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’ INTRODUCTION

Single ionization of atoms andmolecules in intense laser fields,
in particular in the tunneling regime (intensities above 1014

W/cm2 at near-infrared wavelengths), has generated significant
experimental and theoretical interest in the last decades. The
phenomenon can be considered as the precursor of many other
fundamental processes, such as above threshold ionization or
high harmonic generation among others.1�5

Ionization dynamics of atoms is nowadays very well under-
stood,6�8 but an analysis of the same process in molecules is still
under active experimental and theoretical research.Whereas in an
atom the only channel in the matter�radiation interaction
leading to disintegration of the bound system is ionization, in a
molecule, ionization has to compete with many other open
channels, such as dissociation, Coulomb explosion, dissociative
ionization, or dissociative recombination among others. Even
simple diatomic molecules can provide more information on
dynamical aspects of strong field interaction than atoms due to the
vast variety of electronic structures. Previous studies found experi-
mentally that many ionization aspects of certain molecules in
strong laser fields are similar to those of atoms with comparable
ionization potential.9�12 For example, the pair N2 and Ar, with
similar ionizationpotentials Ip(N2) =15.58 eV and Ip(Ar) =15.76 eV,
shows very similar results in terms of the ionization yield as
a function of laser intensity.10,12 Likewise, in the multiphoton
ionization (MPI) regime the features in the photoelectron spec-
trum of N2 are similar to multiphoton resonances in Ar.9 Similar
behavior was found for CO molecule, Ip(CO) = 14.01 eV and

Kr, Ip(Kr) = 14.00 eV.11,54 This was understood in terms of
tunneling ionization, where the ionization probability mainly
depends on the ionization potential. A deviation from this trend
was found at 0.8 μm for the pair O2/Xe, where Ip(O2) = 12.07
eV and Ip(Xe) = 12.13 eV; a strong suppression of the ionization
of O2, even more than an order of magnitude, was found
compared to the Xe atom.12,13 Examples of this suppression
phenomenon span from simple molecules, di- and triatomics12�16

over organic molecules16�18 up to complex molecules such as
C60.

19 However, a set of experiments on molecular ionization
using CO2 lasers (operating at 10.6 μm)10,11 did not reveal
any suppression of the ion yields of a series of di- and tri-
atomic molecules as compared to the predictions for atomic
tunnel ionization, in contrast to the observations at near-
infrared wavelengths.

Most of the single ionization dynamics experiments were
performed with Ti:sapphire laser systems at 0.8 μm12,13 whereas
some measurements were done, with longer pulse duration, at
10.6μmwith CO2 lasers,

10,11 but there is a gap between these two
wavelength regimes. Recently, there has been an upsurge in the
development of intense ultrashort laser pulses at wavelengths
beyond 1 μm20�22 driven by the scaling of strong field parameters
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ABSTRACT:We study ionization of molecules by an intense laser field over a
broad wavelength regime, ranging from 0.8 to 1.5 μm experimentally and from
0.6 to 10 μm theoretically. A reaction microscope is combined with an optical
parametric amplifier to achieve ionization yields in the near-infrared wave-
length regime. Calculations are done using the strong-field S-matrix theory and
agreement is found between experiment and theory, showing that ionization of
many molecules is suppressed compared to the ionization of atoms with
identical ionization potentials at near-infrared wavelengths at around 0.8 μm,
but not at longest wavelengths (10 μm). This is due to interference effects in
the electron emission that are effective at low photoelectron energies but tend
to average out at higher energies. We observe the transition between
suppression and nonsuppression of molecular ionization in the near-infrared wavelength regime (1�5 μm).
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with the wavelength. An example is the ponderomotive (or cycle-
averaged kinetic) energy of an oscillating electron Up � λ2.
According to an established semiclassical picture23,24 an electron,
which is removed by the field of the laser from an atom or
molecule, can return to the parent ion in the oscillating field with a
maximum kinetic energy of 3.17Up. The recollision of the
electron leads to high-order harmonic and attosecond pulse
generation,25,26 which can be used, for example, for molecular
imaging.27 In this context, an increase of the maximum kinetic
energy by using longer laser wavelengths can lead to shorter
attosecond pulses and radiation extending into the X-ray regime.

Intense long wavelength femtosecond laser sources will also
enable more systematic investigations of phenomena which are
seemingly well studied in the near-infrared wavelength regime.
One example of such a phenomenon is the previously mentioned
suppressed molecular ionization. Our laser sources, being tun-
able between 0.8 and 2.5 μm, help to elucidate ionization be-
havior on the largely uncovered range between 0.8 and 10.6 μm.
This will advance the understanding of fundamental single ion-
ization dynamics and consequently of the ionization suppression
phenomena of molecules.

Parallel to the development of long wavelength sources, sub-
stantial theoretical effort has been put into the analysis of the
suppression phenomenonmainly for the case of diatomicmolecules
at near-infrared wavelengths, based on S-matrix methods,28,29,31

numerical simulations of the time-dependent Schr€odinger equa-
tion,32,33 tunnel ionization models,34,35 time-dependent density
functional theory,36�39 and other models.40,41 From these stud-
ies it appears that multielectron effects,19,33,35,40,41 multicenter
interference,28,29,31 and vibrational effects32 as well as nodal
planes34,38 in molecular orbitals can cause a suppression of the
electron emission from a molecule.

Here we present experimental results for the ratio of molecular-
to-atomic ionization rates of the pairs N2/Ar and O2/Xe over
the wavelength range from 0.8 to 1.5 μm. Ionization rates of
the four different targets are measured as a function of laser
intensity. This provides a route to investigate the trend of the
ionization suppression phenomenon in the O2 molecule with
respect to Xe and the absence of suppression in N2 with respect
to Ar. All measurements are performed in the tunneling regime.
Theoretical calculations for the same ratios of molecular-to-
atomic ionization rates are presented here over the wavelength
range from 0.6 to 10 μm. Di- and polyatomic, homo- and
heteronuclear, and linear and cyclic molecules are included in
the theoretical analysis to study the ionization ratio trends in a
more general way.

’THEORETICAL MODEL

We apply the well-known S-matrix formalism to obtain the
total ionization rate of a molecule in a linearly polarized strong
laser field as28�31 (Hartree atomic units with e = m = p = 1 are
used)

Γf iðIÞ ¼ 2πNe

Z
dΩn̂ ∑

∞

N¼N0

kNðUp �NωÞ2

�
Z

dk̂N JN
2 α0 3 kN ,

Up

2ω

� �
j ϕkN ðrÞjϕiðrÞ
D E

ðn̂Þj2

ð1Þ
whereNe denotes the number of electrons in the activemolecular
orbital ϕi, dΩn̂ is the solid angle, kN is the electron momentum,

ϕkN is a plane wave, and n̂ is a unit vector along the main
symmetry axis of the molecule. JN(a;b) is a generalized Bessel
function of two arguments, whereα0 = I

1/2/ω is the quiver radius
and Up = I/4ω2 is the ponderomotive energy of an electron in a
laser field of frequency ω and intensity I. kN

2/2 =Nω� Up� Ip
is the kinetic energy of the electron upon absorption of N
photons from the field, Ip is the ionization potential, and N0 is
the minimum photon number which has to be absorbed to ionize
the molecule.

Molecular wave functions, {Ri}, which depend on the posi-
tions of the nuclei in the molecule, were obtained from the
quantum chemical software package GAMESS-US,42 emission
from different active orbitals are taken into account and the
corresponding rates are incoherently added because the emission
of electrons from different orbitals leads to different final states,
distinguishable in energy of the electron, and therefore the
different amplitudes cannot interfere. In the present calculations
we drop the contributions from the nonactive electrons to the
overlap matrix element in eq 1, because their effect on the total
ionization rate is, in general, small. The results are obtained by
averaging the ionization rate over the orientation of the molecule
with respect to the laser polarization direction.

’EXPERIMENTAL SECTION

The experimental setup is shown schematically in Figure 1.
Laser System. The Ti:sapphire system delivers 25 fs, 7 mJ

pulses centered at 0.78 μm with a repetition rate of 3 kHz. The
fundamental output is used to pump an optical parametric
amplifier (Light Conversion, He-TOPAS) where a signal and
idler pulses are generated in BBO crystals with wavelength
tunability from 1.2 to 1.5 μm and from 1.7 to 2.5 μm, respec-
tively. Both signal and idler are temporally characterized by a
home-build second harmonic generation FROG (SHG-FROG)
system,43 which covers a wavelength range from 0.8 to 5 μmwith
up to 0.1 cm�1 resolution, and a temporal range of 100 ps with
0.12 fs resolution.
Many Particle Imaging Technique: Reaction Microscope.

Experiments are performed using a reaction microscope; the
principle has been extensively described in the literature.44�46

Briefly, the laser beam is focused by a spherical on-axis mirror
(f = 50 mm) onto a low density supersonic gas-jet target (≈1 �
1011 atoms/cm3). The supersonic gas-jet is formed by expansion
of the gas through a 30 μm nozzle. The stagnation pressure is set

Figure 1. Schematic representation of the experimental setup. DM:
dichroic mirror. SHG-FROG: second harmonic generation FROG
system. ND: variable neutral density filter.
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at 300 kPa and the pressure in the source chamber while running
the jet is 40 mPa. Collimation of the molecular/atomic beam is
achieved by 200 and 400 μm diameter skimmers. Differential
pumping in three stages ensures a background pressure in the
interaction chamber of 7 � 10�8 Pa. A mass flow controller is
used to guarantee the same gas density in the jet for the four
different gases used.
Emitted recoiling ions and electrons created in the interaction

region are extracted by small electric (E≈ 3 V cm�1) andmagnetic
fields (B≈ 0.5mTesla). Chevron configurationmultichannel-plate
(MCP) detectors with 80 mm diameters, mounted in opposite
directions and perpendicular to the laser beam propagation, are
used. The MCP detectors are equipped with delay line anodes for
position encoding. The distance from the reaction volume to the
detectors is symmetric for ions and electrons (x= 15 cm). The solid
angle acceptance for ions and electrons is nearly 4π, ensured for the
latter by themagnetic field. Coincidencemeasurements of the time-
of-flight (TOF) of the particles and their position on the detectors
permit the reconstruction of the full initialmomentum vector of the
particles at the instant of the photoionization process, using the
equations of motion for ions and electrons in a known electric and
magnetic field.45�47

Experimental Methodology. Cold particles of the molecular
or atomic jet are ionized by the selected wavelength laser beam.
The signal of the MCP detector is further amplified and
discriminated, so that ions and electrons can be individually
counted by the data acquisition system. The electron multiplier
efficiency of the ions’MCP is proportional to Z/M1/2,48 where Z
is the charge andM is the mass of the ion. Because the aim of the
experiment is a comparison between ions with different masses,
this factor needs to be taken into account in the final single
ionization yield values; these are obtained by integration of the
corresponding TOF ion signals over the exposure time, which
could vary from 2 � 103 to 4 � 103 laser shots.
Absolute calibration of the laser intensity is needed for compari-

son of experiment and theory and to draw important conclusions
from the data. The intensity is calibrated by fitting the Xe+ ion-
ization yield at different intensities of the fundamental Ti:sapphire
output, to experimental and calculated ionization yields of Xe+

under similar conditions and published elsewhere.12 Knowing
pulse duration and laser power, the final laser intensity on target
can be set equal for the whole range of wavelengths studied.

’RESULTS AND DISCUSSION

Theoretical Results. We first consider the three diatomic
molecules N2, CO, and O2, which have ionization potentials
similar to those of the three noble gas atoms Ar, Kr, and Xe,

respectively. Because we are interested in a comparative study,
we calculate the S-matrix ionization rates of the atoms as well.
This is easily done by replacing the molecular orbital in eq 1 in
the initial state of the matrix element by the corresponding
atomic orbital. There is no need for an averaging over the
orientation of an atom with respect to the polarization direction.
We determine the ratio of the molecular ionization rate to the
atomic ionization rate as a function of the laser wavelength. The
results, obtained at I = 1014 W/cm2, are shown in Figure 2.
For N2 and COwe observe that the ratio varies over the whole

range of wavelengths only slightly around 1, which indicates that
there is no (significant) suppression of ionization for these
molecules. At near-infrared wavelengths these results are in
overall agreement with the observations in previous experiments,
namely that N2 ionization is almost not suppressed compared to
Ar12,14 whereas ion yields of CO show a slight suppression as
compared to Kr.49 Turning to longer wavelengths, the limit of
the ratio for these two molecules is found to be about 0.6. As
noted above, in the early experiments by Chin and co-workers at
10.6 μm no difference between the ion yields of a molecule and
those of an atom was found.11 This slight discrepancy without
calculations could come from the lack of more sophisticated
molecular wave functions and consideration of Coulomb effects
in the final state calculations.
For O2 the ratio of molecular-to-atomic ionization rates is by a

factor of 100 below 1 at shorter wavelengths, which is in agreement
with previous experiments for suppressed ionization.12,13 Interest-
ingly, we observe that the ratio increases as a function of wave-
length, in particular from 1 to 5 μm, until it converges to a value of
about 0.2 at the longest wavelengths studied.
To investigate the dependence of the ratio of molecular to

atomic ionization rate with wavelength, we consider three
polyatomic molecules of different structures, namely H2O, the
linear hydrocarbon C2H6 and the aromatic hydrocarbon C6H6.
For the calculations of the rates of the companion atoms, the
molecular matrix elements in eq 1 are replaced by those for
hydrogen-like atoms having the same ionization potential as the
respective molecule, leaving everything else unchanged. The
corresponding ratios at I = 3 � 1013 W/cm2 are shown in
Figure 3 over the wavelength range from the visible to the
infrared. In each case we find a suppression of the molecular
ionization rate at visible and near-infrared laser wavelengths. But,
as in the case of O2, the ratios steadily increase in themid-infrared
regime and approach the limit of nonsuppression, i.e., ratio of 1,
at the longest wavelengths. The quantitative degree of suppres-
sion depends on the specific molecular structure and the
symmetry of the molecular orbitals involved. However, the
general trend appears to be analogous to that of O2.

Figure 2. Ratios of ionization rates of diatomic molecules to those of
companion atoms as a function of laser wavelength at I = 1014 W/cm2.

Figure 3. Same as Figure 2 but for the molecules H2O, C2H6, and C6H6

and their companion hydrogen-like atoms at I = 3 � 1013 W/cm2.
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Experimental Results. In this section we present results on
the experimental single ionization yields of Ar, N2, Xe, and O2

measured at four different wavelengths from 0.8 to 1.5 μm.
Figure 4 shows measured as well as theoretical results as well as
experimental data taken under similar experimental conditions
from the literature.11,12

Over the whole range of wavelengths the experimental N2/Ar
ratio is close to 1 and varies between 0.8 to 1.4 μm by less than
20%. This indicates that there is no single ionization suppression
for the N2 molecule, which is in good agreement with our
calculations and with previous experiments at near-infrared
wavelengths, where no suppressed ionization was found for N2

relative to Ar.12,14 The experimental data taken under similar
conditions by Guo et al.12 are shown in Figure 4 as an open black
circle at 0.8 μm.
TheO2/Xe single ionization ratio increases from≈0.1 to≈0.3

within the wavelength range 0.8�1.5 μm, which corresponds to
an increase of more than a factor 2. Despite the fact that our
experimental O2/Xe results do not show a fully quantitative
agreement with our calculated data, the qualitative transition
from a strong suppression of ionization of O2 at near-infrared
wavelengths toward a much smaller suppression at infrared
wavelengths is reflected in both the experimental observations
and the numerical calculations. The discrepancy is a factor 10.
Applying this scaling factor to the theoretical results, numerical
calculations and experimental results agree quantitative and
qualitatively. We will comment on the quantitative discrepancy
between the experimental and theoretical data below. The
suppressed single ionization observed at 0.8 μm is in agreement
with previous experimental results,12 shown as an open gray
diamond in Figure 4. Note that the experimental data fromWalsh
et al.11 at 10.6 μm, indicated as an open gray diamond in Figure 4
at that wavelength, manifest also a quantitative discrepancy with
the calculations.
Discussion. Molecular single ionization suppression was first

observed over ten years ago13 and has been extensively studied at
around 0.8 μm for different molecules, from the most simple
diatomic molecules to organic compounds.12,13,50�52 Likewise,
substantial theoretical effort has been put into the analysis of the
phenomenon.28,30,53,54 This work presents experimental and theo-
retical results for suppressed ionization from visible to mid-infrared

wavelengths. We observe the evolution of suppression toward
nonsuppression for the O2 molecule, as well as the almost linear
trend of the ionization yield of N2. Our calculations reproduce the
experimental observations found for N2 qualitatively and quantita-
tively. The numerical results obtained for the pair O2/Xe match
qualitatively the experimental results but not quantitatively. The
possible origin of the phenomenon together with the quantitative
disagreement will be discussed in this section.
The first consistent explanation of the suppression phenomenon

was given by Muth-B€ohm et al. in terms of the symmetry of the
highest occupied molecular orbital (HOMO), which induces a
dynamical effect.28 The HOMO symmetry is bonding-σg in the N2

molecule and antibonding-πg in O2. The electron density of the
HOMO28 is spatially differently distributed in an antibonding-πg than
in a bonding-σg orbital. In the antibonding symmetry there is no
electron density in the central region of the diatomic molecule or
along themolecular axis, whereas in the case of the bonding symmetry
there is considerable electron density concentrated in those areas.
This reflects the changes in the phase of the wave function in different
regions. Thus, the σg symmetry results in a constructive interference
between the two electron wave packets coming from the two atomic
centers. In contrast, there is a destructive interference effect for
emission of an electron from aπg orbital, which leads to a suppression
of the emitted electron from this type of orbital. Our experiments as
well as numerical calculations at visible and near-infrared wavelengths
are consistent with these symmetry considerations. Although there
is no ionization suppression of the N2 molecule, σg-HOMO, there
is considerable suppression in the O2 molecule, where the HOMO
is πg. Despite the HOMO symmetry being σg in the CO molecule,
the heteronuclear character develop a slightly asymmetric molecular
orbitals over the two atomic centers and therefore the constructive
interference is not perfect.
This symmetry considerations alone cannot, however, explain

neither the observed experimental and calculated trend of the
ionization ratio in our work for the pair O2/Xe nor the rest of
theoretically studied molecules (H2O, C2H6, and C6H6), where
the ratios increase as a function of wavelength toward the
nonsuppression situation. Therefore, we use the strong-field
S-matrix theory to gain further insights. The S-matrix calculation
of the atomic and molecular ionization rates differ, for the most
part, in the Fourier transform of the initial state wave function.
We therefore present in Figure 5, the Fourier transform
(integrated over the electron emission angle and the orientation
of the molecular main symmetry axis)

f ðEÞ ¼ 2πNek
Z

dΩ̂n̂ �
Z

dk̂ j ϕkðrÞjϕiðrÞ
� �ðn̂Þj2 ð2Þ

Figure 4. Ratios of ionization rates of diatomic molecules to those of
companion atoms as a function of laser wavelength at I = 1014 W/cm2,
numerical calculations, and I = 3 � 1013 W/cm2, experimental results.
Lines: numerical calculations (dash black, O2/Xe ratio; dash gray,
O2/Xe ratio multiply by a factor 10; solid black, N2/Ar ratio). Dots:
experimental results (gray diamonds, O2/Xe ratio; black circles, N2/Ar
ratio); error bars, standard deviation. Open dots: experimental results
from literature.

Figure 5. f(E) (see text) as a function of electron energy E for O2 (solid
line) and Xe (dashed line). The inset shows an expanded view of the low
energy part of the function. The vertical lines represent the pondero-
motive energyUp at an intensity of 10

14 W/cm2 at 0.8 μm (inset, dashed
line) and 10 μm (main panel, solid line), respectively.
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as a function of the electron energy E = k2/2 for O2 (solid line)
and Xe (dashed line). In the atomic case the molecular wave
function is replaced by the atomic one and the integral over the
orientation is dropped in eq 2. The inset shows the low energy
part of f and the vertical lines represent the ponderomotive
energy Up at an intensity of 10

14 W/cm2 for laser light at 0.8 μm
(inset, dashed line) and 10 μm (main panel, solid line).
In the sum over N for the total ionization rate, eq 1, the most

significant contributions arise from terms with EN e Up. The
comparison in Figure 5 shows that for O2 at λ = 0.8 μm and I =
1014W/cm2 f(E) is suppressed related to Xe in this energy range,
because

f ðEÞ � sin2ðk 3 ðR1 � R2Þ=2Þ ð3Þ

for electron emission from a πg-orbital.
28 As a result, the low

energy part of the electron energy spectrum as well as the total
ionization rate is suppressed in the case of O2.
At larger energies the effect of the structure factor, eq 3,

averages out because for the total rate there is an integration over
dk̂ and, in the case of a randomly oriented ensemble of mole-
cules, another integration over dΩ̂n. For O2, f(E) does therefore
not show any further minima except for that near the threshold.
Instead, the overall decrease of f(E) is similar to that of the
companion atom Xe. Please note that for Xe f(E) exhibits
the well-known Cooper minima at intermediate energies, which
are not present in the case of O2. At mid-infrared wavelengths the
energy regime that contributes to the sum of the total rate
extends up to several hundreds of electronvolts (solid vertical line
in the main panel of Figure 5). Therefore, the suppression of f(E)
in O2 over the rather small energy range near threshold decreases
as the wavelength increases and the total molecular ionization
rate approaches that of the companion atom at long wavelengths.
The suppression of the differential ionization rate near thresh-

old energies, i.e., photoelectron energies close to zero, for O2 in
the present theoretical predictions is stronger than in experi-
mental above threshold ionization spectra55 by a factor of about
10 (Figure 4). It has been recently shown56 that the degree of
suppression in the ionization rates of O2 does depend on the
inclusion of laser dressing effects in the initial state, the choice of
gauge (length vs velocity)57 as well as the Coulomb corrections
in the final state.58 The latter two corrections can introduce
strong suppression as compared with experiments ranging from a
factor of 2 to even a factor of 100,57,58 in agreement with the
degree of quantitative discrepancy between theory and experi-
ment in the present study. However, the general theoretical
interpretation in view of interference effects given above still
holds in these modified S-matrix theories.56 Because these
theories are not developed for the general case of a polyatomic
molecule up to now, we restricted ourselves here to the original
molecular strong field approximation (SFA) theory to theoreti-
cally analyze the effect of suppressed molecular ionization as a
function of photon energy in general.
Indeed, the above qualitative interpretation for diatomic

molecules holds for the general case as well. In a polyatomic
molecule (partial) destructive interference between electron
wave packets emerging from different atomic centers will con-
tribute to a suppression of electron emission at low energies and
will be most effective for the total ionization rates at optical and
near-infrared wavelengths. Because any interference effect de-
pends of the scalar product between the electron momentum
vector and the position vectors of the atoms in themolecule, such

effects tend to average out at larger energies. Consequently, at
long wavelengths, at which a broad energy spectrum contributes
to the total rate, molecular ionization is expected to be non-
suppressed. This not only is in agreement with the theoretical
results in Figure 3 but also is theoretically predicted for an even
larger set of molecules, including homo- as well as heteronuclear,
linear as well as cyclic, symmetric as well as asymmetric mol-
ecules. This can be seen from the results in Figure 6, in which we
compare the S-matrix predictions for the ratios of molecular to
atomic ionization at 0.8 μm (open circles) with those at 10 μm
(filled squares) at I = 3 � 1013 W/cm2 for the diatomics N2

(ionization potential: 15.58 eV), CO (14.01 eV), O2 (12.07 eV),
and NO (9.26 eV), the triatomics CO2 (13.78 eV) and H2O
(12.62 eV), the hydrocarbons C2H6 (12.07 eV), C3H4 (11.52 eV),
C3H6 (9.63 eV), C6H6 (9.24 eV), C6H12 (9.4 eV), C7H8 (8.82 eV),
and C8H10 (8.77 eV), the fluorinated benzenes C6H5F (9.2 eV)
andC6HF5 (9.63 eV), the chlorinated benzenesC6H3Cl3 (9.18 eV)
and C6H4Cl2 (8.94 eV), and the biomolecules C4H4N2O2

(9.2 eV) and C5H6N2O2 (9.0 eV). As can be seen from the
comparison, except for N2 and CO, we find a suppression of the
molecular ionization rate at the near-infrared wavelength, which
is in general agreement with recent experiments.17,18 In contrast,
the degree of suppression, if any, is much smaller at the infrared
wavelength. Please note that our discussion is based on theore-
tical ionization rates for molecules randomly oriented with
respect to the polarization axis and therefore does not account
for the effect of a possible dynamic alignment of the specific
molecule during the pulse. In the case of diatomic molecules it
has been found that dynamic alignment occurs in pulses of 50 fs
and longer.59,60 Thus, we expect that the present predictions hold
for ionization yields, to be obtained via solution of the rate
equations, in ultrashort pulses, as used in the present experiment.
For longer pulses, in which dynamic alignment and ionization
may coexist, one would need to consider ionization rates,
averaged over certain aligment angles61 in the rate equations.

’CONCLUSION

In conclusion, we have studied suppressed molecular ionization
over a broad laser wavelength regime experimentally as well as
theoretically, from the visible to the infrared. Experimentally, we have
investigated the pairsN2/Ar andO2/Xe asmolecules and atomswith
similar ionization potentials. To obtain a general understanding of
the phenomenon, numerical calculations have been performed in
a large set of molecules. Our results, obtained using the strong-field
S-matrix theory, are in qualitative agreement with the experimental

Figure 6. Ratios of ionization rates of a set of molecules to those of
companion hydrogen-like atoms as a function of the ionization potential.
Rates are obtained at 0.8 μm (open circles) and 10 μm (filled squares) at
I = 3 � 1013 W/cm2.
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results shown in this work as well as recent experimental data at near-
infrared and infrared laserwavelengths.10�13 For almost allmolecules
we have found a transition from a suppression of the rate of ion-
ization of the molecule (as compared to that of a companion atom)
at short wavelengths to a nonsuppression at long wavelengths. The
transition occurs in the near and mid-infrared wavelength regime,
which has been accessible in these experiments for the first time, to
the best of our knowledge. Theoretical analysis shows that the
suppression is due to an interference effect in the electron emission
which is effective only at low photon energies.
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