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Abstract

We have measured kinetic-energy-release distributions (KERD) for spontaneous dissociation of electronically excited dimer ions of
krypton and xenon, formed by electron impact ionization of neutral precursors. The data cannot be reconciled by decay of the strongly
bound II(1/2u) state that successfully explains dissociation of Ne;J and Ar; . Instead, the KERD is dominated by contributions from the
weakly bound II(1/2g) state that has so far escaped a convincing experimental characterization. The present data can be utilized to assess
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the accuracy of ab initio potential energy curves of this state.

1. Introduction

Rare gas dimer ions are of relevance in a variety of envi-
ronments. They are ubiquitous in high-pressure plasmas
[1]; they are of relevance in VUV rare-gas excimer and
ion lasers [2] and plasma display panels [3]. They are crucial
to understand the optical properties and dissociation
dynamics of rare gas cluster ions [4-10], and they play a
role in the localization of charges in rare gas solids [11].

Homonuclear rare gas dimer ions Rg; other than He;
possess six low-lying electronic states that converge to the
two lowest dissociation limits, Rg('Sy) + Rg"(*Ps/,) and
Rg(ISO)+Rg+(2P1/2). The calculation of their potential
energy curves has attracted considerable interest [12-17].
The results of recent ab initio calculations for Kr; [16]
and Xe; [15] are graphed in Fig. 1. Moreover, a rich body
of experimental data has been obtained [18], most recently
by high-resolution threshold photoelectron spectroscopy
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[4,19-24]. There is good agreement between ab initio calcu-
lations and experimental data with one notable exception,
the 11(1/2g) state of Kr; . In early theoretical work [12,13]
it was concluded that this state is repulsive. More recent
ab initio studies find a dissociation energy Dy =202 cm
[16] or 103 cm™' [17], much smaller than the experimental
value of ~600 cm ™' [20,22].

However, the experimental value is problematic. In spite
of the high experimental resolution of <1 cm™~' [22], only
one line without any substructure is observed in the photo-
electron spectra, slightly above the vibrational progression
that arises from transitions to the II(1/2u) state. The line
has been tentatively assigned to a transition from the vibra-
tional ground state of the neutral dimer (XO;) tothe vt =0
state of Kr;(II(1/2g)) [22]. The interpretation implies that
the equilibrium distances R, of Kr; (1I(1/2g)) and the neu-
tral dimer are similar whereas recent ab initio studies find
that R.(II(1/2g)) exceeds Re(XOQ) by 16% [16] or even
21% [17] (R, values are indicated in Fig. 1 by vertical
arrows).

The situation is not quite as contradictory for Xe; (II(1/
2g)) where, again, only a single line is observed in
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Fig. 1. Ab initio potential energy (PE) curves for the six lowest electronic

. states of: (a) Kry [16] and (b) Xe; [15]. Downward arrows indicate

transitions discussed in this work and indicate the equilibrium separations
R. in the I1(1/2) states. Upward arrows indicate R, values of the neutral
dimers.

photoelectron spectra above the II(1/2u) vibrational pro-
gression. According to Rupper et al. [24] the single line is
424.6 cm™' below the dissociation limit into Xe+(2P1/2),
in good agreement with an ab initio value of
Do =359 cm™! for the dissociation energy of Xe; (I1(1/2g)
[15]. Also, for xenon the calculated equilibrium separation
of this state coincides more closely, within 10%, with
R.(X Og) [15]. However, in earlier photoelectron spectra
Lu et al. [19] had identified a single line at considerably
higher energy, 842 cm ™",

In summary, the lack of vibrational progressions in the
I1(1/2g) state of Kr; and Xe; limits the information that
can be deduced from spectroscopic data. The experimental
value for the dissociation energy of Kr; (1I(1/2g)), in partic-
ular, is questionable; it has not even been established with
certainty if bound vibrational levels exist for this state [17].
Thus, the accuracy of ab initio calculations for the I1(1/2g)
state which are particularly demanding for the heavier rare
gas dimer ions because of the large number of electrons and
the large spin—orbit splitting cannot be assessed.

In the present work we embark on such an assessment
by measuring the kinetic energy released in metastable dis-
sociation of Krj and Xe;. These distributions can be very
sensitive to details of the underlying electronic potential
energy curves of decaying dimer states [25]. Using this tech-
nique we have previously shown [26] that radiative decay of
the II(1/2u) state into I(1/2g) explains the spontaneous dis-
sociation of Arj, while Ne; also decays by radiationless
transition into I(3/2u). As shown by Yoshii et al. [4,21]

the radiative I(1/2g) « II(1/2u) transition is also relevant
for spontaneous decay of Kr; and Xe;. However, in the
current work using a novel three sector field mass spectro-
metric technique we demonstrate that this transition does
not explain the measured Kkinetic energy release distribu-
tions (KERD) for Kry and Xe; . Instead, radiative transi-
tions from the II(1/2g) state dominate. Kr; shows only
one transition, into I(1/2u), while Xe; shows two transi-
tions, into I(1/2u) and I(3/2u). These data will be used to
assess the accuracy of potential energy curves of the II(1/
2g) state calculated by ab initio methods [15-17] and a
semiempirical model [24].

2. Experimental set-up

The apparatus consists of a high-resolution double
focusing mass spectrometer combined with a second elec-
trostatic analyzer [27,28]. Neutral rare gas dimers are pro-
duced by expanding either krypton or xenon at about 1 bar
through a 20 um nozzle into vacuum; molecules are ionized
by eclectron impact at typically 100 eV. The ions are
extracted by an electric field and accelerated into the mass
spectrometer. They pass through the first field free region,
are momentum-analyzed by a magnetic sector field fol-
lowed by a second field-free region, are energy-selected
by a 90° electric sector field followed by a third field free
region, pass through a second electrostatic sector field,
and are detected by a channeltron-type electron multiplier.

To study the spontaneous decay of the ions and the
kinetic energy released in the reaction, an improved mass
analyzed ion kinetic energy (MIKE) technique has been
applied [29]. MIKE spectra are recorded by tuning the
magnet and first electric sector to transmit the parent ion
and scanning the sector field voltage of the second electric
sector. In this mode, the mass resolution is sufficient to sep-
arate different isotopomers of Kr; and Xe; . Stable parent
ions of mass m,, pass the second electric sector at the voltage
of U,=510.6 V; fragment ions m; produced between the
two electric sectors pass at a reduced voltage Uymi/m,,.
The shape of the fragment ion peak reflects, after deconvo-
lution with the parent ion peak, the kinetic energy release
distribution (KERD) of the reaction.

3. Results and discussion

Fig. 2a shows three MIKE scans of xenon dimer ions
with a nominal parent mass of 264, 267 and 272 u respec-
tively. Xenon contains nine naturally occurring isotopes
with masses 124, 126, 128, 129, 130, 131, 132, 134 and
136 u with abundances of 0.1%, 0.09%, 1.91%, 26.4%,
4.1%, 21.2%, 26.9%, 10.4% and 8.9%, respectively. The
parent ion at 264 u is most intense; it gives rise to an intense
MIKE peak at 255.3 V (Fig. 2a top). However, it is not
suitable for a KERD analysis, because its main contribu-
tion ('*?Xe'*?Xe™) is contaminated by '*°Xe'**Xe* and
128%e!3°Xe™. Upon dissociation these contaminants pro-
duce fragment ion peaks at Uy = Upmg/m, = 247.6, 251.4,
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Fig. 2. (a) MIKE spectra for spontaneous dissociation of Xe; — Xe*+
Xe for three different parent ion masses. (b) Kinetic energy release
distributions (KERD) derived from the MIKE spectrum of Xe; (mass
267 u) and Kr; (mass 170 u).

259.2 and 263.0 V, they form barely visible bumps in the
wings of the main MIKE peak.

In contrast, the parent ions at 267 and 272 u consist of
only one isotopomer each, namely '*'Xe'**Xe® and
136Xe136Xe™, respectively. The advantage of having only
one fragment channel for the '*Xe'**Xe™ parent is com-
promised by its very low intensity. Therefore, we choose
the mixed dimer '*'Xe'**Xe* for further analysis. The
KERD is obtained by taking the derivative of the MIKE
peak, properly deconvoluted with the shape of the parent
ion peak, and transforming the sector field voltage to
kinetic energies in the center of mass [30]. We have previ-
ously run extensive numerical simulations of ion trajecto-
ries following reactions with specified KERDs [27]. The
study verified that our conversion from MIKE spectra to
KERD is accurate and numerically robust, especially for
relatively small kinetic energy releases as observed in the
present study. Only one side of a MIKE peak is required
once the exact center of the peak has been determined. In
the present situation we choose the outer wing of the left
peak which corresponds to '*'Xe™ fragments. A straight-
forward estimate shows that the contamination by its twin
peak (1*Xe" fragments) is no more than a few percent. The
KERD thus derived is shown in Fig. 2b. The average value
of the monotonically decreasing distribution is 33 meV.

Yoshii et al. reported an upper limit of 150 meV [21] for
the average kinetic energy released in the dissociation of
Xes following photoexcitation into the v" =6 state of
II(1/2u). In contrast, as will be shown below, the main con-
tribution to our experimental signal derives from metasta-
ble dissociation of the II(1/2g) state. Furthermore, the
spectra by Yoshii et al. are dominated by prompt frag-
ments; their experimental technique makes it impossible
to unambiguously derive the KERD for metastable reac-
tions. A detailed comparison of our data with their results
would therefore be futile.

Krypton has six naturally occurring isotopes; it was ana-
lyzed similarly. Among all pure isotopomers, the ion at
170 u (**Kr*®*Kr™") is the most abundant one; it produces
a split MIKE peak corresponding to the fragment ions
84K and 8°Kr", respectively. The splitting is large and
the contamination of the outer wings of the doublet by
their twin peaks is accordingly small. The KERD derived
from the MIKE peak (which will be shown later) is dis-
played in Fig. 2b. The average value of the distribution is
56 meV. Yoshii et al. [4,21] reported a value of <80 meV
for dissociation of Krj (II(1/2u) (v = 2).

For a comparison of experimental data with theory we
proceed as follows (see [28] for details)

(1) We calculate the initial population N,(¢ = 0) of vib-
ronic states of Kry and Xe; at time ¢=0. Only
bound states above the dissociation limit into
Rg('Sy) + Rg(?P3/5) will lead to dissociation into
Rg", i.e. only the II(1/2u) and II(1/2g) states have
to be considered (higher states are ignored). For
Kr; we use the ab initio curves by Kalus et al. [16]
who wused a coupled cluster approach (RHF-
RCCSD-T) and relativistic effective core pseudo
potential, and the curves by Ha et al. [17] obtained
from non-relativistic configuration interaction ab ini-
tio calculations. For Xe; we use the ab initio curves
by Paidarova and Gadea [15] who used a coupled
cluster approach (RHF-RCCSD-T) and relativistic
effective core potentials, and PE curves by Rupper
et al. [24] derived from spectroscopic data and a glo-
bal model. Both sets of PE curves for Xe; rest on the
assumption of the spin—orbit coupling being indepen-
dent of the interatomic separation. The population
N,(t=0) of vibrational states in the II(1/2) states
are given by the Franck—Condon factors from the
neutral dimer PE curves [31,32].

(2) In a second step we compute the vibrational popula-
tion at the time of dissociation (36.7 ps <t < 44.4 us
for Kr; and 46.0 ps <z <55.6 us for Xe;) from
Ny(t) = N(t)exp(—Ayt). A, is the sum of all
(bound-bound and bound-free) decay rates from a
given vibronic level. Only the J=0 rotational
quantum numbers are taken into account because
the large reduced mass of the heavy rare gas dimer
ions leads to a small dependence of the effective
potential on J.
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(3) For each vibronic level that has a non-negligible pop-
ulation N,(f) we compute the kinetic energy release
distribution, i.e., the coefficients for radiative transi-
tions as a function of the final energy in the
continuum.

(4) For each electronic transition we combine the results
of (2) and (3).

(5) For a quantitative comparison between experiment
and theory we transform the ‘predicted” KERD to
the laboratory reference system by inverting the pro-
cedure described above. A comparison of MIKE
spectra is preferred over a comparison of KER distri-
butions because differentiation of noisy experimental
data would require heavy smoothing [33]. Further-
more, as apparent from Fig. 2b, the statistical accu-
racy of the data cannot be assessed from the
experimental KERD.

The only free parameter in the model is the temperature
of the neutral dimer. We assumed a vibrational dimer tem-
perature of 50 K for Kr, and 70 K for Xe,. These values
have been obtained by scaling the temperature of Ar, mea-
sured by Raman scattering [34]; they are consistent with
temperatures estimated for larger clusters based on the
concept of evaporative cooling [35]. Our results do not sig-
nificantly depend on variations of the temperature within
reasonable limits. Why not? The KERD depends on the
initial population of rovibrational levels of the ion and
the emission rates of those levels; the second of these fac-
tors is much more decisive than the first. For example, fur-
ther below we will show that transitions from the II(1/2u)
state are dominated by transitions from the highest bound
vibrational level; the population of lower vibrational levels
matters little. A detailed discussion of this effect on the
decay of Ar; has been presented elsewhere [28].

The KERD predicted for Xe; is plotted in Fig. 3. All
three dipole-allowed transitions from the two electronic
states that correlate with the Xe('Sy) + Xe*(*P;,) dissocia-
tion limit are active on the time scale of our experiment.
The corresponding three contributions to the KERD, cal-
culated from the ab initio PE curves [15], are plotted sepa-
rately in Fig. 3a and those -calculated from the
semiempirical PE curves [24] are plotted in Fig. 3b. A dom-
inant contribution to the total KERD comes from the I(1/
2u)« II(1/2g) transition and a weaker one from the per-
pendicular 1(3/2u) « II(1/2g) transition. The final states
are bound at internuclear distances of the II(1/2g) state.
Hence the nuclear wave functions of the final continuum
states have highest amplitudes at energies just above the
asymptotic limit, and the predicted KERD decreases essen-
tially monotonically with increasing energy.

A third contribution is predicted to come from transi-
tions of II(1/2u) into the strongly repulsive part of I(1/
2g); they give rise to a high-energy component in the pre-
dicted KERD with a most likely value of 0.35eV for the
ab initio PE curves, and 0.22 eV for the semiempirical
curves. Transitions from the highest vibrational state of
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Fig. 3. Kinetic energy release distributions for Xe; — Xe™ + Xe calcu-
lated for three electronic transitions from ab initio PE curves [15] (panel a)
and from the semiempirical PE curves [24] (panel b). For greater clarity,
the energy scale is changed at 0.05 eV. (c) Comparison of the experimental
MIKE spectrum (open dots) with the summed and transformed theoretical
KERDs.

II(1/2u) dominate, we find vy, = 62 for the ab initio PE
curves [15]. However, the highest value of v that we can
take into account is limited by numerical instabilities. A
change to vy, = 61 would have a negligible effect on the
computed KERD whereas the calculated weight N.(7)
would change by a factor two. Hence, we cannot reliably
predict the relative contribution of transitions from the
II(1/2u) state versus those from the II(1/2g) state.

In the MIKE spectrum (Fig. 3c) the predicted high-
energy component would be visible as a wide, roughly rect-
angular contribution. The semiempirical PE curves predict
a step at =246 V corresponding to a predicted KER of
0.22 eV, whereas the ab initio curves predict a less pro-
nounced step at ~245V (KER = 0.35 ¢V). There is no evi-
dence for such a step in the experimental data which are
already explained quite well by the two low-energy compo-
nents. Thus, on the time scale of our experiment, the I(1/
2g) « II(1/2u) transition is overwhelmed by the I(1/
2u) « II(1/2g) and 1(3/2u) « II(1/2g) transitions.

We now turn to a discussion of krypton. The experimen-
tal MIKE peak of the **Kr" fragment from **Kr*°Kr* is
displayed in Fig. 4c. It is similar in shape to the one
observed for xenon but wider, reflecting the larger average
KER (56 meV for krypton versus 33 meV for xenon). Only
two electronic transitions are calculated to be significant,
namely I(1/2u) < II(1/2g) and 1(1/2g) < II(1/2u). The per-
pendicular I(3/2u) « II(1/2g) transition is four orders of
magnitude weaker than I(1/2u) < II(1/2g). As before, the
I(1/2u) « II(1/2g) transition results in a monotonically
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Fig. 4. KERD for Kr; — Kr" +Kr calculated for two electronic
transitions from ab initio PE curves by Kalus et al. [16] (panel a) and
by Ha et al. [17] (panel b). For greater clarity, the energy scale is changed
at 0.04 eV, and the high-energy component is amplified by a factor 10 and
S, respectively. (¢c) Comparison of the experimental MIKE spectrum (open
dots) with the summed and transformed theoretical KERDs.

decreasing KERD whereas the transition from II(1/2u)
into the repulsive part of I(1/2g) produces a KERD that
peaks around 0.15¢V; this transition is relatively more
intense for the PE curves by Ha et al. [17] than for the
PE curves by Kalus et al. [16], see Fig. 4a,b. This high-
energy component is responsible for the step in the pre-
dicted MIKE spectrum near 249 V, see Fig. 4c. There is
no hint of such a step in the experimental data, i.e. the tran-
sition does not significantly contribute (recall that the
calculated relative weights of the two transitions carry a
large uncertainty).

The I(1/2u) «+ II(1/2g) transition produces a MIKE
peak whose shape matches the experimental data. How-
ever, the predicted curves are narrower than the measured
one. The discrepancy is more pronounced for the PE curves
by Ha et al. [17]. This can be seen in the low-energy part of
the KERDs (Fig. 4a,b). When transformed to the labora-
tory reference system (Fig. 4c), a narrower low-energy
component corresponds to a ‘predicted” MIKE peak that
is narrow near its peak.

4. Conclusions

In conclusion, we have measured the distributions of
kinetic energy released in the metastable reaction
Rg; — Rg" +Rg for carefully chosen isotopomers of
Kr; and Xe;. At the same time we have ‘predicted’ these
distributions based on published potential energy curves

for Krj and Xe;. Radiative transitions from the II(1/2u)
and the TI(1/2g) state are expected to contribute. Compar-
ison with the experimental data shows that transitions from
the I1(1/2g) state dominate, in contrast to decay of Ne; and
Ar; where the situation is reverse. The data thus establish,
beyond any doubt, that the Kr; (II(1/2g)) state supports
bound vibrational levels. However, the agreement of the
‘predicted’ distributions with experimental data is, espe-
cially for krypton, only modest, suggesting that the calcu-
lated TI(1/2g) potential energy curves are still lacking in
accuracy.
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