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Charge oscillation in multiphoton and tunneling ionization of rare-gas dimers
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We perform a comparison study on strong-field ionization of the rare-gas dimers (Kr2 and Ar2) with their
rare-gas monomers (Kr and Ar) in infrared laser fields at wavelengths of 795 and 1320 nm in the intensity range
of (0.4–2)×1014 W/cm2. The photoelectron longitudinal momentum distributions of the rare-gas dimers reveal
prominent intensity and wavelength dependence. Compared to that of the rare-gas monomers, photoelectrons
obtain smaller drift momentum for multiphoton ionization of the dimers at the same laser intensity. However, in the
tunneling regime, the ionization of the dimers shows similar photoelectron longitudinal momentum distributions
with the monomers at the same laser intensity. We identify that, for multiphoton ionization of the dimers, the
recaptured electrons during rescattering prefer to start charge oscillation in the dimer ions, which is coupled by
the laser field. When the laser field decreases, the charge oscillated electrons will be released and will have less
chance to obtain larger drift momentum from the laser field. The ionization of the dimers in the tunneling regime
behaves much like the ionization of one of the two constituent, nearly unperturbed rare-gas atoms.
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Rare-gas (RG) dimers have attracted considerable research
interest as prototype van der Waals homonuclear molecules.
Because of the extraordinarily large internuclear distances
ranging from 2.97 Å for He2 to 4.36 Å for Xe2 and small
binding energies (e.g., 12 meV for Ar2), they often are treated
as if each atom is nearly independent, which is very different
from those normal hard bonding molecules. Photoionization of
the RG dimers in an intense laser pulse is expected to proceed
with electron delocalization. One of the reasons for the great
interest in photoionization of the RG dimers by x-ray radiation
was that the relaxation via electron emission can arise from
energy or electron exchange between neighboring sites and
result in so-called interatomic Coulombic decay [1,2]. On the
other hand, there is also increasing interest in photoionization
of dimers with intense infrared laser pulses, e.g., two-center
interference [3] and double or multiple ionization [4–6].
Photoionization of molecules by intense infrared laser pulses
is very different from the interaction using x-ray lasers because
the electrons in the outermost orbitals are usually involved. The
study on the ionization of the RG dimers by the infrared laser
fields is highly important for the understanding of strong-field
molecular ionization with much larger internuclear distance.

We study the photoelectron momentum spectra of strong-
field ionization of the RG dimers (Ar2 and Kr2), as well as their
RG monomers (Ar and Kr), at wavelengths of 795 and 1320 nm
in the intensity range of (0.4–2)×1014 W/cm2. Using linearly
polarized laser pulses, we observe that the photoelectron longi-
tudinal momentum distributions (along the laser polarization
axis) of the RG dimers are much narrower than that of the
monomers at the same laser intensity in the multiphoton
regime (γ>1). Here, γ is the Keldysh parameter [7] given
by γ = √

Ip/2Up [Ip: ionization potential; Up = E2
0/4ω2:

pondermotive potential with E0 the laser field amplitude
and ω its frequency; atomic units (a.u.) are used throughout
unless specified]. Instead, in the tunneling regime (γ<1),
the photoelectron longitudinal momentum distributions of the
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dimers and the monomers show similar shape at the same
laser intensity. We identify that, for multiphoton ionization of
the dimers, the recaptured electrons during rescattering will
prefer to oscillate in the potential of the dimer ions mediated
by the laser field after their revisiting. The charge oscillated
electrons will miss the maximum of field strength and will
be released. The electrons will have less chance to obtain
drift momentum from the laser field. In contrast, tunneling
ionization of the dimers is a practical ionization of one of the
two constituent, nearly unperturbed RG atoms. Recollision
probability will decrease because the tunneled electron will
experience a long excursion, and the probability of charge
oscillation in the dimer ions is substantially suppressed in the
tunneling regime.

Experimentally, we used Ti:sapphire laser pulses with a
width of 25 fs at a repetition rate of 3 kHz centered at
a wavelength of 795 nm. We measured fully differential
photoelectron momentum distributions with cold target re-
coil ion momentum spectroscopy (COLTRIMS) [8,9] (for
the principle see [10]) with the photoelectron momentum
resolution �0.02 a.u. along the time-of-flight direction and
�0.05 a.u. along the transverse direction. The Ar2 and Kr2

dimers were naturally produced by the supersonic expansion
of Ar and Kr gases into high vacuum chamber (better than
5 × 10−10 mbar) with a nozzle of 30 μm using a driving
pressure of 2 bars. Weak electric (�3 V/cm) and magnetic
(�5 G) fields were applied along the time-of-flight axis. Ions
and photoelectrons were measured with two position-sensitive
channel plate detectors, respectively. From the time-of-flight
and position on the detectors, the full momentum vectors of
particles were constructed. We measured the photoelectrons
in coincidence with their singly charged parent atomic (or
dimer) ions. To avoid false coincidence signal, we kept the
electron rate below 0.3 per laser pulse. The laser polarization
direction was along the time-of-flight axis. The laser intensity
was controlled with a pair of thin-film polarizers.

Before presenting the experimental results of the RG
dimers, it is highly necessary to study the effect of
the ionization potential on the photoelectron momentum
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FIG. 1. (Color online) (a) The photoelectron longitudinal mo-
mentum distributions of single ionization of Ar, Kr, and N2 in linearly
polarized laser fields at the intensity of 1.2 × 1014 W/cm2 at 795 nm
(γ�1.04 for Ar). (b) The transverse momentum distributions of single
ionization of Ar, Ar2, and N2 in a circularly polarized laser field at
the intensity of 2.5 × 1014 W/cm2 at 795 nm (γ�1.02 for Ar).

distributions because the RG dimers have ionization poten-
tials close (i.e., an energy difference less than 2 eV) to
those of the monomers. We first measured the photoelectron
longitudinal momentum distributions of single ionization of
Ar (Ip = 15.76 eV) and N2 (Ip = 15.58 eV) using the
mixture gas Ar/N2 at the same laser intensity of 1.2 ×
1014 W/cm2 (γ�1.04 for Ar). As shown in Fig. 1(a), the
overall photoelectron momentum distributions show a very
similar shape in linearly polarized laser pulses (795 nm,
25 fs) at the same laser intensity for those targets with close
ionization potentials. Whether increasing or decreasing the
laser intensity, the overall shape of photoelectron longitudinal
momentum distributions of Ar and N2 at the same laser
condition does not change too much [10]. Those results
can be well understood within the scenario of strong-field
approximation (SFA) [11,12]. The longitudinal momentum
distribution is expected to reveal the same shape since the
photoelectron longitudinal momentum is only determined by
the laser field. The slight difference of ionization potential has
less evident effect on the overall momentum distribution. For
instance, for Kr atoms with a lower ionization potential of
�14.0 eV, the overall momentum distribution [black curve in
Fig. 1(a)] also shows similar shape at the same laser intensity,
as compared with that of Ar and N2.

The ionization potential of Ar2 is �14.52 eV [13], which
is in between that of Kr and Ar. With the above discussion
in mind, it seems reasonable to expect that the overall
photoelectron longitudinal momentum distributions of Ar2

would reveal distribution similar to Ar. However, as seen
in Fig. 2(a) for the measured momentum distributions of
single ionization of Ar2/Ar at 795 nm in the intensity range
of (0.4–2) × 1014 W/cm2, the photoelectron longitudinal
momentum distribution of the dimers is much narrower than
that of the monomers at the same laser intensity. Decreasing
the laser intensity, the difference is more evident. The narrower
longitudinal momentum distributions imply that the photoelec-
trons emitted from multiphoton ionization of the dimers do not
obtain drift momentum as large as that of the monomers from
the laser field at the same intensity. The phenomenon is also
observed for the targets of Kr/Kr2 (Kr2: Ip = 12.87 eV [14])
in multiphoton ionization, as seen in Fig. 2(b).
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FIG. 2. (Color online) The photoelectron longitudinal momen-
tum distributions of Ar2/Ar (left column) and Kr2/Kr (right column)
in linearly polarized laser fields at the intensity range of (0.4–2) ×
1014 W/cm2 at 795 nm. Above-threshold ionization peaks are clearly
observed in longitudinal momentum spectra for RG atoms (e.g., see
the right bottom figure). The Keldysh parameters for Ar and Kr atoms
are labeled at the right top corner in each panel.

For the atoms with much higher ionization potentials,
i.e., Ne and He, the longitudinal momentum distributions are
much narrower than those of RG atoms with lower ionization
potentials at the same laser intensity because of strong
Coulomb attraction on photoelectrons after the tunneling [15].
The narrower momentum distributions of the dimer ions may
simply imply that the “appearance ionization potential” of
the dimers is much larger than that of the monomers in the
multiphoton regime.

To test this hypothesis, we further measured the ionization
rate of the dimers and the monomers with respect to the laser
intensity. We found that the ratio of RG2

+/RG+ increases
slightly with decreasing the laser intensity. For example,
for a 795-nm laser pulse, the rate ratio of Ar2

+/Ar+ is
about 0.15 at the intensity of 0.4 × 1014 W/cm2 and it is
about 0.08 at the intensity of 2 × 1014 W/cm2. Since the
concentration of the dimers in the supersonic gas is �10% of
atoms, the ionization rate of the dimers is really comparable
with that of the monomers at the same intensity. Thus, the
narrow momentum distribution does not result from the “larger
appearance ionization potential” because the ionization rate
will exponentially decrease with increasing the ionization
potential according to the tunneling theory [16].

At 795 nm, increasing the laser intensity to the tunneling
regime, the difference of momentum distributions between
the dimers and the monomers becomes less evident. To
investigate tunneling ionization of the dimers, we further
produced linearly polarized 1320-nm radiation generated by an
optical parametric amplification (OPA) system. The estimated
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FIG. 3. (Color online) The photoelectron longitudinal momen-
tum distributions of Ar2/Ar (left column) and Kr2/Kr (right column)
in linearly polarized laser fields at the intensity range of (0.4–2) ×
1014 W/cm2 at 1320 nm. The Keldysh parameters for Ar and Kr
atoms are labeled at the right top corner in each panel.

pulse duration was about 30–35 fs. Using linearly polarized
1320-nm radiation, we have also measured the photoelectron
longitudinal momentum distributions of Ar/Ar2 and Kr/Kr2

at the same laser intensity, as shown in Figs. 3(a) and 3(b),
respectively. One can observe that photoelectrons of the dimers
in the tunneling regime achieve similar longitudinal momenta
as compared with those of the monomers.

In order to look into pure tunneling effect, we also
measured the transverse momentum for Ar, N2, and Ar2

in circularly polarized laser fields using the mixture gas of
N2/Ar at 795 nm at the intensity of 2.5 × 1014 W/cm2

(γ�1.02 for Ar). We have two purposes for using circularly
polarized laser fields: (i) The effect of electron recollision [17]
is substantially suppressed; (ii) the momentum distribution
perpendicular to the polarization plane can directly reflect
the ionization potential and the laser field. According to
the tunneling model [16], the momentum transverse to the
laser field is predicted with a distribution of exp(−p2

⊥/σ 2)

(the width is given by σ⊥ = [|−−→E(t)|/√2IP ]1/2). As shown in
Fig. 1(b), in circularly polarized fields, the difference of the
transverse momentum distributions of Ar, N2, and Ar2 is less
evident although the electronic structure of those targets is
dramatically different.

Obviously, electron recollision plays a decisive role in
strong-field ionization of the dimers in linearly polarized
light fields. As is known, one of the natural consequences
of electron recollision in linearly polarized fields is frustrated
ionization [18,19], in which a fraction of tunneled electrons
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FIG. 4. (Color online) The potential curves of the lowest states
for Ar and Kr dimers and their dimer ions. The shaded area represents
the Franck-Condon region of the neutral ground states.

can be recaptured by the ionic potential mediated by the
laser field [20]. The recaptured probability will decrease with
increasing the laser intensity and the wavelength because the
returned electrons will obtain a larger momentum from the
laser field and experience a long excursion before recollision.

For strong-field ionization of atoms, the recaptured elec-
trons are mostly stabilized in Rydberg states. However, for
strong-field ionization of the RG dimers with larger internu-
clear distance, the recaptured electrons can move easily in the
potential of the dimer ions coupled by the linearly polarized
laser field. In order to understand ionization dynamics of
the dimers, we illustrate the potential energy curves of the
lowest states of Ar2

+/Ar2 and Kr2
+/Kr2 in Figs. 4(a) and 4(b),

respectively. The potential curves are taken from [21]. Because
the equilibrium internuclear distances of the dimer ions are
much less than those of the neutral dimers, the Franck-
Condon region is unfavorable for the transitions to the lowest
vibrational levels of the ground state of the dimer ions. Since
the motion of electrons occurs in a time scale much shorter
than the nuclear motion (vibration and rotation), electron
dynamics is more relevant in ultrashort laser pulse. In the
Franck-Condon region, the energy splitting for the allowed
transition among the ionic states is in a range of 0.5–1 eV
at such a large internuclear distance. Therefore, when the
recolliding electrons are captured by the dimer ions, charge
spreading will happen, starting the oscillation among the ionic
states. The situation is much like charge resonance enhanced
ionization (CREI) of H2

+ at a larger internuclear distance of
�7–10 a.u. [22]. Differently, it does not need much time to
reach such larger internuclear distance for the dimer ions.

When the dynamic evolution of an excited electron is in-
duced in the dimer ions, the outcome will certainly have an in-
fluence on the final photoelectron momentum distribution. The
estimated period of the charge oscillation is about 4–8 fs, which
is much longer than the period of the laser pulse (2.7 fs for
800 nm). The electrons will be trapped in the charge oscillation
states of the dimer ions and do not follow the laser field. There-
fore, photoelectrons of multiphoton ionization of dimers have
less chance to obtain drift momentum from the laser field. For a
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long-wavelength pulse, the charge oscillation period is close to
the laser period (4.4 fs for a 1320-nm laser). The electrons can
follow the laser field and will finally acquire larger longitudinal
drift momentum from the laser field. In this case, tunneling
ionization of the dimers behaves much like the ionization of
one of the atomic constituent, nearly unperturbed RG atoms.

In the multiphoton regime, electron recapture will facilitate
the charge oscillation in the dimer ions. Increasing the laser
intensity, i.e., in the tunneling regime, the recapture probability
decreases because the recolliding electrons pick up much
energy from the laser field. The recolliding electrons have
less chance to be recaptured, and will not facilitate the charge
oscillation in the dimer ions. The electrons can follow the
laser field to achieve much drift momentum. Using a long-
wavelength laser pulse, the probability of electron recapture
into the dimer ions also decreases because the tunneled
electrons have a long excursion before recollision. Thus,
tunneling ionization of the RG dimers behaves similarly as
the RG atoms because the charge oscillation probability is
suppressed. Increasing the laser ellipticity, such discrepancy
also becomes less because the recapture probability decreases.

The narrower longitudinal momentum distributions ob-
served in multiphoton ionization of the dimers can be basi-
cally understood within the picture of the charge oscillation
facilitated by the recapture of recolliding electrons in linearly
polarized fields. This will give rise to three important out-
comes. First, when the field strength decreases, the electron in
charge resonant states is not stable, and will release because it
is far from the ionized atom and misses the peak laser field. The
electrons can achieve less drift momenta from the laser field,
resulting in narrower longitudinal momentum distributions.
Second, the recaptured electrons in the charge oscillation states
will significantly blur above-threshold ionization peaks [23]
(for details see [24]). As seen in Fig. 2, above-threshold
ionization peaks of dimers are not prominent as compared
with those of atoms. Third, the electrons in the charge resonant
states coupled by strong laser fields will counteract the dimer
dissociation through the channel of RG2

+ → RG+ + RG
when the internuclear distance of the dimer ions shrinks to

the equilibrium position (e.g., 2.48 Å for Ar2
+ and 2.77 Å for

Kr2
+). For the hard bonding molecules, it is more reasonable

to expect a larger probability of molecular dissociation at such
larger internuclear distance. Indeed, there are a large amount
of stable dimer ions RG2

+ (>90%) remaining in the laser
fields for single ionization of dimers. This indicates a form
of molecular stabilization at large internuclear distance, akin
to the dressed state of molecular stabilization to suppress the
dissociation [25].

One should note that, for tunneling ionization of Kr2 at
1320 nm, the photoelectron momentum distribution is slightly
narrower than that of Kr. The observation suggests that the
spin-orbit coupling effect [14] may have an important effect
on strong-field ionization of Kr dimers because it will induce
a larger energy splitting of those ionic states. Besides that,
the larger internuclear distance of Kr2 compared to Ar2 may
also play a role. Both those effects will increase the charge
oscillation period for Kr2.

In summary, we have investigated the wavelength, intensity,
and ellipticity dependence of strong-field ionization of the
RG dimers, i.e., Ar2 and Kr2. In the multiphoton ionization
regime, the longitudinal drift momentum distributions of the
RG dimers are much narrower than that of the RG atoms at the
same laser intensity. Instead, in the tunneling regime, the pho-
toelectron longitudinal momentum distributions of the dimers
and the monomers show similar momentum distributions at
the same laser intensity. We verify that tunneling ionization
of dimers is mainly through the ionization of one of nearly
independent “atoms.” The charge oscillation facilitated by
electron recollision dominates multiphoton ionization of the
dimers. Our qualitative explanation sheds light on strong-field
ionization of molecules with larger internuclear distance.
Our findings bring both challenges and opportunities for
quantitative models for strong-field ionization of dimers.
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