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We have studied the ion-pair dissociation dynamics of HCl f Cl- (1S0) + H+ in the 14.41-14.60 eV using
tunable XUV laser and the velocity map imaging method. The measured ion-pair yield spectrum has P- and
R-branch resolved vibrational structure, which indicates a predissociation mechanism for the ion-pair
dissociation. All of the anisotropy parameters for the angular distribution of the fragments have the limiting
values of � ) 2, which suggests that the predissociation occurs via 1Σ+ Rydberg states, and is fast in comparison
with the rotational period of HCl. To understand the predissociation dynamics, the diabatic potential energy
curve of the ion-pair state has been calculated at the MRCI/CAS/vtz level. The experimental and theoretical
results obtained in this work have provided a solid foundation for the previously proposed mechanism that
the ion-pair dissociation occurs via predissociation of Rydberg states converging to HCl+ (A2Σ+).

I. Introduction

The photoionization and photodissociation dynamics of HCl
plays important role in understanding the properties of diatomic
molecules.1-7 The ion-pair dissociation of HCl has attracted a
great deal of attention because it provides a window to study
superexcited states that have excitation energies higher than their
first ionization potential energy.8-11

By using synchrotron radiation, Yencha et al. measured the
Cl- ion-pair yield spectrum in the energy range 14.4-16.5 eV,8

HCl+ 14.418 eVfH++Cl-(1S0) (1)

They observed a series of resonance structures assigned from
the predissociation of Rydberg series, [A2Σ+]nlσ, l ) s, p, and
d with 1Σ+ symmetry, where [A2Σ+] represents the state for the
ion-core HCl+. Recently, Hu et al. reported a higher resolution
H+ ion-pair yield spectrum using XUV laser in the 14.4-14.55
eV.9 The main characteristics of the spectrum obtained by Hu
et al. are similar to that reported by Yencha et al.; however, it
was found that some detailed structure may need other assign-
ments, such as [A2Σ+]nfσ and [A2Σ+]npπ.

If the interaction between the Rydberg states and ion-pair
state is due to homogeneous coupling, or ∆Ω ) 0, where Ω is
the projection of total electronic angular momentum on the
molecular axis, then only Rydberg states of 1Σ+ symmetry
should be excited since the potential energy curve corresponding
to eq 1 has 1Σ+ symmetry. Although it is reasonable to assume
it to be true, there is as yet no concrete experimental evidence
to support it. The recent studies on the ion-pair dissociation of
Cl2 showed that the coupling between Rydberg states and ion-
pair states usually prefers homogeneous perturbation, however,
heterogeneous (∆Ω ) ( 1) perturbation does occur.12,13 It is
therefore interesting to study the symmetry properties of
Rydberg states excited in the ion-pair dissociation of HCl.

In this work, we report our studies of ion-pair dissociation
of HCl in the energy range of 14.41-14.60 eV by using the

velocity map imaging method and tunable XUV light produced
by nonlinear four-wave mixing. An H+ ion-pair yield spectrum
with resolution higher than that previously reported was
obtained. The angular distributions of the photofragments
suggest that the predisssociation is a fast process and that all
excited Rydberg states have 1Σ+ symmetry.

II. Experimental Section

The experimental machine used in this study has previously
been described in detail,12-15 therefore, only a brief summary
is given here. The coherent XUV radiation was generated using
the resonance enhanced four-wave sum mixing (2ω1 + ω2) in
a pulsed Kr jet. An Nd:YAG (YAG-yttrium aluminum garnet)
(20 Hz) pumped two dye laser system was used in the
experiments. One laser beam (ω1) was prepared by tripling of
a dye laser. The 2ω1 (98 855.1 cm-1) was fixed at the transition
of 4p5(2P1/2)5p[1/2]0r (4p6) 1S0. The other dye laser was tuned
from 530-575 nm. The uncertainties of the XUV photon
energies are (1 cm-1, and the resolution of the XUV laser was
around 0.1 cm-1. For ion-pair yield measurement, the H+ signals
from the ion-pair dissociation were recorded under field-free
conditions, and an extraction field of about 600 V/cm was
applied after a delay of 400 ns relative to the XUV laser pulse.
The XUV light intensity was also recorded for each laser pulse,
and the ion-pair yield spectrum has been normalized by the XUV
light intensity pulse by pulse. The velocity map imaging
technique follows that of Parker and co-workers.16

The HCl gas sample was premixed with Ne (Ne 97%, HCl
3%), 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.

III. Results and Discussion

A. Ion-Pair Yield Spectrum and Its Assignment. Figure
1 shows the H+ ion yield spectrum from the ion-pair dissociation
of HCl in the energy range of 116 276-117 756 cm-1. The
spectrum has clearly resolved structure. The ion-pair yield
spectrum is assigned to the excitation from HCl(X1Σ+) to
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Rydberg series with 1Σ+ symmetry, the same as that assigned
by Yencha et al. and Hu et al.8,9 Our imaging experiment (see
next section) provides clear evidence of such 1Σ+-1Σ+ transi-
tions. The superexcited states further undergo dissociation,
leading to the final products H+ and Cl- ion-pair.

The spectrum shown in Figure 1 has higher resolution than
that previously reported, since a supersonic cooled molecular
beam and a high resolution XUV laser was used in the
experiments. An apparent characteristic of the spectrum is that
there are some sharp dips in the resolved structures, which have
not been previously found. The dips arise from the lack of
Q-branches in the 1Σ+-1Σ+ transitions. They hint at the origins
of the vibrational bands. The spectrum is not yet rotationally
fully resolved. This fact suggests that the predissociation lifetime
is short in comparison with the rotational period of HCl.

The energy levels (υ0) for Rydberg states converging to HCl+

(A2Σ+, υ+) are described by the well-known formula,

υ0 ) IE(υ+)- R

(n- δ)2
(2)

where IE(υ+) is the ionization energy for the transition HCl+

(A2Σ+, υ+)r HCl(X1Σ+)17, n is the principal quantum number,
δ is the quantum defect, and R is Rydberg constant for HCl.

In this energy region, the principal quantum numbers n are
very small, 3 or 4; therefore, the electronic structure of the
Rydberg states can be taken as Hund’s case (a). The line position
(υ) for the transition between the Rydberg state HCl(R1Σ+, J′,υ′)
and the ground-state HCl(X1Σ+, J′′ ,υ′′ ) 0) is described by the
following:

υ) υ0 + (Bυ
′ +Bυ

″ )m+ (Bυ
′ -Bυ

″ )m2 (3)

where B′υ and B″υ are the rotational constants for Rydberg state
and ground state, respectively. m ) -J″ refers to P-branch
transition, and m ) J″ + 1 refers to R-branch transition.

Since only a few Rydberg states have been observed in our
spectrum, our assignment of Rydberg states simply follows
previous studies.8,9 To determine the vibrational band origins
accurately, simulations considering the transition line intensities
and coupling strengths between Rydberg states and ion-pair
states are necessary, which are difficult tasks at present. We

have thus performed empirical simulations for the ion-pair yield
spectrum. The rotational constants for Rydberg states were
assumed to be the same as those of HCl+ (A2Σ+) or B′υ ) 7.505
- 0.331(υ′ + 1/2).18,19 The rotational temperature was taken as
60 K, the rotational line intensities for each transition were
adjusted to reproduce the shape of the spectrum as closely as
possible. The rotational line profiles were assumed as Gaussian
functions with a line width of ∼21 cm-1.

It can be seen in Figure 1 that the major parts of the spectrum
can be explained by the simulation. The unexplained parts may
be due to Rydberg series that have not been considered in this
work, for example, the Rydberg series of 1Σ+ symmetry
converging to HCl+ (X2Πg). The bands in the spectrum are
assigned as [A2Σ+]4sσ(υ ) 8,9), [A2Σ+]4pσ(υ ) 3) and
[A2Σ+]3dσ(υ ) 6,7), respectively. It is noted that the quantum
defect for 3dσ, ∼0.81, is smaller than that used previously,
∼0.83,8,9 however, which is closer to the ab initio theoretical
value of 0.78.3 The band origins and quantum defects δ obtained
in this analysis are listed in Table 1 along with the previously
published data. Since the P- and R-branches in the ion-pair yield
spectrum have been clearly resolved, the vibrational band origins
determined in this work are thus more accurate than those
reported previously.8,9

From the simulation, it is known that the linewidths for
Rydberg states are ∼21 cm-1, the lifetime of Rydberg states is
hence approximated to be ∼2.5 × 10-13 s that is much smaller
than the classical rotational period of HCl ∼ 2 × 10-12 s, for a
typical rotational constant B′υ ) 3 ) 6.3 cm-1 and J′ ) 1. It is
thus expected that the predissociation is a fast process in
comparison with the rotational period of molecular rotation,
which is further proved by the measurement of angular
distribution of H+ fragments, as discussed below.

B. Angular Distribution of Photofragements. We have
recorded the velocity mapping images of H+ at 44 different
excitation energies indicated as vertical bars in Figure 1. Six of
the example images are shown in Figure 2. The images were
recorded under the electric field strengths of ∼700 V/cm,
however, it is expected that this would not change the dynamics
of ion-pair dissociation very much for photon excitation energies
of about ∼100 cm-1 above the threshold of ion-pair dissociation
(116 287 cm-1).9,12-14

The H+ angular distributions can be obtained by extracting
the information in the 2D images derived from the Abel
transform of the experimental images. The anisotropy parameters
� are obtained by fitting the experimental data using the
following formula:21,22

f(θ) ∝ 1+ �P2(cos θ) (4)

where θ is the angle between the recoil velocity and the
polarization direction of the XUV laser, and P2(x) is the second
order Legendre polynomial. Figure 3 shows the angular
distributions extracted from the six images shown in Figure 2,
and the fitting curves using eq 4.

It is surprising that all of the measured � values have the
limiting values of +2. The results mean that the optical
transitions to Rydberg states should be the so-called parallel
transitions and the excited Rydberg states have 1Σ+ symmetry.
Since the ion-pair state also has 1Σ+ symmetry, the coupling
between the Rydberg state and ion-pair state should occur via
homogeneous interaction. However, it is not straightforward to
anticipate all of the predissociations coming from the homo-
geneous perturbation since heterogeneous perturbation
(∆Ω ) ( 1) may occur due to the coupling between the nuclear
rotation and electronic orbital angular momentum.20 However,

Figure 1. H+ ion-pair yield spectrum for the ion-pair dissociation of
HCl under field free condition. The black curve is the experimental
data, and the red curve is the simulation. The Rydberg state assignments
including the P- and R-branches are also shown. There are 44 vertical
bars at the bottom representing the energy positions at which the
velocity mapping images of H+ have been recorded. To record the ion-
pair yield spectrum, an extraction field of ∼600 V/cm was exerted after
a delayed of ∼400 ns relative to the XUV laser pulses. The H+ signal
intensities have been normalized by the XUV light intensities.
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even for parallel transitions, the anisotropy parameters � for
the angular distribution of the photofragments may be smaller
than the limiting value +2 due to the finite lifetime of the
predissociated Rydberg states. Our results provide concrete
experimental evidence showing that the predissociation occurs
via Rydberg states of 1Σ+ symmetry, and is fast in comparison
with the rotational period of HCl, which is also supported by
the ion-pair yield spectrum.

C. The Potential Energy Curve (PEC) and the Ion-Pair
Dissociation Mechanism. The ion-pair state of H+-Cl- is
usually designated as V1Σ+, which is the second 1Σ+ state of
HCl. The PEC for V1Σ+ has been calculated in 1982 and also
described later by different models.8,10,11,23,24 In the energy region
we are interested in, the calculation is very difficult because

there is strong interaction between the ion-pair state and various
1Σ+ Rydberg states converging to HCl+ (A2Σ+). We thus
calculated the diabatic PEC for the ion-pair state in which the
Rydberg states were not taken into the consideration. The
calculation was performed at the level of multireference
internally contracted configuration interaction (MRCI) using
the MOLPRO software package.25 The reference functions for
MRCI were from the complete active space-SCF (CASSCF)
calculation employing the VTZ basis sets. In the calculation,
the active orbital space was (4σ)(5σ)(2π)(6σ), and the core
orbitals were (1σ)2(2σ)2(3σ)2(1π)4.

Since the precise PECs for Rydberg states are also difficult
to calculate, we assumed that the PECs for Rydberg states have
the same shape as that of HCl+ (A2Σ+). The PECs are described
by Morse potential. The parameters in the Morse function are
adapted from ref 17. The relative energies of the Rydberg states
are from our spectral data.

Figure 4 shows the calculated PECs for the diabatic ion-pair
state and the Rydberg states. The vibrational wave function of
the ground-state HCl(X1Σ+,υ ) 0) is also displayed to show
the Franck-Condon region. It can be seen from Figure 4 that
in the energy region of 14.4-14.6 eV the ion-pair potential is
out of the Franck-Condon region. Therefore, the direct excita-
tion from the ground-state to the ion-pair state is difficult.
However, an optical excitation to the Rydberg states following
a transition to the ion-pair state would be very possible.

The rate of predissociation depends on the coupling strength
between the ion-pair state and the Rydberg state. The coupling
strength is a product of two matrix elements: electronic coupling
and vibrational coupling.20 At short bond distance, R, both

TABLE 1: Band Origins, Assignments and Quantum Defects for Rydberg states in the Ion-Pair Yield Spectruma

assignment

this work ref 9 ref 8

υ0(cm-1) δ υ0 (cm-1) δ υ0 (cm-1) δ

3dσ(V ) 6) 116 385 0.810
4sσ(V ) 8) 116 754 1.888 116 330 1.8978 116 500 1.90
4pσ(V ) 3) 117 155 1.559 117 100 1.5602 1.55
3dσ(V ) 7) 117 294 0.818 116 680 0.8400 0.83
4sσ(V ) 9) 117 482 1.899 117 220 1.8962 117 250 1.90

a The vibrational energy levels for HCl+ (A2Σ+) in our quantum defect calculations are from ref 17, whereas those used in refs 9 and 8 are
different from ours.

Figure 2. Experimental raw images of H+ fragments from the ion-
pair dissociation of HCl under electric field of ∼700V/cm. The
polarization of the XUV laser is indicated. The excitation energies are
116 358, 116 702, 116 899, 117 134, 117 164, 117 262 cm-1 for images
1 to 6, respectively.

Figure 3. Angular distributions of H+ fragments obtained from the
inverse Abel transforms of the corresponding images showing in Figure
2. The small circles represent the experimental data, and the solid lines
are the least-squares fittings using eq 4. The noises near 0° and 180°
are from Abel transforms, which have not been included in the fittings.
The � values equal 2 for all the fitting curves.

Figure 4. Diabatic PEC for HCl ion-pair state calculated at the level
of MRCI/CASSCF/vtz. The diabatic means that the electronic con-
figurations involving the Rydberg electron have not been included in
the calculation. The PECs for Rydberg states are by shifting that of
HCl+ (A 2Σ+) to the experimentally determined energy position. The
PEC of HCl+ (A 2Σ+) is described by a Morse potential with parameters
from ref 17. The nuclear wave function for HCl (X1Σ+, υ ) 0) is also
shown in the figure to display the Franck-Condon region.
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factors are favorable for the interaction between ion-pair state
and the Rydberg state. The reasons are as follows:

(a) A tight coupling between the nuclear wave function of
the ion-pair state and that of the Rydberg state could occur at
small R, as can be seen from Figure 4.

(b) The electronic configuration for the ion-pair state consists
mainly two configurations: (4σ)2(5σ)1(2π)4(6σ)1 and (4σ)2-
(5σ)2(2π)4. For short bond distances (R smaller than 2.1 Å),
the calculations at the level of MRCI/CASSCF/vtz show that
the main electronic configuration is (4σ)2(5σ)1(2π)4(6σ)1, whereas
for long distances (R larger than 2.1 Å), the main electronic
configuration is (4σ)2(5σ)2(2π)4. The Rydberg states converging
to HCl+ (A2Σ) have the electronic configurations of (4σ)2-
(5σ)1(2π)4(nlσ), l ) s, p, and d, which differ by one orbital to
(4σ)2(5σ)1(2π)4(6σ)1, the configuration preferred at small R.
Hence, the electrostatic interaction between the ion-pair state
and the Rydberg state may take place easily at short bond
distances.

For the above reasons, it is expected that the predissociation
between the ion-pair state V1Σ+ and Rydberg state (4σ)2-
(5σ)1(2π)4(nlσ) could occur as suggested previously.8 Since the
predissociation is fast as shown by our experimental results,
the coupling between the ion-pair state V1Σ+ and Rydberg state
(4σ)2(5σ)1(2π)4(nlσ) is expected to be strong.

IV. Conclusions

The ion-pair dissociation dynamics of HCl has been studied
in the 14.41-14.60 eV by measuring the ion-pair yield spectrum
and the velocity mapping images of H+ fragments. The ion-
pair yield spectrum has P- and R-branch resolved vibrational
structures, which lead to more accurate assignments of band
origins for 1Σ+ Rydberg states involved in the predissociation
processes. The measured angular distributions of the photo-
fragments provide concrete experimental evidence that the ion-
pair dissociations are from parallel transitions and the predis-
sociations are fast in comparison with the rotational period of
HCl, which is also supported by the linewidths of the Rydberg
states in the ion-pair yield spectrum. The diabatic PEC of the
ion-pair state has been calculated at the MRCI/CAS/vtz level.
Combining the experimental and theoretical results, it is
concluded that the ion-pair dissociation occurs via the predis-
sociation of 1Σ+ Rydberg states converging to HCl+ (A2Σ+),
which supports the previously proposed predissociation mech-
anism.8
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