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Double-ionization mechanisms of the argon dimer in intense laser fields
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We have measured the two-site double ionization of argon dimers by ultrashort laser pulses leading to
fragmentation into two singly charged argon ions. Contrary to the expectations from a pure Coulomb explosion
following rapid removal of one electron from each of the atoms, we find three distinct peaks in the kinetic energy
release (KER) distribution. By measuring the angular distribution of the fragment ions and the vector momentum
of one of the emitted electrons for circular and linear laser polarization, we are able to unravel the ionization
mechanisms leading to the three features in the KER. The most abundant one results from tunnel ionization at
one site followed by charge-enhanced tunnel ionization of the second atom. The second mechanism, which leads
to a higher KER we identify as sequential tunnel ionization of both atoms accompanied by excitation. The third
mechanism is present with linearly polarized light only. It is most likely a frustrated triple ionization, where the

third electron does not escape but is trapped in a Rydberg state.
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I. INTRODUCTION

The attractive van der Waals force gives rise to bound
states for diatomic molecules of all noble gases. For argon
dimers a binding energy of 12.3 meV (99.2 cm™!) and an
equilibrium internuclear distance of Ra,, = 3.761(3) A have
been determined [1,2]. Due to its large internuclear distance the
overlap of the atomic orbitals is negligible and outer electrons
stay localized at their nucleus in contrast to covalently bound
molecules. From the electronic structure point of view, rare-
gas dimers resemble very closely two separated neighboring
atoms.

This feature makes rare-gas dimers a very attractive species
for the study of their interaction with strong laser fields. The
multiple-ionization dynamics can be compared to the much
studied atomic case (see [3,4] and references therein) and yet
phenomena found typically in molecular photo ionization can
be expected as well. In the present article we focus on two-
center double ionization of the argon dimer and try to unravel
by which mechanisms two Ar™ ions are created in the laser
field. The atoms in these van der Waals molecules are ionized
and the repulsion of the charges induces Coulomb explosion.
For the most simple case of two-point charges the kinetic
energy release (KER) is inversely proportional to the distance
between the atoms.

Double ionization of atoms in a laser field can proceed
sequentially by two independent interactions with the laser
field or alternatively in a nonsequential manner. For argon
atoms at the intensities used here it is well established
that nonsequential double ionization proceeds mainly via
rescattering [5]. For molecules, Seideman et al. [6] has shown
that there is a qualitative new mechanism for double ionization.
When the electric field of a laser pulse is aligned along the
internuclear axis it bends the molecular potential in such a way
that there is an enhanced probability of one of the electrons to
tunnel out over the internuclear barrier. The effect was called
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charged-resonance-enhanced ionization (CREI) by Zuo and
Bandrauk [7] and is observed for longer bond lengths during
the dissociation process in the hydrogen molecule. The bond
lengths where CREI is observed are similar to the bond lengths
of the neutral argon dimer and therefore a similar effect could
be expected. CREI has a strong angular dependence, as the
highest probability is found when the molecular axis is parallel
to the electric-field vector [8].

In our experiment we detected the vector momenta of both
ions and one of the electrons in coincidence. We will describe
this in more detail in the experimental section. This multiple
coincidence measurement gives us a wealth of information
on the ionization processes. One of the most striking and
surprising findings which we will describe in the results
sections are three distinct peaks in the KER. They show that
a simple Coulomb explosion is not the only fragmentation
process in the strong field. In the discussion section we compile
all our experimental evidences, like angular distributions of
ions and electrons, to unravel the three different mechanisms
leading to these peaks.

II. EXPERIMENT

A femtosecond multipass amplified Ti:sapphire laser (KM-
Labs Dragon) is employed for double ionization of argon
dimers with a mean wavelength of 790 nm at 8§ kHz
repetition rate and a temporal pulse width of 35 fs. The
laser polarization was modified by a half-wave plate and a
quarter-wave plate to rotate the linear polarization and switch
to circular polarization, respectively. The laser beam was
focused by a parabolic mirror with a 7.5-cm focal length onto
a supersonic gas jet. The laser peak intensity was determined
by the ratio of Ar>*/Art [9] and the branching ratios of
HI dissociation channels [10] for linear polarization and by
measuring the electron momentum for the case of circularly
polarized light [11].

We used a standard cold target recoil ion momentum
spectroscopy (COLTRIMS) setup described in detail in [12,13]
to measure the three-dimensional (3D) momentum vectors of
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electrons and ions in coincidence. Electrons and ions were
guided by a homogenous electric field of 8 V/cm and a
magnetic field of 6.4 G toward two time- and position-sensitive
detectors consisting of multichannel plates and a multihit-
capable delay-line anode for position readout. On the electron
side we used a so-called Hexanode detector featuring three
delay-line layers to improve the multihit performance [14].
From the time-of-flight (TOF) and the position of impact on
the detector the 3D momentum vector was obtained for each
particle.

As a source for argon dimers a supersonic jet was generated
by driving argon gas through a 30-pum nozzle at a pressure
of 2 bar. The supersonic jet entered the interaction chamber
through a skimmer 0.3 mm in diameter. The parameters of our
supersonic expansion were chosen such that most of the beam
consisted of monomers with a fraction of about 1%—-2% of
dimers and a much smaller fraction of larger clusters. Laser
power was adjusted to yield an intensity of 3 x 10'* W/cm?
for linearly polarized light such that only about 2 ions per
shot were created. For circular polarization, intensity was
tuned to obtain the same peak field strength as for linear
polarization. Most measured ionization events were caused by
Ar monomers. To distinguish Coulomb exploded Ar, clusters
from random coincidences of two monomers created in the
same pulse, we restricted the kinetic energy release of the
fragments to be >1 eV in the off-line analysis. In addition,
for a two-ion coincidence event to be valid, we required
the center-of-mass momentum of the ions to be |pem| <
10 a.u. This procedure also allowed us to suppress background
from trimer events where only two ion fragments were
detected.

The photo-ion photo-ion coincidence (PIPICO) spectrum
in Fig. 1 gives an overview of all ion species detected with
linear polarization at an intensity of 3 x 10'* W/cm?. In
this spectrum all combinations of two charged fragments
measured in coincidence are shown by plotting the time-of-
flight of the first ion versus the time-of-flight of the second

—_
o
o
o
o

10°

©
o
o
o

10*

10°

102

Recoil time of flight 2 [ns]

6000

a
o
o
o

o T R R B m -
5000 6000 7000 8000 9000 10000 1

Recoil time of flight 1 [ns]

FIG. 1. (Color online) The photo-ion photo-ion coincidence
(PIPICO) spectrum for an argon dimer in linear polarized light at
an intensity of 3 x 10" W/cm?. The Art-Art breakup is the most
efficient decay channel. The corresponding spectrum from circular
polarization looks the same.
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ion. The spectrum reveals a strong yield along a curved
line corresponding to the symmetric Ar™-Ar" breakup as
well as two crossing lines corresponding to the asymmetric
Ar**-Ar* breakup. The remaining vertical and horizontal lines
are due to random coincidences resulting from the detection
of two ions created during a single laser pulse but coming
from residual gas and argon monomers. In this article we
will focus on the Art + Ar™ two-center double ionization
channel.

III. RESULTS

In Fig. 2 we show a density plot of the magnitude of the
vector momentum sum corresponding to the two Ar* ions
versus their KER. This spectrum allows us to distinguish real
coincidences from random ones and select only the former for
further analysis. If two ions originate from the same argon
dimer, their sum momentum will be close to zero and their
KER resulting from Coulomb explosion will be higher than
1 eV. Thus, real coincidences lie in a stripe near zero sum

10°

10*

10°

107

10

=2 I!!!HI'I'!! L
0 10 20 30 40 50 60 70 80 90 100

Magnitude of vector sum of two ion momenta [a.u.]

1

10°

10*

10°

KER[eV]

102

10

1

10 20 30 40 50 60 70 80 90 100
Magnitude of vector sum of two ion momenta [a.u.]

FIG. 2. (Color online) Density plot of the magnitude of the
vector momentum sum of the two Ar" ions versus their KER for
linear polarization (upper panel) and circular polarization (lower
panel). Coincident Ar™ ions are situated close to zero and thus real
coincidences can be distinguished from random ones.
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FIG. 3. KER distribution of Art ions for the case of linear
polarization and an intensity of 3 x 10" W/cm? (left panel) and
for circular polarization with the intensity adjusted to the same peak
field strength (right panel). For linear polarization three distinct peaks
can be distinguished at 3.8, 5.3, and 7.3 eV, whereas for circular
polarization the highest KER peak at 7.3 eV disappears.

momentum. However, we are unable to completely exclude
contamination by Ar; dissociating into two singly charged
and a neutral argon atom with very small momentum. These
events appear as a stripe at 3.9 eV and are located in the area
marked with a “d.”

The upper panel of Fig. 2 shows the results for linearly
polarized light. The spectrum reveals three features, marked
“a,” “b,” and “c,” originating from dimer breakup. On the
lower panel the same plot is shown for circular polarization.
It is immediately visible that the feature “c” with the highest
energy in the case of linearly polarized light disappears for
circularly polarized light whereas the other peak structures
remain unchanged.

In Fig. 3, the KER distribution for linear polarization (left
panel) and circular polarization (right panel) are shown. These
are extracted from Fig. 2 by selecting only events with a
center-of-mass momentum of <10 a.u. Both distributions are
normalized to the respective number of singly ionized argon
atoms for comparison. We present the number of observed
events for distinct channels in Table I. In order to make the
data for linearly and circularly polarized light comparable, we
normalize all values to the number of Ar™ from monomers
detected with linear polarization. The KER distribution from
linear polarization shows three peaks, with the dominant peak
at 3.8 eV and two weaker peaks at 5.3 and 7.3 eV. Again,
the same dominant peak at 3.8 eV is observed for circularly
polarized light, but only the weaker peak at 5.3 eV appears and
the highest KER peak at 7.3 eV has disappeared compared to
the linearly polarized laser light.

TABLE I. Comparison of ion yields from circularly and linearly
polarized light. All values were normalized to the yield of Ar"
monomers from linearly polarized light.

Ions Linear Circular Ratio
Ar™ monomer 3679 059 3679 059 =1
Ar** monomer 161 461 11348 ~14.23
Art + Art total 80315 71 801 ~1.12
Ar™ + Ar* channel a 76 913 70212 ~1.10
Art + Ar* channel b 2839 1589 ~1.80
Art + Art channel ¢ 563 - -
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FIG. 4. Polar plots of angular distributions of Ar™-Ar™ for
the corresponding peaks (a—c) of Fig. 3. All channels exhibit an
enhanced ionization probability along the polarization direction.
Before ionization, the angular distribution of dimer axes is isotropic.
The ionizing radiation is linearly polarized along the horizontal
axis.

The three distinct channels observed in the KER distribution
of Fig. 3 will be discussed independently in the following
section. However, before proceeding to the discussion, the
polar plots of the ion angular distribution are presented
for each KER peak for linear laser polarization in Fig. 4
with the polarization oriented horizontally. The three angular
distributions show a preferential direction for the dimer to
break up in parallel with the laser polarization vector. Note
that the laser pulse is 35 fs, which is too short for an alignment
of the argon dimer to occur.

IV. DISCUSSION

A. Peak (a)

The KER of peak (a) is consistent with Coulomb explosion
of two-point charges starting from the ground-state internu-
clear distance of the argon dimer. Assuming a 1/R potential
we obtain an internuclear distance of 3.9 A for peak (a). This
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is very close to the equilibrium bond length of the neutral
dimer. Hence, the ejection of the two electrons must occur via
a fast process that does not give the nuclei significant time to
move.

In the following we discuss the nature of this ultrafast
double-ionization process. For atoms, double ionization is
known to proceed in either a sequential or a nonsequential
way mediated by rescattering [5]. In the rescattering scenario
one electron is tunnel ionized, accelerated, and driven back by
the optical field to its parent ion where it knocks out a second
electron in an (e,2e) type collision. There are three well-
established signatures allowing one to distinguish sequential
double ionization from rescattering. First, rescattering leads to
a kneelike structure in the intensity dependence of the double-
ionization rate [15]. We have not measured the intensity
dependence of the signal in peak (a) and hence cannot use
that signature. However, the intensity of our experiment is
in the range where rescattering double ionization is significant
for argon monomers [9]. Second, rescattering-mediated double
ionization shows a strong polarization dependence [16], since
the laser-driven electron trajectories return to the parent ion
only for a linearly polarized field. Third, rescattering-induced
double ionization leads to a “double hump” structure in the
momentum component of the doubly charged ion parallel to
the laser field [9,17,18]. These high momenta result from the
doubly charged ion being created close to the zero crossing of
the field, when the recolliding electrons have their maximum
energy.

Signature two and three both show that double ionization
of the monomer at our intensities does proceed via rescattering
(see also, e.g., [9]). The Ar’** rate of the monomer shows a
very strong elipticity dependence (Table I) and the parallel
momentum shows the characteristic “double-hump” structure
(Fig. 5, blue dashed line). In contrast to that, the two-center
double-ionization peak (a) of the dimer does not show
any significant polarization dependence (Table I), ruling out

1600

1400

1200

1000

counts

800

600

400

200

0 R P P P deordorl

6 -4 -2 0 2 4 6
sum momentum [a.u.]

FIG. 5. (Color online) Blue dashed line: Spectrum of the ion
momentum of the Ar’** monomer projected onto the z axis (along
the polarization direction) for linearly polarized light. The double-
hump signature of Ar** indicates nonsequential ionization; the sum
momentum of the argon dimer shows strong evidence for sequential
ionization. Black solid line: Sum of the coincident Ar* ion momenta
of the argon dimer projected onto the z axis.
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rescattering. This conclusion is supported also by the parallel-
ion sum momentum shown in Fig. 5 by the black solid line.
It is a Gaussian centered at zero with a width much narrower
than that of the doubly charged monomer. The peak located
at zero shows that both electrons are set free close to the
maximum of the oscillating field, as is typical for sequential
tunneling [9].

Having established sequential tunneling as the mechanism
producing peak (a), we now investigate if this sequential
tunneling is influenced by the two-center geometry of the
dimer. Figure 4 shows that the dimer double-ionization
probability is strongly enhanced if the dimer axis is aligned
along the polarization direction. For the first ionization step
we do not expect any significant dependence on the molecular
axis, as the two atoms have negligible electronic overlap and
the electronic structure is very close to that of two argon atoms.
The removal of the second electron is, however, significantly
influenced by the neighboring ion. Such a behavior is known
from enhanced ionization or CREI [7]. The ionization of the
atom proceeds by tunneling through the barrier created by the
atomic potential and the laser field. This barrier is significantly
lowered and hence the tunneling increased if a positively
charged particle is located on the lower potential side of the
field. This enhanced ionization process is highly directional
and works only if the molecular axis is parallel to the laser
field. Our Fig. 4 shows this behavior.

A second experimental approach to see that directionality
of the electron ejection for enhanced ionization is to investigate
the electrons directly for the case of circularly polarized
light [19]. In the case of circular polarization, the direction
of the final electron momentum is (in a simplified model)
perpendicular to the electric field of the light at the instant
of tunneling. The angular distribution of the final electron
momenta in the molecular frame therefore provides informa-
tion about the angular-dependent ionization probability. In
Fig. 6 we show the angular distribution of electrons in the
molecular frame for circular light. The internuclear axis of
the argon dimer lies horizontally, as depicted by the icon. The
distribution exhibits a strong enhancement perpendicular to
the dimer axis. As the electronic overlap between the atoms is
negligible, the ionization of the first electron will not depend
on the axis. In Fig. 6 the angular distribution of the first electron
reaching the detector is plotted. Concerning the two steps of
the ionization process, this has an equal contribution of “first”
and “second” tunneled electrons. Thus, the distribution shown
in Fig. 6 consists of 50% isotropically distributed first electrons
and 50% second electrons. Only the latter cause the observed
anisotropic structure maximizing at 90°. In the lower right
panel of Fig. 6 we subtracted the isotropic contribution of
the first electron. This electron angular distribution supports
the conclusion drawn previously, that the second ionization
step proceeds most efficiently at instances when the rotating
electric field is parallel to the molecular axis, providing
a clear signature of enhanced ionization. We note that
the electron distribution is slightly tilted from the normal to
the molecular axis. This is an indication of a limitation of the
simplified model which neglects the influence of the Coulomb
charge on the electron trajectories. It is the joint action of the
Coulomb charge and the rotating laser field which leads to the
tilt [20].
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FIG. 6. Angular distribution of one of the two electrons in the
molecular frame for circularly polarized light. The emission of
the electrons is strongly enhanced when the rotating electric field
is parallel to the molecular axis leading finally to an electron
angular distribution that peaks perpendicularly to the dimer axis.
Upper panel, the dashed line indicates the isotropic contribution
of the electron removed first; lower left panel, polar plot of the
same data; lower right panel, polar plot of the angular distribu-
tion after substraction of the isotropic contribution of the first
electron.

B. Peak (b)

Assuming an instantaneous Coulomb explosion of the
argon dimer we obtain an internuclear distance R of 2.8 A
for the second KER peak (b) in Fig. 3. This is significantly
less than the equilibrium bond length and impossible to reach
within a 35-fs laser pulse for an argon dimer starting to contract
from its equilibrium bond length [21]. In the following we
discuss three possible mechanisms which could produce the
surprisingly high KER of peak (b).

(1) Interatomic Coulombic decay (ICD). Single-center
ionization plus excitation followed by emission of a second
electron via ICD after contraction of the dimer. In this case the
final dissociation of the Art-Art would occur on a potential
energy curve of approximately 1/R shape, but from a distance
smaller than the Ar, equilibrium.

(2) Radiative charge transfer (RCT). Single-center dou-
ble ionization followed by RCT after contraction of the
dimer. As in ICD, the final dissociation of the Art-Ar*
would occur on a potential energy curve of approximately
1/R shape, but from a distance smaller than the Ar,
equilibrium.

(3) Two-center ionization to a highly excited state (excita-
tion). In this case the final dissociation would occur from the
equilibrium distance but along a potential curve much steeper
than 1/R.

PHYSICAL REVIEW A 82, 013412 (2010)

We will show that our data allow one to conclusively rule
out ICD leaving the RCT and the production of highly excited
Art*-Art as possible scenarios.

We first discuss the ICD scenario. ICD is a prominent decay
channel in loosely bound systems predicted first in pioneering
work of Cederbaum and co-workers [22]. In this process an
excited ion relaxes by transferring its energy via a virtual
photon exchange to a neutral neighbor where this energy leads
to ejection of an electron. ICD is well established for rare-gas
clusters (see, e.g., [23-27]). The intermediate singly charged
excited dimer potential energy curves are often attractive
and ICD is preceded by contractive nuclear motion [27-30].
Therefore the kinetic energy release after ICD is often higher
than what one would expect from Coulomb explosion from
the neutral dimer internuclear distance. Due to the heavy mass
of Ar, the contraction necessary to result in the observed KER
would, however, take much longer than the duration of the
laser pulse. So, in the ICD scenario the ICD electron would
be emitted after the laser pulse has faded away. To test this
experimentally, in Fig. 7, we plot the electron momentum
distribution recorded in coincidence with KER peak (b) using
circularly polarized light. In a circularly polarized laser field
the electrons that are set free during the pulse are driven
by the field. They acquire a drift momentum in the plane
of polarization [31] and end up on a donut-shaped region
in momentum space. They can easily be distinguished from
electrons that are released when the laser pulse has already
faded away. Figure 7 shows this donut-shaped structure,
suggesting that all electrons are set free during the pulse,
definitely ruling out the ICD scenario for peak (b). This
conclusion is also supported by the preferential breakup along
the polarization vector for linear polarized light [Fig. 4(b)]. In
the ICD scenario the laser field would have to act only on one
atom; therefore no orientation dependence would be expected.
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FIG. 7. (Color online) Density plot of the electron momentum
correlated with peak (b) in Fig. 3 projected into the plane of circular
polarization. The observed donutlike shape is a clear signature of the
rotating laser field.
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In the second scenario of RCT the laser field would first
create Ar’*-Ar. The transfer of one electron then occurs via the
overlap of the two electronic wave functions involved [32-34].
Therefore the transfer rate increases exponentially with de-
creasing R. Due to a charge-induced dipole interaction the
Ar>*-Ar exhibits an attractive potential causing the dimer
to shrink before—at some smaller internuclear distance—
the charge transfer finally leads to a Coulomb explosion.
This process has been previously observed in a synchrotron
radiation experiment by Saito ef al. [33,35]. There a one-site
doubly charged Ar**(3p~2)-Ar state decays into a two-site
Art3p~h-Art(3p~!) + hv giving rise to a kinetic energy
release of 5.24 to 4.6 eV and a corresponding R of 2.75 to
3.10 A [21].

We expect the one-site doubly ionized argon dimer to
underlie the same double-ionization mechanism as the Ar?*
monomer since their ionization thresholds are almost equal
(43.46 eV for the Ar>* monomer). As discussed previously,
in the intensity regime of our experiment, rescattering is more
effective than the sequential double ionization, as the double-
hump structure in Fig. 3 and the polarization dependence
(Table I) show. In comparison to the monomer, however,
Table I shows only a very weak polarization dependence
of KER peak (b), ruling out the nonsequential ionization
being the precursor for the one-site doubly charged argon
dimer. This again is in line with the observed orientation
dependence [Fig. 4(b)]. As for the rescattering mechanism,
no orientation dependence would be expected. Manschwetus
and coworkers [36] suggest a process of laser induced charge
transfer in the dimer which produces a one-site double excited
state which than decays via RCT giving rise to peak (b). This
scenario is consistent with our data.

We now discuss the excitation scenario. Here two-center
ionization would have to be accompanied by excitation to
a potential energy curve which is much steeper than 1/R
so that dissociation starting at the ground-state equilibrium
distance still produces a higher KER. We did not find published
potential energy curves for such highly excited states in the
literature, but as the excitation increases toward the triple-
ionization threshold, the shape of the repulsive potential energy
curves approaches a 2/ R slope. Thus there could exist one or
several states of the type Ar™-Ar™ which produce the kinetic
energy release of peak (b).

What is a possible scenario which does not only lead
to two-center double-electron emission but to additional
excitation? First the excitation could be produced by inelastic
recollision of one of the two electrons. As Table I shows
there is a small but significant elipticity dependence of peak
(b) which indicates that some of the rate of peak (b) is
indeed produced by rescattering. However, judging from the
elipticity dependence, there must be a second pathway which
is open also with circular light. One possibility is that the
tunneling of one of the two electrons does not occur from
the highest occupied molecular orbital (HOMO) but from a
deeper lying orbital. There is increasing evidence that such
processes do play arole [37]. Alternatively the excitation might
be created by shake-up accompanying tunneling as recently
reported [38,39]. A further possibility would be that one of
the tunneled electrons undergoes an inelastic collision at the
neighbor atom on the way out of the dimer. However, the
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FIG. 8. (Color online) Momentum correlation between the two
emitted electrons for circularly polarized light. The time-of-flight
momentum component of the first electron is plotted versus the
same momentum component of the corresponding second electron.
Electrons that are emitted at the same instant need to have the same
sign of their momenta.

energy of an electron accumulated in the field over a distance
of 3 A is about 18 eV, barely enough for the excitation which
is required. So, if such a process is active the inelastic collision
would probably have to be laser assisted, that is, with the need
to additionally absorb some photons from the field.

From our data we therefore cannot conclusively identify the
mechanism. We can, however, confirm that the two electrons
are set free sequentially during the pulse. This is demonstrated
by Fig. 8, which shows a correlation map of two electrons
measured for circularly polarized light. On the horizontal axis
one momentum component (along the time-of-flight axis) of
the first electron (pl;) is plotted and on the vertical axis
the corresponding distribution for the second electron (p2,)
is plotted. We calculated the momentum component for the
second electron from momentum conservation including both
argon ions as well as the measured electron. This spectrum
confirms that there is no time-fixed correlation between the
two electrons, both of which show a donut-shaped momentum
distribution. They are freed at independent times during the
pulse. For comparison, the case of nonsequential double
ionization of atoms in linear polarization, the corresponding
spectrum, shows peaks in the first and third quadrant [40].
In the rescattering case both electrons are set free upon
recollision at the same instant of time and hence receive the
same momentum transfer from the field.

C. Peak (¢)

The most striking feature of the highest KER peak, peak (c),
is its absence in the case of circularly polarized light. Hence,
we suspect the dynamics of the electronic wave packet in the
field to play a significant role in the process leading to that
peak.
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For the interpretation of the kinetic energy release at first
conclusions similar to those for peak (b) apply: It cannot
result from a Coulomb explosion of two singly charged ions
on an 1/R potential. As the KER is approximately doubled
compared to peak (a) the ionization rather has to lead to a
potential curve falling like 2/R. Still the fragmentation of the
argon dimer is into two singly charged ions. All highly excited
Rydberg states, for which the radius of the orbit of the excited
electron is larger than the internuclear distance, will have the
required shape of the potential energy curve. The first step
producing these states would be the two-site tunnel ionization
as for peak (a). Then a third electron would tunnel out via
enhanced ionization but would be recaptured upon recollision
in a Rydberg state. Tunneling with subsequent trapping of the
electron in a highly excited Rydberg state has been recently
observed [41]. In this process the electron tunnels through the
barrier of the nucleus and can be recaptured in the Coulomb
field of the nuclei if the drift energy gained from the laser
field is not sufficient for a subsequent ionization [42]. For
that mechanism it is mandatory that the laser field is already
considerably weakened enabling the excited state to survive.
The capture of free electrons in a decreasing laser field is also
possible [43]. When an electron is driven back to its parent ion
at the tail of the fading pulse its drift energy can be too low
to finally escape the Coulomb potential. As the kinetic energy
of an electron acquired in circular polarization is independent
from the phase and too large to trap the electron, this process
does only occur for linearly polarized light. It was termed
frustrated tunnel ionization and has been observed in He and
H, by measuring the excited neutral fragments [41-43].

As indicated in Fig. 1 we also observe the Ar**-Art
breakup channel, showing clear evidence that the ArgJr ion-
ization is possible. It is a precursor for the process underlying
channel c.

The angular distribution of the ions [Fig. 4(c)] further
confirms our assumption as it is strongly enhanced along the
polarization direction. The first ionization step, proceeding
via tunneling, is expected to be isotropic, whereas the second
tunnel ionization is enhanced along the polarization direction.
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As the third step is again enhanced ionization followed by
recapturing this will further pronounce the angular distribution
along the polarization axis. Frustrated tunnel ionization thus
explains both, the absence in the case of circular light and the
high KER value of peak (c) matching our experimental results.

V. CONCLUSION

In conclusion, we have shown that the ionization of argon
dimers into two singly charged fragments can proceed through
different pathways identified by three distinct peaks in the KER
distribution. At our laser intensities, the dominant channel
is a sequential two-site double ionization giving rise to a
kinetic energy of the ions that corresponds to the ground-state
internuclear distance of the argon dimer. The weakest channel
giving rise to the highest KER was identified as frustrated
triple tunnel ionization, a process that generates an excited
Rydberg state. For the third process leading to an intermediate
KER we can exclude interatomic Coulombic decay and are
left with two possible scenarios. The first scenario is a
two-site tunnel-ionization which is accompanied by excitation
to a potential energy curve substantially steeper than 1/R.
Alternatively our data are also consistent with a laser-induced
charge transfer mechanism put forward in [36].

Furthermore, we showed an enhanced ionization probabil-
ity if the molecular axis is parallel to the electric field. We
take that as evidence for a charge-enhanced tunnel-ionization
mechanism. In this process the tunneling barrier is suppressed
by the joint action of the neighboring charge acting in
parallel with the laser field. Due to the large equilibrium
distance of the dimer no nuclear dynamics is required for
this process to occur which is contrary to covalently bound
molecules.
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