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Strong field single ionization of homo- and heteronuclear noble gas dimers with ultrashort infrared laser

pulses is experimentally investigated. A pronounced photoelectron yield maximum is found for dimers in

the momentum range jpj � 0:1 a:u: which is absent for the corresponding monomer. This yield enhance-

ment can be attributed to a new two-step strong field ionization mechanism active only in the dimers.

In the first step, frustrated tunnel ionization at one of the atomic centers populates Rydberg states, which

then become ionized in a second step through charge oscillation within the dimer ion core.
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Noble gas dimers are bound by weak polarization forces
at a substantially larger internuclear separation than ordi-
nary molecules are. This gives rise to a localization of the
electrons at the two atomic centers. Photoionizing these
species in a high intensity laser pulse is expected to open
new ionization pathways differing from those of strongly
bound molecules with delocalized valence electrons and
from those typical for individual atoms [1–4]. On one
hand, their photoionization is expected to approach the
atomic limit. On the other hand, however, specific mole-
cular aspects may turn out to prevail during or subsequent
to strong field ionization or to excitation via, e.g., frust-
rated tunnel ionization (FTI) [5]. Characteristic molecular
aspects may, e.g., manifest themselves in photoelectron
spectra as interference phenomena due to the two identical
photoelectron emission centers in homonuclear dimers.
Alternatively, they may show up as secondary scattering
of the photoelectron on the dimer ion core [1,6–8].

In this Letter we focus on a specific structure that we find
in the photoelectron momentum distribution after strong
field single ionization of noble gas dimers. A pronounced
enhancement of the photoelectron yield, as compared to
the electron yield from strong field ionization of the respec-
tive atomic constituent (monomer), appears at small elec-
tron momentum (jpj � 0:1 a:u:). This structure is found to
be characteristic for all homonuclear noble gas dimers
(Ne2, Ar2, Kr2, Xe2). We are led to attribute this enhance-
ment to a previously unreported two-step strong field ion-
ization mechanism with the first step being FTI of the
dimer. This step populates Rydberg states [5], which, in
the monomer, are bound after the laser pulse is gone. These
states can decay only via fluorescence, eventually to the
atomic ground state or to metastable excited ones [5].
In the dimer the situation is different. Given that the
electrons are well localized at the atomic constituents in
the dimer ground state, FTI will excite one of the atoms

with the dimer ion core charge initially localized at this
atomic site. This excitation does not leave the ion core of
the dimer in a time independent eigenstate. An electron
charge oscillation will start in the core, also affecting the
electron in the Rydberg state that was populated by FTI.
One effect of the charge oscillation may be a shakeoff of
the Rydberg electron into the ionization continuum.
The experiment has been done in a reaction microscope

setup [9] (for more details see Ref. [1]). The noble gas
dimers were formed in a supersonic expansion of either
pure noble gases or mixtures of two of the latter, allowing
the formation of mixed atom dimers. The stagnation pres-
sure was optimized for the formation of the respective
dimers, at the same time minimizing the formation of
bigger clusters. Within the reaction microscope, the dimer
beam crossed a Ti:sapphire laser beam at right angles
in its focal spot. There, light intensities of up to � 3�
1014 W=cm2 were reached in pulses with a full width at
half maximum of � 25 fs. The ions and photoelectrons
formed in the focal spot were extracted by a homogeneous
electric field (field strength 478 V=m). After passing drift
tubes, they were detected by microchannel plate detectors,
which were equipped with position sensitive delay-line
anodes. For each detected particle the time of flight and
the impact position were measured, enabling the recon-
struction of its momentum vector resulting from the photo-
ionization process. In order to collect all photoelectrons,
irrespective of their direction of emission, a homogeneous
magnetic field was applied parallel to the electric extrac-
tion field (field strength 3.2 G).
For the case of small momentum, obvious differences

between the photoelectron momentum distribution of the
monomer and that of the corresponding homonuclear
dimer are apparent in Fig. 1. The figure shows momentum
distributions for strong field ionization of Ar [Fig. 1(a)] and
Ar2 [Fig. 1(b)]. The spectra were taken at a light intensity
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of� 2� 1014 W=cm2 with the laser beam polarized linear
along the pz axis (abscissa in Fig. 1). The spectra are
rotationally symmetric with respect to this axis. Thus, we

plot the photoelectron yield using pr ¼ ðp2
x þ p2

yÞ1=2 as the
ordinate. Only those photoelectrons detected together
with Arþ [Fig. 1(a)] or Arþ2 ions [Fig. 1(b)] were included
in the respective spectrum. Both spectra were taken in
the same experimental run by sorting the photoelectrons
using momentum conservation in the ionization process.
A pronounced maximum in the Arþ2 spectrum, limited to
a momentum range jpj � 0:1 a:u:, is visible. The same
result is found for Ne2 and Kr2. For Xe2 the yield enhance-
ment is slightly more extended up to jpj � 0:15 a:u.

The actual photoelectron yield enhancement can more
easily be identified in a ratio spectrum YðAr2Þ=YðArÞ,
which is calculated by bin-wise division of the yields in
Figs. 1(a) and 1(b) and is shown in Fig. 2(a). A cut through

this two-dimensional spectrum along the pz axis with
pr 2 ½0; 0:11 a:u:� [Fig. 2(b)] shows the enhancement
quantitatively. The ratio was arbitrarily normalized to unity
at pz ¼ �0:6 a:u: as absolute yield ratios are meaningless
because of unknown detection efficiencies for Arþ and
Arþ2 ions. Also included in Fig. 2(b) are the ratios found
for Ne2 and Kr2. Figure 2(c) shows the analogous ratio
spectra for the mixed atom dimers ArNe and ArKr by
dividing the ArNe dimer spectrum by the Ar photoelectron
spectrum and the ArKr spectrum by the Kr spectrum.
Identical pr cut intervals were chosen for all species. For
each dimer the light intensity was chosen so as to avoid
saturation of the ionization for the atomic constituent with
the lowest ionization potential. The photoelectron yield
enhancement appears for all homonuclear dimers, i.e.,
also for Xe2 not shown here. It is also found for ArKr in
the same pz-momentum interval, however not for ArNe
[Fig. 2(c)].
The narrow momentum interval where the yield enhan-

cement appears for the homonuclear dimers excludes
interference through two-identical-center photoelectron
emission as the origin of the yield enhancement, as already
discussed in Ref. [1]. For dimers not aligned with respect
to the polarization axis of the laser beam (as is the case in
our experiment), one would expect the interference-based
enhancement to extend over a momentum interval
jpzjR � 1:2�, where R is the equilibrium separation of
the two atoms in the neutral dimer (see Ref. [1]). At this
internuclear separation R the strong field ionization hap-
pens, and any nuclear dynamics is still frozen while the
laser pulse is applied. For the dimers, R ranges between
5.9 a.u. (Ne2) and 8.3 a.u. (Xe2) [10,11]. Any interference
enhancement is therefore expected to extend to jpzj �
0:45 a:u: (Xe2) or jpzj � 0:64 a:u: (Ne2). The fact that
the yield enhancement is also present for ArKr dimers
confirms this conclusion. Differing electron emission cen-
ters exclude two-center interference from appearing.
An alternative mechanism, internal scattering of the

photoelectron wave, leaving one of the atomic sites after
strong field ionization on the neighboring atom, may be
held responsible for the local photoelectron yield enhan-
cement at jpj ¼ 0. In this case two photoelectron waves
would interfere on the photoelectron detector, i.e., one
directly impinging on the detector and a scattered one.
This interference phenomenon is known from x-ray
photoionization of molecules and from charged particle
scattering off molecules [12–14]. Recently, an equivalent
interference effect has also been observed in strong field
ionization of an atom [8]. Omitting small terms of order
ðjfj=RÞ2 and any effect of the strong applied field on the
continuum electron, the effect of internal scattering on
the detector can be approximated for an unaligned dimer
ensemble by

1þ 2
jfj
R

sinjpjR
jpjR cosðjpjRþ �fÞ; (1)
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FIG. 2 (color online). (a) Ratio spectrum, YðAr2Þ=YðArÞ, ob-
tained by bin-wise division of the photoelectron spectra from
Fig. 1. (b) Projection of the ratio spectrum onto the pz axis for
pr 2 ½0; 0:11 a:u:�: Ne2 (black filled star), Ar2 (magenta filled
upward triangle), and Kr2 (green filled square). (c) The analo-
gous projections for ArNe (red filled circle) and ArKr (blue filled
downward triangle).
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FIG. 1 (color online). Photoelectron momentum distributions
after strong field single ionization of Ar atoms (a) and Ar2
dimers (b).
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with f ¼ jfj expði�fÞ being the complex scattering

amplitude, here for simplicity assumed to be isotropic,
and R the internuclear separation. Depending on �f, the

interference term in (1) may develop quite a narrow maxi-
mum at jpj ¼ 0. All dimers investigated should show this
interference phenomenon, specifically also the mixed atom
dimers. For ArKr, we actually find an enhancement near
jpj ¼ 0. However, ArNe shows a flat photoelectron yield
ratio at jpj ¼ 0. We may thus also exclude this kind of
interference phenomenon as the origin of the yield ratio
enhancement.

With the most obvious interference phenomena exclu-
ded that mainly distinguish noble gas dimer frommonomer
strong field ionization, we resort to a different excitation-
ionization mechanism as a possible origin of the observed
photoelectron yield enhancement. This two-step mecha-
nism starts with FTI, causing the population of Rydberg
states. The ionization of these states is then assumed to
be induced by a secondary ionization mechanism that is
common to all homonuclear and partially also to mixed
noble gas dimers, yet impossible for monomers. The
charge oscillation in the ion core of the Rydberg dimer,
as introduced above, is such a secondary mechanism.

FTI of a homonuclear dimer leaves an electron in a
Rydberg wave packet. At the same time, the pulse launches
an electronic wave packet in the ion core, as all homonu-
clear dimer ions have two pairs of closely lying charge
resonance states at the equilibrium internuclear separation
of the neutral dimer, which serve as ionization thresholds
[15]. Given their narrow spacing, all of these ionic states
get excited at non-negligible probability. The resulting
wave packet induces an electronic ion core charge oscil-
lation between the two nuclear sites of the dimer, with its
oscillation period determined by the energy separation of
the participating pairs of charge resonance states. Via
Coulomb interaction, this charge oscillation couples to
the Rydberg electron and may induce its transition into
the ionization continuum. Efficient ionization of the states
making up the Rydberg wave packet is expected, provided
that the ion core charge oscillation contains frequency
contributions larger than the binding energy of the corre-
sponding Rydberg state. Depending on the energy separa-
tion of charge resonance state pairs, this may happen only
after the internuclear separation has decreased to values
smaller than the neutral dimer equilibrium internuclear
separation.

This two-step ionization scenario may also act in the
heteronuclear dimers as evidenced by the ArKr case
[Fig. 2(b)]. At the light intensity used, FTI may occur not
only at the Kr but also at the Ar center of the dimer, as Ar
and Kr ionization potentials differ by only � 1:76 eV. For
the ion core of the Rydberg dimer, this means that pairs of
charge transfer dimer eigenstates become excited. Similar
to the homonuclear dimers, therefore, a charge oscillation
in theArKrþ ion core starts after FTI with the possibility of

a shakeoff of the Rydberg electron. In ArNe the light
intensity was chosen so as to only enable FTI of the
Ar atom. The vast energy difference between the Ar and
Ne ionization thresholds of 5.8 eV allowed reaching this
regime. ArNe Rydberg states based on an excited Ar-Neþ
charge transfer ion core state are only found well above the
Ar atom ionization threshold. As these states were inac-
cessible, the ion core charge of the excited ArNe remained
localized at the Ar atom, and we find no photoelectron yield
enhancement at jpj ¼ 0 [Fig. 2(c)]. The proposed two-step
ionization mechanism is thus able to account for a yield
enhancement we observed for ArKr and its absence for
ArNe. It, however, remains to be shown that it actually may
give rise to low energy photoelectrons.
The Rydberg state ionization mechanism introduced

here is closely related to a mechanism well known from
slow, close collisions between Rydberg- and ground-state
atoms as associative- or chemi-ionization induced by a
dipole resonance [16–21]. This mechanism was also
assumed to give rise to autoionization found after noble
gas dimer single photon excitation [22] and to low energy
photoelectrons observed after dimer autoionization [23,24].
The latter would corroborate our enhanced detection of
slow photoelectrons.
In order to get access to the momentum distribution of

the shaken-off electron, we resort to a simplified, time
dependent model to describe the Rydberg-electron dynam-
ics after FTI populated Rydberg states. The Hamiltonian
employed is (atomic units assumed)

HðtÞ ¼ p2

2
�QðtÞ

jxj � 1�QðtÞ
jx�Rj ; (2)

with QðtÞ ¼ cos2ð�t=2Þ. The charge oscillation is thus
mimicked by a periodic transfer of charge between the
two atomic centers of a dimer assumed to be located at
x ¼ 0 and at x ¼ R at a frequency �. The interaction of
the charge oscillation with the Rydberg electron is via
simple Coulomb potentials. We start the motion of the
Rydberg electron in the time dependent two-center
Coulomb potential at t ¼ 0 when the positive charge of
the ion core is completely located at x ¼ 0. This assumes
FTI having excited the atom located at x ¼ 0 and having
left the electron in a Rydberg state �n‘mðxÞ of this atomic
constituent of the dimer at time t ¼ 0. The initial Rydberg
state is characterized by the principal, angular momentum,
and magnetic quantum numbers, i.e., n, ‘, and m, respec-
tively. Since the laser polarization is linear and assumed
here to be directed along the z axis, the magnetic quantum
number m of the Rydberg state has to vanish (m ¼ 0).
In order to keep the calculation simple, we assume that
the electron moves in a superposition of pure Coulomb
potentials, thus ignoring short-range contributions to the
potential, which are certainly present in noble gas atoms.
In view of these considerations we rewrite the Hamiltonian
(2) in the form H ¼ H0 þ V with H0 and V given by

PRL 110, 023001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

11 JANUARY 2013

023001-3



H0 ¼ p2

2
� 1

jxj ; (3)

Vðx; tÞ ¼
�
1

jxj �
1

jx�Rj
�
½1�QðtÞ�: (4)

At t ¼ 0 the electron is thus in a Rydberg eigenstate ofH0,
and we will calculate the transition rate into the ionization
continuum ofH0 with the charge oscillation represented by
Vðx; tÞ as a time dependent perturbation of H0.

Resorting to lowest order time dependent perturbation
theory, the ionization rate of the dimer initially in a state
�n‘0 is then given by

Wn‘0
p‘0m0 ðRÞ ¼ �

8

��������
�
�p‘0m0

��������
1

jxj �
1

jx�Rj
���������n‘0

���������
2

; (5)

with p the absolute value of the momentum of the shaken-
off electron, ‘0 its angular momentum, andm0 the magnetic
quantum number. In the experiment R is statistically
aligned with respect to the polarization vector of the laser
pulse. It is thus necessary to average over all possible

directions R̂ ¼ R=jRj to obtain the actual ionization
rate. For a Rydberg electron characterized by the quantum
numbers n and ‘, the ionization rate is then given by

�Wn‘
p ðRÞ ¼ X‘0max

‘0¼0

X‘0
m0¼�‘0

1

4�

Z
d2R̂Wn‘0

p‘0m0 ðRÞ: (6)

We sum over all possible final state magnetic quantum
numbers m0 and angular momentum quantum numbers ‘0
up to some ‘0max, where Wn‘0

p‘0m0 becomes negligible. For

given n and ‘, the by far highest rate contributing to the
sum over ‘0 is found for ‘0 ¼ ‘þ 1. Moreover, the dipole
contribution in a power series expansion of Vðx; tÞ [Eq. (4)]
with respect to R=jxj mainly fixes the value of �Wn‘

p . It is

this very contribution which has always been used exclu-
sively to determine associative ionization rates [16–21].

The dependence of the ionization rate [Eq. (6)] on the final
momentum p of the continuum electron is shown for repre-
sentative Rydberg states with principal quantum numbers
n ¼ 8, 16 in Fig. 3. n ¼ 8 was chosen since there the
excitation through FTI is expected to maximize [5]. The
rate significantly differs from zero only for small values
of p, and it increases significantly with decreasing ‘.
The range with a nonvanishing rate narrows with increasing
‘, to p < 0:25 a:u: for ‘ � 5 in the example. A similar
behavior is found for any principal quantum number n * 5
(see the n ¼ 16, ‘ ¼ 7 result in Fig. 3) where the main
population through FTI is expected to build up [5].
Independent of n the momentum range with a significant
ionization rate is determined practically only by ‘.

The outcome of the model combined with our experi-
mental result has several tentative implications on the FTI
of the dimers. Namely, FTI preferentially populates Rydberg
states with high angular momentum ‘. Only high ‘ states can
give rise to the observed narrow, p & 0:1 a:u:, enhancement

of the photoelectron yield for dimers. ‘ has to be larger than
approximately 7 to qualify. In turn, this means that the
principal quantum numbers of the states populated have to
be larger than approximately 8. The latter result is in tentative
agreement with numerical calculations, however, for He
atoms [5]. The condition for ‘ is presumably quite strict
since the shakeoff rate increases significantly with decreas-
ing ‘ (Fig. 3). In the experiment Rydberg states with low ‘, if
populated, would have preferentially contributed to the
dimer spectrum with an electron yield enhancement extend-
ing beyond p ¼ 0:1 a:u: (Fig. 3).
Summarizing, we have evidence of a new two-step strong

field ionization mechanism, consisting of FTI with subse-
quent shakeoff of the Rydberg electron by dimer ion core
charge oscillation. This mechanism is active in all noble gas
dimers, provided that FTI populates coherently pairs of
charge-resonance or charge-transfer ion core states. We
expect this two-step mechanism to occur in any diatomic
molecule at large internuclear separation when the elec-
trons of the neutral molecule start to localize at the atomic
cores, under the only constraint that the ionization poten-
tials of the atomic constituents do not differ toomuch.Apart
from dimers, this mechanism will potentially also be active
in larger noble gas clusters which allow charge oscillation
or migration over the cluster ion core.
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