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Ion-Pair Formation Dynamics of F2 at 18.385 eV Studied by Velocity Map Imaging Method
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We studied the ion-pair formation dynamics of F2 at 18.385 eV (67.439 nm) using the velocity map imaging
method. It was found that there are two dissociation channels corresponding to production of F+(1D2) +
F-(1S0) and F+(3Pj) + F-(1S0). The measured center-of-mass translational energy distribution shows that about
98% of the dissociation occurs via the F+(1D2) channel. The measured angular distributions of the
photofragments indicate that dissociation for the F+(3Pj) channel occurs via predissociation of Rydberg states
converging to F2+(Ã2Πu) and dissociation for the F+(1D2) channel involves mainly a direct perpendicular
transition into the ion-pair state, or X1Σg

+ f 21Πu, which is also supported by the transition dipole moment
calculations .

Introduction

Ion-pair formation dynamics has recently attracted much
attention.1-11 However, there is not much information regarding
the dynamics of ion-pair formation since there is still little
detailed experimental research in comparison with photodisso-
ciation of neutral molecules. This is true even for diatomic
molecules. Research on ion-pair formation dynamics should
greatly increase our knowledge about the highly excited
electronic states of molecules, in particular the so-called
molecular superexcited states.1-2

Berkowitz et al. studied the ion-pair formation of F2 by
measuring the efficiency spectrum of producing F+ (F-) at
different photon energies.12 Their results showed that in the
region 77.0-79.8 nm (16.10-15.54 eV) the efficiency spectrum
consists of a very sharp resonance structure, which was
explained by predissociation of Rydberg states into the ion-
pair states correlating with F+(3P)+F-(1S0). The Rydberg states
are converged to F2+(X̃2Πg), which is the only energetically

possible cation state in this region. In contrast, in the 64-68
nm (19.37-18.23 eV) region the efficiency spectrum is very
broad and has only weak resonance structure. This was also
explained by predissociation of Rydberg states, however,
converging to F2+(Ã2Πu). Berkowitz et al. guessed that the
photofragments in this energy region may correlate with the
channel of F+(1D2) + F-(1S0). The predissociation mechanism
is supported by the efficiency spectrum of producing F2

+, which
has a similar structure to that of the ion pair. However, direct
measurement of the photofragment translational energy distribu-
tion would provide concrete evidence about the ion-pair
formation channels, and measurement of the photofragment
angular distribution would provide insight into the mechanism
of ion-pair formation.

Recently, the velocity map imaging method13 has been applied
to study the ion-pair formation dynamics of CH3F, CH3Cl, CH3-
Br, NO, O2, F2, and Cl2.3-8,10,11In these studies, the translational
energy distribution and angular distribution of the photofrag-
ments have been measured simultaneously. Therefore, deep
insights into the dissociation dynamics have been obtained. In
this paper, we present a study of F2 ion-pair formation dynamics
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at 18.385 eV (67.439 nm) by recording the velocity map image
of F-, i.e.

Experimental Section

The experimental machine used in this study has been
described in detail previously.7,8 Only a brief summary is given
here. The coherent XUV radiation (3ω1) was generated using
the resonance-enhanced frequency tripling of a focused laser
beam (ω1) on a pulsed Kr jet. The fundamental laser beam (ω1)
was prepared by tripling of a dye laser, which was pumped by
an Nd-YAG (20 Hz) laser. The 2ω1 (98 855.1 cm-1) was fixed
at the transition of 4p5(2P1/2)5p[1/2]0 r (4p6)1S0. The apparatus
consists of four vacuum chambers, namely, (a) a frequency
mixing chamber, which houses the pulsed Kr jet (orifice
diameter 1 mm), (b) a monochromator chamber, which is
equipped with a gold-coated toroidal grating, (c) a molecular
beam source chamber, which houses a pulsed valve (orifice
diameter 0.7 mm) to produce a pulsed molecular beam (the beam
enters into the ionization chamber through a skimmer (orifice
diameter 1 mm)), and (d) an ionization chamber, which houses
an electrostatic lens system for velocity map imaging13 and a
time-of-flight tube equipped with imaging quality dual MCP
(φ50 mm and a channel pitch of 12µm, North Night Vision,
Nanjing Branch). The imaging plane is perpendicular to the
molecular beam, and the distance from it to the interaction point
between the XUV laser and molecular beam is 65 cm. The mass
gate to select the F- ion was a positive electric pulse of 100 ns
width and 1500 V high provided by a high-voltage pulsed
generator (PVM-4140, DEI). The ion images were captured by
a deep cooled CCD camera with a resolution of 1024× 1024
pixels2 (Andor DU-434). The F2 gas sample was premixed with
He (He 96%, F2 4%), and the stagnation pressure used was about
1000 Torr at room temperature. In the experiments, the pressures
for the molecular beam source and ionization chamber were
around 1× 10-5 and 1× 10-7 Torr, respectively.

Results and Discussion

Figure 1a shows the experimental raw image of F- from F2

ion-pair formation at a photolysis energy of 148 282 cm-1

(18.3846 eV or 67.439 nm) under an electric field of 850 V/cm,
and Figure 1b shows the Abel-Hankel transform of Figure 1a.
The polarization of the XUV radiation is also indicated in Figure
1. It is noted that in Figure 1a and 1b the signals outside the
red circles have been increased by 30 times in order to clearly
show the onsets of the photofragment signals. There are two
components of signals with lower and higher velocities, which
correspond to production of F+(1D2) + F-(1S0) (eq 1a) and F+-
(3Pj) + F-(1S0) (eq 1b), respectively. The signals from the higher
velocity components are very weak and have almost an isotropic
angular distribution, while the signals from the lower velocity
components are very strong and have an anisotropy angular
distribution with the strongest signals at the direction perpen-
dicular to the polarization direction of the XUV laser.

The threshold energy for ion-pair production (Etipp) of F2 has
been determined as 12 6042( 8 cm-1 or 15.627( 0.001 eV
by us previously.7 For ion-pair formation occurring under an
electric field the threshold will be lower due to the Stark effect.
However, if the available energy for dissociation under zero
field is much larger than the energy shift due to the Stark effect,
which is true in our case, the ion-pair formation dynamics, such
as the translational energy distribution and angular distribution
of photofragments, should be affected very little.8

Figure 2 shows the center of mass (CM) translational energy
distribution for F2 ion-pair formation obtained from Figure 1b.
In Figure 2 the strong peak corresponds to production of F+-
(1D2) + F-(1S0) and the weak peak to production of F+(3Pj) +
F-(1S0). Because of the very weak signals for the F+(3Pj) channel
we could not reliably resolved the three spin-orbit components
of F+(3Pj)2,1,0). Table 1 lists the branching ratio of the F+(1D2)
channel to F+(3Pj) channel. It is seen that most of the
photofragments are from the F+(1D2) channel.

The angular distributions for the channels corresponding to
production of F+(1D2) and F+(3Pj) can be extracted from Figure
1b, and they are shown in Figure 3, panels a and b, respectively.
The anisotropy parametersâ for the two channels are listed in
Table 1. They are obtained using the following equation to fit
the curves in panels a and b in Figure 3

where θ is the angle between the recoil velocity and the
polarization direction of the XUV laser andP2(x) is the second-
order Legendre polynomial. In the limiting case of parallel or
perpendicular transitions for pure repulsive states,â ) 2 or-1,
respectively.14 From Table 1 it is seen that the channel
corresponding to production of F+(1D2) has a very large negative

Figure 1. (a) Experimental raw image of F- photofragment from F2
ion-pair production at 18.385 eV under an electric field of 850 V/cm.
The polarization of the XUV laser is parallel to the image plane and
indicated in the figure. (b) 2-D slice of the reconstructed 3-D sphere
from Abel-Hankel transform. The signal intensities outside the red
circles have been increased by 30 times in order to show clearly the
onsets of the channel F+(3Pj) + F-(1S0). The signals in the middle are
from the channel F+(1D2) + F-(1S0).

F2(X
1Σg

+) +

148 282 cm-1 f F+(3Pj) + F-(1S0) + 22 240 cm-1 (1a)

f F +(1D2) + F-(1S0) + 1367 cm-1 (1b)

Figure 2. Center of mass translational energy distribution of photof-
ragments for F2 ion-pair production at 18.385 eV.

f(θ) ∝ 1 + âP2(cosθ) (2)
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â (-0.82( 0.05) and the channel corresponding to production
of F+(3Pj) has almost zeroâ (0.02( 0.10). The large negative
â for the F+(1D2) channel means that dissociation occurs via a
perpendicular transition and is very fast in comparison with the
rotation period of F2.15 while the zeroâ for the F+(3Pj) channel
means that dissociation occurs via an intermediate state with
lifetime much longer than the rotational period of F2.15

The photon energy of 18.385 eV is too high to excite Rydberg
states converging to F2

+(X̃2Πg)since it would provide an
available energy of 2.76 eV to excite F2

+ (X̃2Πg) in very high
vibrational states, which is difficult due to the poor Franck-
Condon factors associated with the corresponding transitions.
However, it is possible to excite Rydberg states converging to
F2

+(Ã2Πu) at 18.385 eV. From the isotropic angular distribution
of the channel F+(3Pj), it is known that the dissociation
correlating with this channel should occur via a process with a
lifetime much longer than the rotational period of F2.15 This
slow process should be due to the predissociation of Rydberg
states into the ion-pair state, and the Rydberg states should
converge to F2+(Ã2Πu). Nevertheless, further details about the
properties of the related Rydberg states and the mechanism of
predissociation from the singlet Rydberg state to the triplet ion-
pair states are difficult to obtain based on the present experi-
mental results only.

For the channel corresponding to production of F+(1D2) â
approaches the limiting value of a fast perpendicular transition
and the excited-state must be1Πu. However, this does not rule
out dissociation occurring via a predissociation mechanism.
Excitation to a Rydberg state of1Πu symmetry converging to

F2
+(Ã2Πu) is possible, for example, a Rydberg state of config-

urationπu
3πg

4ns, and the Rydberg state is then predissociated
into the ion-pair state correlating with the F+(1D2) channel.
Because most of the products are in the F+(1D2) channel, this
mechanism would require a sharp resonance structure in the
ion-pair efficiency spectrum, which is in contradiction to the
experimental spectrum observed in the region 19.37-18.23
eV.12

To gain more insight into the ion-pair formation mechanism,
the properties of the potential-energy curves (PECs) of ion-
pair states should be very helpful. The PECs of F2 correlating
with F+(3Pj) + F-(1S0) have been reported.16 Although there is
no report about the PECs of F2 correlating with F+(1D2) +
F-(1S0), detailed studies about the PECs of Cl2 correlating with
Cl+(1D2) + Cl-(1S0) have been published.17,18 Following their
calculation methods, we calculated the PECs of ion-pair states
of F2 using the MOLPRO software package.19 Only the PECs
that can be populated by one-photon absorption are considered
here. The calculation method is the so-called multireference
internally contracted configuration interaction method (MRCI)
with the basis set of aug-cc-pV5Z, and the reference functions
for MRCI are from complete active space-SCF calculation
(CASSCF). In the Franck-Condon region the interaction
between the Rydberg states and the ion-pair states may occur,
but this interaction was not given particular attention in our
calculation. The PECs for F2

+(X̃2Πg) and F2
+(Ã2Πu) have been

calculated also since Rydberg states converging to the two ionic
states may be excited also. The results are shown in Figure 4.
The energies shown on the right side in Figure 4 represent the
energy levels of the corresponding PECs at infinite bond length,
and they are from the experimental data.7,20

From Figure 4 it is seen that a photon energy of 18.385 eV
can excite the vibrational ground state of F2(X1Σg

+) into the

Figure 3. Angular distribution of F- photofragments from F2 ion-pair
formation at 18.385 eV for the channels corresponding to production
of (a) F+(1D2) + F-(1S0) and (b) F+(3Pj) + F-(1S0). The small circles
represent the experimental data, and the solid lines are the least-square
fittings obtained using the anisotropy parametersâ listed in Table 1.

TABLE 1: Anisotropy Parameters and Branching Ratio for

Ion-Pair Formation, a F2(X
1∑g

+)98
18.385eV

F+(3Pj,
1D2) + F-(1S0)

channel anisotropic parameterâ branching ratio

F-(1S0) + F+(1D2) -0.82(5) 1.0
F-(1S0) + F+(3Pj) 0.02(10) 0.02(2)

a The numbers in parentheses are uncertainties in the last two or
one digits of the data, which are estimated by the signal-to-noise ratio
of the experimental data.

Figure 4. Calculated potential-energy curves of F2 and F2
+. Only ion-

pair states that can be populated by one-photon excitation are shown.
The indicated energy levels on the right-hand side are from the reported
experimental data.7,20
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inner wall of the ion-pair states. Therefore, we believe that the
channel corresponding to production of F+(1D2) is mostly from
direct dissociation into the ion pair. In order to obtain further
insight we calculated the electronic transition dipole moments
to the ion-pair states correlating with the F+(1D2) channel. As
shown in Figure 4, two possible ion-pair states correlating with
the F+(1D2) channel, 11Σu

+ and 21Πu, could be populated by
one-photon excitation. The transition dipole moments from the
ground state to these two states at different bond lengths are
shown in Figure 5. The calculations have been done using the
MOLPRO software package at the CASSCF/MRCI/aug-cc-
pV5Z level. It is easily seen that the transition dipole moments
to 21Πu are much larger than those to 11Σu

+, although the
absolute values of the transition dipole moments to 21Πu are
small. Therefore, if direct excitation to the ion-pair states
correlating to the F+(1D) channel could occur, excitation should
mainly occur via the 21Πu state, which is a perpendicular
transition. This is consistent with the experimental results.
Therefore, calculation of the transition dipole moment demon-
strates, in another respect, that ion-pair formation correlating
with the F+(1D) channel at 18.385 eV may occur via direct
transition to the 21Πu ion-pair state.

Although the efficiency spectrum of ion-pair production
around 18.385 eV is broad as observed by Berkowitz et al.,12

the dynamics of ion-pair formation may still vary with the
excitation photon energies. To produce tunable XUV radiation
by four-wave mixing in this energy region is very difficult at
present;21 we expect that future experiments could provide more
insight into the ion-pair formation dynamics of F2 using various
excitation energies in this region.

Summary

We studied the ion-pair formation dynamics of F2 at 18.385
eV (67.439 nm) using the velocity map imaging method. Two

channels have been found, i.e.

The measured center-of-mass translational energy distribution
shows that about 98% of the dissociation occurs via the F+-
(1D2) channel (eq 1b). The measured angular distributions of
the photofragments indicate that dissociation for the F+(3Pj)
channel (eq 1a) occurs via predissociation of Rydberg states
converging to F2+(Ã2Πu) and dissociation for the F+(1D2)
channel involves mainly a direct perpendicular transition into
the ion-pair state or X1Σg

+ f 21Πu, which is also supported by
the calculation results about the transition dipole moments.
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Figure 5. Calculated electronic transition dipole moments for one-
photon transition from the ground electronic state to the ion-pair states
correlating with F+(1D2) + F-(1S0).

F2(X
1Σg

+) +

148282 cm-1 f F+(3Pj) + F-(1S0) + 22240 cm-1 (1a)

f F+(1D2) + F-(1S0) + 1367 cm-1 (1b)
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