
angles are taken into account despite the decreasing ionization
rate with increasing alignment angle [46]. For O2, the electron
is always ejected off the field direction, except at some specific
alignment angles. Moreover, the angular distribution of O2 is
usually wider than that of N2 and atoms [44]. Therefore, the
above analysis of the mechanism for the RSE suppression
of O2 compared with Xe is expected to be valid when other
alignment angles are considered.

Nevertheless, the above mechanism cannot explain the less
suppression of O2

∗ with respect to Xe∗ compared with the
ionization at low intensity [Fig. 2(d)]. As shown in Fig. 5(b),
the angular distribution of the photoelectron from O2 is even
wider at low intensity than that at high intensity, which should
result in more suppression, according to the semiclassical
perspective, which is in contradiction with the theoretical
results in Fig. 2(d). It should be noted that, in this low
intensity regime, i.e., the multiphoton regime [the Keldysh
parameter γ = (Ip/2Up)1/2 > 1], the FTI picture may become
invalid and the Freeman resonance mechanism plays an
increasingly important role, leading to the disappearance of
the RSE suppression. Another distinct quantum characteristic
that cannot be explained by the semiclassical picture is the
oscillation behavior of the ratio N2

∗/Ar∗ shown in Figs. 1(c)
and 2(c). The origin of the oscillation can be more clearly
understood by looking at the yields of Ar∗ and N2

∗ without
a focal average, depicted also in Fig. 2(a). Both curves show
apparent peak structures consisting of high and low peaks
which appear alternatively. In addition, though the peaks
in both curves almost coincide with each other, the high
and low peaks appear in a reverse sequence in two curves,
resulting in the oscillations in the ratio of two curves. In
contrast, for Xe∗ and O2

∗, though both curves also show an
oscillating structure, the sequences of high and low peaks
appear simultaneously, as depicted in Fig. 2(b), and the
TDSE results without focal average. Thus, the oscillation
behavior is absent for the ratio of O2

∗/Xe∗. It is interesting
to note that the intervals between these peaks are all about
2.5 × 1013 W/cm2, which corresponds to a ponderomotive
energy Up = 1.5 eV � �ω, the photon energy of the laser
field. This feature, which can be also found in the quantum
calculation of Ref. [9], indicates some processes related to the
Freeman resonance in the Rydberg excitation. It is worthwhile
mentioning that these peaks cannot be distinguished in the
experiments and calculations after the focal average, however,
hump structures, which are the residues of these peaks after

focal average, can still be seen in the calculation results
[see Figs. 2(a) and 2(b)] and the experimental data of Xe
and O2 [denoted by arrows in Fig. 1(b)], and the apparent
oscillations appearing in both Figs. 1(c) and 2(c). Moreover,
this quantum feature also implies a relationship between
the RSE and another phenomenon named “resonancelike
enhancement (RLE)” in high-order ATI, which is believed
to be a pure quantum-mechanical effect, and its underlying
mechanism is still under debate [47–50]. In the RLE process,
it is also found that N2 behaves similarly to Ar while O2

shows pronounced suppression compared with Xe [30]. The
similarity between the RSE and RLE processes indicates that
another important quantum effect, i.e., the interference effect,
which has been identified to be essential in the molecular
ionization process [23,25,30], may also play an important role
in the molecular RSE process.

IV. CONCLUSIONS

In conclusion, we have shown that, similar to atoms,
neutral diatomic molecules can also survive strong 800-nm
laser fields in high Rydberg states. We have observed the
suppressed RSE probability in O2 compared to Xe, and
the suppression is stronger than the ionization process. For
the RSE of N2, though it generally behaves similar to Ar, the
ratio N2

∗/Ar∗ shows oscillation behavior compared with the
ionization probability. The TDSE calculations well reproduce
the experimental measurements of N2 and Ar. For O2 and
Xe, the theoretical result that qualitatively reproduces the
more strongly suppressed RSE compared to the ionization
at high intensity, however, predicts that the RSE becomes
less suppressed at low intensity. Analysis indicates that the
experimental observations can be partially explained by the
FTI mechanism, together with the structure of molecular
orbitals; however, distinct quantum features, which are beyond
the semiclassical picture, manifest in the RSE process and
demand further investigation in the future.
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APPENDIX: NUMERICAL METHODS

In this appendix, we give the details of the theoretical
method adopted in our article. Within a single-active-electron
approximation, the TDSE equation in the length gauge for
atoms and molecules is given by

i
∂

∂t
�(r,t) =

{
− 1

2r2

∂

∂r
r2 ∂

∂r

+ 1

2r2

[
∂

∂ξ
(1 − ξ 2)

∂

∂ξ
− m2

1 − ξ 2

]

+V (r) − r · E(t)

}
�(r,t), (A1)
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FIG. 6. Coordinates of the diatomic molecule.

where ξ = cos θ , and m is the z component of the electronic
orbital momentum. For atoms, the effective model potential is
written as

V (r) = −(1 + a1e
−a2r + a3re

−a4r + a5e
−a6r )/r. (A2)

For the Ar atom, a1 = 16.039, a2 = 2.007, a3 = −25.543,
a4 = 4.525, a5 = 0.961, and a6 = 0.443 [38]. For the Xe
atom, a1 = 51.356, a2 = 2.112, a3 = −99.927, a4 = 3.737,
a5 = 1.644, and a6 = 0.431 [38].

For the diatomic molecule N2 (see Fig. 6), the potential
is [51]

V (r) =
2∑

α=1

{
− 0.5

|−→rα | − 29.5

h[exp(|−→rα |/d) − 1]|−→rα | + |−→rα |
}
,

(A3)

where −→
rα = −→

r ± −→
R
2 , and the parameters h and d are 24.25

and 1.311, respectively.
For O2 (see Fig. 6), the used form of the model potential is

[39]

V (r) =
2∑

α=1

−Zα(−→rα )√
|−→rα |2 + aα

, (A4)

where the analytical form of Zα(−→rα ) is

Zα(−→rα ) = 0.5 + (
Z0

α − 0.5
)

exp

[
− |−→rα |2

σ 2
α

]
, (A5)

with aα = 20, Z0
α = 8, and σα = 2.54. The wave functions in

the present work are expanded in terms of the B splines as
follows [36]:

�(t,r,ξ,φ) = 1√
2π

∑
μν

Cμν(t)
Bk

μ(r)

r
(1 − ξ 2)

|m|
2 Bk

ν (ξ )eimφ.

(A6)

Bk
μ(r) is the B spline of order k = 7 [37]. The direction of

laser polarization is parallel to the molecular axis, and the
vector potential is A(t) = E0

ω
sin2(πt

T
) cos(ωt), 0 < t < T . E0

is the peak laser field, and T and ω are the duration and the
frequency of the laser pulse, respectively. The time-dependent
electric field is defined as E(t) = − ∂A(t)

∂t
. The time-dependent

wave functions are propagated by the Crank-Nicolson method

FIG. 7. Two-dimensional distribution of the wave function for the
initial state: (a) N2, (b) O2.

[36,37] and the photoelectron angular distribution is obtained
by flux analysis [43],

dP

d

=

∫ T +t0

T

dtr2
0 jr (r0,
,t), (A7)

where the radial probability current jr (r0,
,t) of the time-
dependent wave function is written in terms of the B splines
as

jr (r,ξ,φ,t) = 1

2π

1

r2
Im

∑
μ1ν1

∑
μ2ν2

C∗
μ1ν1

(t)Cμ2ν2 (t)Bk
μ1

(r)

×∂Bk
u2

(r)

∂r
(1 − ξ 2)(|m1|+|m2|)/2Bk

ν1
(ξ )

×Bk
ν2

(ξ )ei(m2−m1)φ. (A8)

Since the laser field is parallel to the molecular axis in our
calculation, the magnetic quantum number m is preserved
and m1 is equal to m2 in Eq. (A7). In our calculations, 1200
radial B splines and 20 angular B splines are adopted and
the truncated radial rmax is 1400 a.u. The central frequency of
the laser field is ω = 0.057 a.u. and the pulse duration is 10
cycles. The time step is δt = 0.08 a.u. in our calculation. The
probability current is calculated at a distance r0 = 600 a.u. and
is integrated over time up to t0 = 500 a.u. after the end of the
laser pulse. Convergence is achieved with the above settings.

Initial states of atoms and molecules

For Ar and Xe, the ionization potentials of the initial
3p and 5p states obtained in our calculation are 15.75
and 12.04 eV, respectively, which agree well with the real
ionization potentials of the 3p (15.76 eV) state of Ar and
the 5p (12.13 eV) state of Xe [52]. For N2, assuming the
internuclear distance to be the equilibrium value R = 2.08
a.u., the calculated ionization potential of the initial 3σg orbital
is 15.56 eV. For O2, the internuclear distance is R = 2.28 a.u.
(equilibrium value) and the calculated ionization potential of
the initial 1πg orbital is 12.05 eV. Both are in good accordance
with the real ionization potentials of the 3σg orbital (15.58 eV)
of N2 and the 1πg orbital (12.07 eV) of O2 [52]. The wave
functions of the two molecules are plotted in Fig. 7.
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