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The strong field ionization of Cl2 molecules is investigated by using an ultrashort pulse Ti:sapphire laser. A
spatial imaging technique is used in such measurements to reduce the effect of spatial integration. Cl2 shows
strong ionization suppression as do other diatomic molecules having valence orbitals with antibonding sym-
metry sO2,S2d when compared with the field ionization of atoms with nearly identical ionization potential. A
more general molecular tunneling ionization model is proposed, and the calculations are in reasonable agree-
ment with the measurements. Our results support that antibonding leads to ionization suppression, a trend that
only F2 goes against and that needs to be further investigated.

DOI: 10.1103/PhysRevA.70.025401 PACS number(s): 33.80.Rv, 32.80.Rm, 34.50.Gb, 42.50.Hz

Perhaps the most fundamental process in the interaction
of strong laser fields with molecules is single electron ion-
ization. Even though atomic ionization has been extensively
investigated both theoretically and experimentally, the study
of molecular ionization is still far from complete. Early ex-
perimental data[1,2] indicated that the ionization rates of
diatomic molecules were similar to atoms with nearly iden-
tical ionization potentials(IPs). A simple tunneling ioniza-
tion model suggested by Perelomovet al. [3], and simplified
by Ammosovet al., [4] (referred to as the ADK model) were
used to explain the atomic tunneling ionization. However,
further investigations on diatomic molecules showed that the
ionization is strongly suppressed for the cases of
D2 sIP of 15.467 eVd and O2 sIP of 12.070 eVd in compari-
son to their companion atoms ArsIP of 15.764 eVd and
Xe sIP of 12.13 eVd, respectively, while the ionization rate
for N2 sIP of 15.581 eVd and F2 sIP of 15.697 eVd is compa-
rable to their companion Ar atom[5–9].

Early theoretical interpretations proposed the mechanisms
of molecular alignment[5] and dissociative recombination
[6] to explain the suppression in the cases of D2 and O2,
respectively. However, they proved to be inadequate by later
theoretical[10] and experimental studies[7,11]. A possible
effect on ionization suppression from the vibrational motion
of the molecules was shown to be too small by Saenz[10].
Guo proposed a larger “effective” ionization potential im-
posed by a larger effective charge experienced by the open-
shell valence electron[12]. However, the proposed model
cannot be obtained theoretically or empirically from other
experiments and does not account for the behaviors of F2 and
D2, as discussed by Wellset al. [9]. Muth-Bohmet al. [13]
explained the ionization suppression in O2 as the result of
destructive interference in the electron emission probability
from the two centers. The model fails to explain the suppres-
sion of D2. Moreover, it predicts suppression for F2, a result
which contradicts experiment[8,9]. Tong et al. [14] devel-
oped a molecular ADK(MO-ADK ) which is based on the

assumptions of the ADK model for tunneling ionization of
atoms, but suitably modified to account for the difference in
the electronic wave functions in atoms and molecules. Re-
sults from their MO-ADK model are in good agreement with
measured ratios of ionization signals for pairs with suppres-
sion sD2:Ar,O2:Xed and pairs without suppression
sN2:Ar,CO:Krd. Results are also in agreement with the
measured ionization signals of NO, S2, and SO. However,
the model predicts suppression for F2: Ar, which is in dis-
agreement with experiment. Is F2 an exception to the MO-
ADK model or is the MO-ADK model not valid for the
full-filled antibond orbital?

To answer the question, in this Brief Report, we present a
measurement of the field ionization of Cl2 sIP of 11.48 eVd,
which has a full-filled antibond orbital, in comparison to its
closest companion atom, Xe. A spatial imaging technique
was used to measure the ionization of mixed Cl2 and Xe gas
target. The basic advantage of the technique is that the ion-
ization signal can be obtained at one laser pulse energy. A
more general molecular tunneling ionization model is pro-
posed and calculations are compared to the measurements.
So far, only O2 and S2 showed strong suppression predicted
by the MO-ADK model, leaving F2 as a puzzling exception.
By including Cl2 in the single ionization suppression studies
we expect to shed more light on the issue.

The experiments were performed at the J. R. Macdonald
Laboratory at Kansas State University using the Kansas
Light Source (KLS), i.e., a Ti:sapphire laser delivering
790 nm, 25 fs pulses with an energy of 4 mJ at a repetition
rate of 1 kHz. A beam splitter for ultrafast optics has been
used to pick up,20% of the the total output to this experi-
ment. The on-target laser power was tuned by a variable
neutral density filter. The linearly polarized pulses were fo-
cused by a 25 cm focal length lens into the UHV chamber.
The UHV chamber maintained a base pressure of 2
310−9 Torr. A mixture of equal pressures of the two gases
(Cl2 and Xe) was prepared in a small volume bottle and then
introduced into the chamber through the needle valve, reach-
ing pressures up to 1310−5 Torr. Special care was taken in
order to minimize any side effects caused by the increased
reactivity of Cl2 with H2O and other contaminants in the
vacuum chamber. A residual gas analyzer was utilized to
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monitor the ratio ofsXe2++Xe+d / sCl2
++Cl+d, showing fair

stability for a period of time large enough compared to the
experiment duration. The use of a dual gas target of a well-
known pressure ratio reduces substantially the systematic un-
certainties arising from the absolute determination of each
gas target partial pressure, and from changes in the laser
intensity and alignment[8].

The use of a dual gas target was combined with a spatial-
imaging technique according to which the geometrical ion-
ization pattern is reproduced with magnification on a posi-
tion sensitive detector (PSD). Under ideal imaging
conditions there is a one-to-one correspondence between the
object and the image. All ions starting from the same point
covering a 4p emission solid angle are focused at the same
point at the detection plane. Thus, the ion yield can be ob-
tained as a function of the laser field intensity since the po-
sition information can be straightforwardly related to the cor-
responding intensity as shown below. To date, strong field
ionization has been studied exclusively by measuring the to-
tal ion yields while varying the intensity and/or the pressure.
While ionization yields are very sensitive to the laser inten-
sity, attempts to minimize the volume effects have been
made by extracting the ions through an opening smaller than
the confocal length[15]. Volume integration was usually a
source of systematic uncertainties. In the imaging technique
volume effects are significantly minimized, limited by the
quality of the image on the detector. Ideally, a three-
dimensional image resolution would lead to the elimination
of volume effects. In our case, however, experimental limit-
ing factors in time and position resolution allowed for imag-
ing conditions only along the beam propagation direction.
Thus, the ion yield was obtained as a function of the axial
peak intensity of the pulse.

As shown in Fig. 1, the laser beam is focused at the axial
center of the spectrometer. The spectrometer was used both
for extracting and focusing the ions at the detection area. The
imaging conditions were studied by means ofSIMION simu-
lations. In Fig. 1 a side cut of theSIMION three-dimensional
model is shown along the ion extraction plane where the
electrodes, the equipotential lines, and parts of the paths of

three different groups of ions created along the beam propa-
gation axis are illustrated. The extracting and focusing re-
gions are electrically connected, forming a pair of thick elec-
trostatic lenses. The ions are emitted isotropically with an
energy corresponding to their thermal energys25 meVd. The
ion ponderomotive energy is negligible compared to their
thermal energy. The extraction and focusing voltagesVP and
VF, respectively, were optimized by minimizing the trace
width (determined by spherical and chromatic aberrations) at
the detection area. The ions are traveling a distance of 1 m
after exiting the spectrometer enroute to the detection area.
The long distance is essential for increasing the magnifica-
tion of the object which was measured to beM
=6.8. A 40 mm two-dimensional PSD with a multihit delay
line anode encoder was utilized to record the ion images. A
grounded 36% transmission grid was placed in front of the
first microchannel plate(MCP) to ensure termination of the
MCP fields. Even though we included up to six hits in the
detection process, the count rates were kept below one per
laser shot to avoid any possible losses of the same specie.

The laser intensity was continually recorded and data cor-
responding to intensity fluctuations were rejected. The KLS
stability is usually within 1%. Special care was taken during
the measurements to establish uniform detection efficiencies
for different ion species. The MCPs were operated at satura-
tion voltages(1000 V each) and the ratio ofsXe2+/Xe+d was
monitored as a function of the discriminator threshold. The
threshold was set at low enough limits within the ratio con-
stancy region to ensure its reliability. The projection of the
image along the beam axis determined the resolution at the
detector to be 0.93 mm at FWHM. Typical detection images
are shown in Fig. 2. The reduction of the raw data was based
on the assumption of a Gaussian beam distribution. Thus, the
intensity expressed in cylindrical coordinates is written as
Isr =0,zd= I0/ f1+sz/zRd2g, wherezR is the Rayleigh range,I0

is the intensity atr =0 and z=0. The Rayleigh range was
estimated to be 1.6 mm. Also,FROG measurement showed
that the pulse duration inside the chamber was 44 fs. As
already mentioned, the imaging conditions could only be ap-
plied along the laser beam direction and therefore the counts
were integrated along the other two dimensions. Thus, we
performed az-scan measurement. The distancez was esti-
mated after dividing the distance of the image measured on
the detector by the magnification factorM.

Experimentally, the total ionization yield is a final result
of volume integration. Traditionally, the experimental results
are always confused by volume effects, which blur the physi-
cal details. However, since the imaging experiments provide
the ionization yield along the laser propagation axisszd, we
can measure the ionization signalS at each positionz, thus
obtaining the ionization probabilityPsId as a function of the
intensity I as

PsId =
I

npDzw0
2I0

dfSsIdg
d lnsI0d

, s1d

wheren is the target density,Dz the experimental integration
increment along thez axis, andw0 the beam waist spot size.
TheSsId is measured from the imaging experiment. An alter-

FIG. 1. Schematic setup of the imaging spectrometer. A side cut
of the SIMION three-dimensional model showing the electrodes,
the equipotential lines, and parts of the paths of three different
groups of ions created along the beam propagation axis and imaged
on a position sensitive detector(PSD) are illustrated.
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native way to measure the ionization probability is by mea-
suring the ionization signal from a small slit and then deriv-
ing the ionization probability from the measured ionization
signal as a function of the peak laser intensity[16]. The basic
physical ideas are the same in the two experiments. The ad-
vantages of our procedure are:(1) we can measure theSsId
with one laser power;(2) the measured ionization signal is
weighted to the lower intensity, which has a larger interac-
tion area favoring thus statistics.

With this alternative technique, we studied the ionization
of Cl2. Figure 3(top) shows our measured ionization signal
SsId from Xe atoms and Cl2 molecules. Although the ioniza-
tion potential of Cl2 is smaller than that of Xe, the ionization
signal of Cl2 is smaller than that of Xe. This is clear evidence
of the strong ionization suppression of Cl2.

Before we convert the measured signal to the ionization
probabilities from Eq.(1) and compare the result with the
tunneling ionization model, we will first discuss the validity
region of the tunneling ionization model[4,14]. Based on the
Keldysh model[17], the tunneling ionization is valid atg
=ÎIp/2Up!1. For Xe atoms,g=1 whenI =1014 W/cm2 for
800 nm laser. Our present laser intensity is lower than
1014 W/cm2 and thereforeg.1. That means that the tunnel-
ing ionization model or ADK model is not valid at this in-
tensity regime. To extend the valid regime of the tunneling
ionization to the lower intensity regime, we went back to the
original work of Perelomovet al. [3] (the PPT model). In the

PPT model, the ionization rate of atoms in a lower frequency
strong field can be expressed as

wsv,Fd =
B2smd
2umuumu!

Amsv,gd
k2Zc/k−1 e−2k3/3Fgsgd

3 S 2k3

FÎ1 + g2D2Zc/k−umu−1

, s2d

whereAmsv ,gd ,gsgd are two correction factors to the ADK
model, which can be found at Refs.[3,6]. As a matter of fact,
the ADK model is a simplified version of PPT. Wheng
→0, the equation goes back to the ADK rate. To calibrate the
valid regime of the ADK and PPT models, we also calculated
the ionization probability of Xe by solving the time-
dependent Schrödinger equation(TDSE) [18,19]. We calcu-
lated the ionization probabilities using TDSE, ADK, and PPT
models. The result, although not explicitly shown in this
Brief Report due to space limitations, clearly indicates that
the PPT model is in better agreement with TDSE calcula-
tions, and for a wider range of intensities when compared to
the ADK model. We will refer to the PPT model as the mo-
lecular PPT, or MO-PPT model.

Figure 3 (bottom) shows our measured ionization
probabilities from Eq.(1). A reasonable agreement of the

FIG. 2. Typical detection images representing the target area.
Thez axis is the laser beam axis while the ion extraction axis points
towards the page. The Xe+ and Cl2

+ signals were separated in the
time-of-flight spectrum by software gates. The laser pulse energy
was 51mJ while the mixed-gas pressure was kept at 3
310−7 Torr.

FIG. 3. Single ionization yields for Xe and Cl2 for linearly po-
larized laser pulses obtained using the imaging technique. The data
correspond to a laser pulse energy of 51mJ. Calculations based on
the MO-PPT model are shown by curves. The dotted line indicates
the ionization probability of a virtual Xe atom with IP of 11.48 eV,
i.e., an IP identical to that of Cl2. Thus, the strong ionization sup-
pression of Cl2 becomes evident.
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MO-PPT calculations with the measurements is seen. The
observed ionization suppression of Cl2 is due to antibond
valence orbitalsspgd or the geometry of the valence orbital
wave function as discussed in Ref.[14]. Note that in lower
intensities, the ionization probabilities for Xe and Cl2 are
close to each other. However, the ionization probability of
Xe increases faster than that of Cl2 as the laser intensity
increases. This is because at lower intensities, the ionization
probability is more sensitive to the ionization potential than
to the geometry of the wave function. In order to unambigu-
ously observe the ionization suppression, we should compare
Cl2 with an atom of the same ionization potential, which
however, is not available in nature. Instead, in Fig. 3(bot-
tom), we show the ionization probability for a virtual Xe
atom havingIp=11.48 eV. The comparison of the ionization
probabilities between Cl2 molecule and the corresponding

virtual Xe atom clearly indicates the strong ionization sup-
pression for Cl2.

In conclusion, we developed a spatial imaging technique
to measure the ionization probability without convoluting the
volume effect. Using this technique, we measured the ioniza-
tion probabilities of Xe and Cl2. Strong ionization suppres-
sion of Cl2 was observed. The ionization suppression is at-
tributed to the antibond valence orbitalspgd or the geometry
of the valence orbital wave function. With this study, we
single out the fact that no ionization suppression of F2 is an
exception to be further investigated.
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