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Abstract. High-resolution energy spectra of electrons
released in Penning ionization collisions of metastable
rare gas atoms Rg*(ns) (Rg = He, Ne, Ar, Kr, Xe) with
several open-shell and closed-shell atoms are analyzed to
determine the well depth of the potential energy curve
which describes the respective autoionizing collision
complex. We thereby elucidate trends in the chemical
interaction of Rg* with closed-shell target atoms A(ns?)
and establish a basis for detailed comparison with the
respective interactions involving open-shell, ground state
alkali atoms A(ns). From electron energy spectra due
to associative ionization (RgH™ formation) in Rg* +
H(ls) collisions, we determine binding energies for the
RgH"('S) ground state potential (Rg = Ne, Ar, Kr,
Xe) with uncertainties around 0.03 eV.
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1 Introduction

The interaction of metastable rare gas atoms (Rg*) with
target atomic systems (A) leads to the formation of
diatomic collision complexes that may undergo auto-
ionization processes if sufficient energy (electronic and
kinetic) is available. The primary results of such
processes are the formation of Penning or associative
ions by the following reaction schemes [1-4]:
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Rg*+ A — [Rg-A]* — Rg+ A" +¢e (e)
Penning ionization (PI) (la)
— RgA" +e (g)
Associative ionization (Al) |,
(1b)

where [Rg-A]* represents the collision complex or
quasi-molecule. If the excitation energy E(Rg*) of Rg*
exceeds the ionization energy /(A) of A the collision
system lies in the ionization continuum of the final
(Rg+ A™") + e~ states at all internuclear separations R,
and autoionization may proceed even in the limit of
zero collision energy. The process is resonant in the
sense that the emitted electron can take away the
excess energy in a way compatible with the Franck-
Condon principle. In view of the metastability of the
Rg* states considered, the electronic coupling which
promotes autoionization is basically of short range;
toward large distances, it decreases exponentially in a
way which essentially reflects the overlap between the
hole in the Rg* atom and the active electron in the
target A. Within the electron exchange model for PI
[5] the target electron may be viewed to fill the Rg*
hole with simultaneous emission of the excited electron
in Rg*. As demonstrated in great detail in recent
experimental and theoretical work on one of the
simplest PI/AI systems [He*(23S;)+ H(1S;,)] [6, 7],
the process can be very well described by local
complex potential theory within the framework of
the Born-Oppenheimer approximation, as long as the
electron energy is sufficiently large. Within this theory
[7-10] the entrance channel Rg* + A is described by
two (real) local (i.e., only R dependent) functions
V*(R) and T'(R), which form the local complex
potential ¥7icp(R) = V*(R) —iT'(R)/2. The imaginary
part of this complex potential introduces the decay of
the entrance channel into the final continuum states.
The heavy-particle motion in the exit channel is
controlled by the (real) potential V*(R). Depending



on the value of the electron energy &, the heavy-
particle motion in the final state lies in the continuum
(Eq. 1a) or it corresponds to the formation of bound
RgA™ levels (Eq. 1b). The two situations are energet-
ically characterized by the criteria:

PI: e < Ey+ Erel (221)
Al: &> Eo+ Ew, (2b)

where E; denotes the asymptotic energy difference
(subsequently referred to as nominal energy) between
the potential curves V* and V7, ie., Ey= V*(co)—
V*(oo) = E(Rg*) —I(A); E. represents the relative
collision energy in the entrance channel. Considerable
information can be gained about these autoionizing
processes from analyses of the electron spectra with
respect to the kinetic energy of the electron and the
shape of the observed peak structure [1-7, 11— 16]. In
particular, one can gain rather direct information on
the shape and depth of the incoming and outgoing
interaction potentials, V*(R) and V' (R), respectively,
and — with the aid of model calculations of the energy
spectra — on the coupling width I'(R) which is connected
with the local transition rate W(R) for spontaneous
ionization by I'(R) = A W (R).

Over the past 15 years or so we have conducted sys-
tematic electron spectrometric studies of a large number
of excited diatomic collision systems [6, 15-26]. For
detailed interpretation of these experimental data close
collaboration with the group of Wilfried Meyer proved
to be crucial and highly beneficial. Through the group’s
continued efforts, most notably by Mladen Movre and
Wilfried Meyer himself, accurate ab initio potential
curves became available for several basic PI systems:
He*(238172180) +H(IZSI/2), D(lzsl/z), Li(2281/2),
Na(3?S;/,), He*(2°S;), and Ca(4'S), including local
autoionization width functions [6, 7, 15, 18, 21, 25].
Based on these (complex) potentials, scattering calcula-
tions for the relevant experimental observables were
carried out; through detailed comparison of theoretically
predicted with experimentally measured quantities, most
notably (angle-dependent) electron energy spectra, sub-
stantial insight was gained into the autoionization
dynamics in these systems [6, 7, 15, 18, 21, 22, 25, 26].
This insight will guide us in future work.

The purpose of this paper is to summarize our present
knowledge on the chemical interactions of Rg* with
several prototype open- and closed-shell atoms, A, as
gained from analysis of measured high-resolution elec-
tron energy spectra for the respective autoionizing col-
lision system. Moreover, we dwell on the protonated
systems RgH™' (Rg = Ne-Xe) for which we determine
potential well depths from electron spectra due to Al in
Rg* + H collisions. In Sect. 2 we discuss the theoretical
framework for the interpretation of electron energy
spectra due to PI and Al processes. A brief description
of a typical experimental setup used to measure high-
resolution electron spectra for the Rg*-A system is
presented in Sect. 3. In Sect. 4 we discuss in some detail
the interaction of Rg* with closed-shell target atoms
(Mg, Ca, Sr, Ba, Yb, Hg) and with open-shell target
atoms (H, D, Li, Na, K, Rb, Cs). Well depths for the
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RgH*(X'Z) potentials through analysis of Al electron
spectra for the respective Rg*+H systems are also
described in Sect. 4.

2 Theoretical framework for the determination
of potential well depths from electron energy spectra
due to autoionizing collision complexes

The PI/AI process within the potential curve model
which is based on the Born-Oppenheimer approximation
and the Franck-Condon principle for the electronic
transition is characterized in Fig. 1. The upper curve
represents the incoming neutral potential energy curve
for the diatomic collision system Rg* + A of relative
collision energy E. with formation of the quasi-
molecule (Rg-A)*, of well depth D} at R}, from which
autoionization may occur over a range of internuclear
distances R. The point R} indicates the classical turning
point in the collision system for zero impact parameter b.
The middle curve represents the outgoing ionic potential
energy curve of the collision system with a well depth for
the molecular ion of D} (somewhat exaggerated for
most Penning-type systems except for AT = H") at R}.
The lower curve represents the difference potential
V* — Y+ as a function of R with a minimum at R,,.
Note that the value of R,, is shifted to a slightly larger
value than R} due to the attractiveness in the ionic
channel. The dashed curve associated with the difference
potential is a typical autoionization width function I'(R).
Also shown to the right of the difference potential curve
is a hypothetical electron energy spectrum P(g) with
contributions from PI (open area) and Al (hatch area).
Ey in Fig. 1 is given by Ey = V*(c0) — V1 (o0), i.e., the

Energy
Vv*
Rt* R[; lEreI Rg* +tA
E, ‘ T =
b
v*
0 R Rg+A’
[ / R
Dey

Fig. 1. Two-state potential energy curve model for Penning
ionization (PI) and associative ionization (Al) in metastable rare
gas atom (Rg*)-atomic (A) collision systems
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energy of the difference potential at infinite internuclear
distance, which is referred to as the ‘““nominal” energy
difference. Also shown on the electron spectrum is the
44% point of the low-energy “‘edge” given by ¢, from
which the well depth D} can be deduced using Eq. (6) in
conjunction with reasonable estimates of the potential
difference [V (o0) — VT (R})] (see below). The point ¢, in
the electron spectrum represents the maximum electron
energy possible for transitions occurring at the classical
turning point R;.

A key quantity for the explanation and interpretation
of the electron energy spectrum P(e¢) resulting from
PI/AI is the (local) difference potential function
[V*(R) — VT(R)]. If we assume that the positions and
momenta of the heavy particles are frozen during auto-
ionization occurring at internuclear distance R (classical
Franck-Condon principle), depicted by the vertical
heavy arrows in Fig. 1, the energy of the emitted electron
is simply given by the difference potential, i.e., we have:

&(R) = V¥(R) = V'(R) 3)

Note that this equation is independent of the actual
impact parameter b or, equivalently, of the orbital
angular momentum J* of the collision system, since we
assumed the radial and angular motion of the nuclei to
be frozen in the electron emission process. Therefore,
the orbital angular momentum J* and the centrifugal
potential in the exit channel are the same as the
corresponding quantities in the entrance channel, and
the centrifugal potentials cancel in the difference poten-
tial. This approximation is equivalent to assuming that
the ejected electron does not carry away angular
momentum and therefore leaves as an s-wave. Classical
estimates [18, 26] for the expected angular momentum
exchange between the heavy-particle system and the
emitted electron show that higher electron partial waves
[ may in fact be present, but are typically restricted to
values [ < 3 [6, 7, 18, 26]. Angular momentum exchang-
ing processes lead to some spectral broadening and
angle-dependent  shifts, as first observed for
He*(23S) + Li(22S) [26]. Theoretical calculations for
the systems He*(23S) + H, Li showed that electron
spectra measured at an angle ® = 90° (relative to the
collision velocity direction) are to a large extent
representative for angular-integrated spectra in agree-
ment with experimental observations [6, 7, 18]. The
following discussion exclusively addresses electron spec-
tra measured at ® = 90°.

The situation depicted in Fig. 1 is quite typical for PI
systems involving Rg* and A with substantial mutual
long-range attraction. The (average) thermal collision
energy (typically E = 50 meV) is smaller than the well
depth D! = V*(R!) of the entrance channel potential
(several tenths of an eV). In view of the closed-shell
nature of the ground state Rg atoms the ionic exit
channel potential for the Rg-A™ system is in general only
weakly bound by polarization forces which, however,
rise substantially from Rg = He to Xe. As is obvious
from Fig. 1, Al can only occur if the autoionization
process happens at internuclear distances close to the
classical turning point R} in V*(R) for which the energy

condition Eq. (2b) holds and the highest energies in the
spectrum P(¢) are obtained. In contrast, the lowest
energies originate from electron emission at distances
around R,,, which denotes the minimum point of the
difference potential; for the situation depicted in Fig. 1,
R, is quite close to R}. In view of the relationship
P(e)de = P(R)dR, where P(R) represents the radial
probability density for electron emission in the interval
(R,R + dR), the electron spectrum P(g) = P(R)/|de/dR)|
exhibits a classical, integrable singularity at the point
R = R,,, where the difference potential ¢(R) is stationary
[9, 27]. In a semiclassical description the singularity is
replaced by the square of an Airy function [9, 28]
in the region where the quadratic expansion &(R) =
ém + & (Rw)(R — Ryy)?/2 around the minimum point R,,
is valid. For sufficiently low ionization probability and
weak variation of I'(R) in the neighborhood of R,,, the
contribution Pj-(¢) of each entrance channel partial
wave J* to the electron spectrum around ¢, is explicitly
given by [9, 28, 29]:

Py (¢) = 20 (Ry) /firey (Rp)]
5 [y (Ry)e" (Ru) /4] 24 (2) (4)

where u,+(R,,) denotes the radial collision velocity for
the partial wave J* at R =R, and Ai(z) represents
an Airy function with argument z = [2/¢"(R,)]
1/t (Ry)]** (6 — €). The corresponding peak ~in
Py(¢) has a width which is related to the curvature of
the difference potential ¢/(R) = d*¢/dR?* at the distance
R,, and to the radial velocity of the collision system in
this region. We note that improved semiclassical
dezscriptions [28, 30], e.g., by taking into account the
variation of I'(R) around R, [28], do not lead to
substantial changes as long as the discussion is confined
to the main Airy peak. When a sufficiently large number
of orbital angular momenta contribute to autoionization
around R,, the semiclassical expression for the main
Airy peak is very similar to the result of exact quantum
mechanical calculations [30]. Analysis of the A4i(z)
function in Eq. (4) shows that the value ¢, of the
classical minimum of the electron energy occurs at the
44% intensity point on the low-energy side (edge [9]) of
the main Airy peak. This statement is also valid to a
good approximation for the full spectrum P(¢) as well as
for quantum mechanical results. This simple 44%
criterion is used to extract the entrance channel well
depth D} from the experimentally determined value for
Ey — &, as described below.

To illustrate the appearance of realistic electron
spectra for systems with substantial entrance channel
well depths and weak attraction in the ionic exit channel
we present the results of quantum mechanical calcula-
tions for the electron spectra of the reactions
He*(23S,2!S) + Ca — He + Ca™ (4s) + e~ [15] in Fig. 2.
The spectra were obtained with an appropriate average
over the collision energy distribution. The effect of res-
olution on the appearance of the electron energy spec-
trum is demonstrated by the full lines, which are
obtained after convolution of the pure theoretical spec-
tra (dashed lines) with a Gaussian spectrometer function
(60 meV FWHM). What is of importance in connection
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Fig. 2. Theoretical electron energy spectra for the reactions
He*(23S,2!S) + Ca — He + Ca™* (4528 5) + ¢, as calculated for
the experimental distribution of collision energies before
(dashed lines) and after convolution (full lines) with the experi-
mental electron energy resolution (60 meV FWHM). The spectral
areas correspond to the respective cross sections for Ca* (4s2S) ;)
formation (23S:2!S ratio 0.64). The electron energies are relative to
the respective nominal energies *'Ey for Ca*(4sS;),) formation
[*'Ey = excitation energy of He*(2>'S) minus the ionization
potential (IP) of Ca]

with the present paper is the location of the low-energy
edge. In the theoretical spectra (dashed lines) the posi-
tion of the edge ¢, corresponds to the 35%
[He*(2!S) + Ca] and to the 43% [He*(23S) + Ca] in-
tensity points on the low-energy side of the main Airy
peak. After convolution, the ¢, positions appear at a
point of higher intensity, and this effect has to be taken
into account in the proper evaluation of experimental
Airy peak structure [15, 16, 29].

In order to deduce the entrance channel well depth D,
from the experimentally measured edge position ¢, for
situations similar to those depicted in Fig. 1 we proceed
as follows. To a first approximation the distance R,,, at
which the difference potential attains its minimum, can
be set equal to R7; this is especially true for systems with
weak attraction in the ionic potential V" (R), including
the important case Rg = He and also Rg = Ne. We
then obtain a simple equation to extract the well depth
D = V*(R,) from the experimentally measured edge
position ¢, as follows:

e = V*Ry) — VI (Ry) =~ V*(R)) — V(RY)

— Eo— D}~ [V (R) - 1 (00), ©)

and therefore,
D~ Eg— ey + [V (00) — VT(RY)]. (6)

We use this equation in conjunction with reasonable
estimates for [V*(R)— V" (o0)] to determine well
depths for the interaction potentials of He* atoms with
alkali, alkaline earth, Yb, and Hg atoms. This approach
is also a good approximation for extracting well depths
of the Ne* + A systems. For the heavier Ar*, Kr*, and
Xe* atoms a more detailed procedure must be used [19].
Note that the value for R} in Eq. (6) is in general not
known, but it can be estimated with reference to
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chemically similar systems or by, for example, the sum
of the atomic radii of Rg* and A. Even if R} is not well-
known, however, the well depth D} can still be
determined quite accurately as long as the interaction
in V*(R) is small in the relevant range of internuclear
distances.

3 Experimental methods

A typical experimental setup for studies of electron
energy spectra due to PI and AI processes with Rg* is
sketched in Fig. 3. It consists of an intense, collimated
and (preferably) state-selected projectile beam of Rg*, a
suitable target (either in the form of a static diffuse gas
or, as shown in Fig. 3, a collimated beam of atoms or
molecules), and a high-resolution electron spectrometer.
In addition, diagnostic means to characterize the
properties of the projectile beam, of the target, and of
the electron spectrometer are involved.

We have used a differentially pumped discharge
source to produce a Rg* beam with intensities in the
range (2-20) x 10'* cm™2 s~!, as summarized in a recent
publication [31]. For all Rg atoms two metastable states
with lifetimes long compared with the time-of-flight from
the source to the monitor detector are present in the
beam. The energies [32], lifetimes [32], and other prop-
erties of the Rg* beams are summarized in Table 1. In the
case of He, the He*(23S) and He*(2'S) states have suf-
ficient energy to ionize all atoms (except for He and Ne)
and molecules. In the case of heavier Rg the two meta-
stable levels are given by Rg*[(n— 1)p° ns °P,] and
Rg*[(n — 1)p® ns 3Py] (n = 3-6 for Rg = Ne-Xe). The
energy separations between the lower-lying *P, and

ELECTRON
SPECTROMETER

QUENCH
LASER
METASTABLE

ATOM SOURCE

METASTABLE
BEAM
MONITOR

He (2'S)
TARGET BEAM QUENCH LAMP
SOURCE

Fig. 3. Schematic representation of a typical crossed-beam
apparatus used to obtain electron spectra at 90° to the plane of
the interacting, mutually perpendicular metastable and target
atomic beams. For the case where the metastable beam consists of
mixed He*(23S,2!S) metastables, a He*(2'S) quench lamp may be
used to produce a beam of pure He*(23S) metastables. For the
heavier metastable beam systems Rg*(ns*P,,3Py) (Rg = Ne, Ar,
Kr, Xe) state selection of either component can be accomplished
through the use of an appropriate quench laser aligned anticollin-
early to the metastable beam
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Table 1. Properties of meta-

stable rare gas (Rg*) atoms Rg* Excitation Lifetime (s) Averalgs velocity Flux ratio®
(data for energies and lifetimes energy (eV) ) ] (m s™)
taken from Ref. [32]; for Ref. Theoretical Experimental
see [32])
He*(2s'S) 20.6158 0.0195 0.0197
2000 6-8
He*(2s3S) 19.8196 7900 9000
Ne*(3s3Py)  16.7154 430
900 52(2)
Ne*(3s°Py)  16.6191 24.4 >0.8
Ar*(4s3Py) 117232 44.9
640 6-7
Ar*(45°P,)  11.5484 55.9 38 (48, =5)
. Kr*(55°Py)  10.5624 0.49
Ve = 4000(2:200) 440 10-14
(Mrg) ""m s, Ref. [31] Kr*(5s3Py) 99152 85.1 39 (45, —4)
Property depending upon Xe*(65°Pg)  9.4472 0.078 0.128 (+0.122,
dlschaSrge source conditions. —0.042)
He:‘:% S/% S; Ne*, Ar*, Kr*, 350 30-60
Xe': "Po/°Py Xe*(65°P,) 8.3153 149.5 429 (9)

(see Ref. [19, 31, 35, 36-38, 54])

the 3Py levels increase strongly from Ne to Xe, reflecting
the transition from (nearly) LS coupling (Ne) to jj cou-
pling (Xe). State selection of He* is simply realized by
selective removal of the He*(2'S) component using op-
tical excitation on the 2!S-2'P transition (X = 2.06 pm)
with light from a He discharge (see Fig. 3) [33]. State
selection of heavier Rg* is achieved by selective optical
excitation of either component with suitable lasers [34—
36]. In recent work, we have advantageously used tunable
diode lasers for efficient removal of Rg*(*P,) or
Rg*(°Py) (Rg = Ne-Xe) by optical excitation of the
state in question on a suitable ns-np transition in a special
way which turned out to be extremely efficient (quench-
ing efficiencies of 99.9% were observed in favourable
cases) [37, 38]. As indicated in Fig. 3, the “quenching”
diode laser is directed anticollinearly to the Rg* beam
and carefully aligned to provide optimal overlap of the
laser and atomic beams. In order to efficiently excite the
whole velocity distribution and all possible isotopic and
hyperfine components of Rg*, the single-mode diode
laser (frequency width typically 30-50 MHz) is rapidly
scanned over a frequency range 5-10 GHz at an opti-
mized repetition rate by variation of the diode current.
The velocity distribution of Rg* is that of a (mildly) su-
personic beam with a velocity width (FWHM)
Av(Rg*)/(v(Rg*)) around 30% ({v) denotes the average
velocity) and an average kinetic energy of
(E(Rg*)) = 60-85 meV (depending on source conditions
[31]). The velocity distributions were measured by time-
of-flight techniques or by Doppler-shifted laser-induced
fluorescence spectroscopy. The average relative collision
energy (Ey) is calculated by an appropriate integral over
the normalized velocity distributions of Rg* and A. For
crossed Rg* and A beams, it is given, to good approxi-
mation, by (Er) = (#/2)[(v(Rg"))> + (v(A))?] [n = re-
duced mass = mpgma/(mrg + ma)]. The absolute fluxes
of the different Rg* species (see Table 1) are determined
with a detector (beam monitor) which involves electron
emission induced by impact of Rg* at a calibrated con-
ducting surface [32]. The ratio of the fluxes for the two
respective metastable states for each Rg (relevant for the

conditions of our discharge source) has been determined
as given in Table 1 [31, 36, 37, 38].

For the experimental results presented in this paper
three different electron spectrometers were used: namely
a single-stage cylindrical condensor [energy width
AE(FWHM) = 20-50 meV] [29, 35], a cylindrical
mirror analyzer [AE(FWHM) = 6-35 meV] [19, 21, 23],
and a two-stage hemispherical condensor
[AE(FWHM) = 30-60 meV] [6, 15-18, 20, 22, 24-26].
The spectrometers were used with constant pass energy
chosen to best meet the need of the actual experiment.
The electrons, emitted from PI/AI processes in the re-
action region, were imaged onto the entrance slit of the
spectrometer by suitable electron optics. The energy-
analyzed electrons were detected with a channel multi-
plier and fast counting electronics. Electron energy
spectra were taken by multichannel scaling techniques.
The resolution and energy-dependent transmission of
the spectrometers were measured by Hel or Nel VUV
photoelectron spectrometry of standard gases [39, 40],
introduced to the reaction region through auxiliary gas
inlets.

4 Results and discussion

4.1 He*(2°S,2!'S) + alkali, alkaline earth, Yb,
and Hg atoms

Discussion of the interaction of the metastable states of
He with various atomic systems is an appropriate
starting point because of their simplicity and amenability
to accurate ab initio treatment [1, 6, 7, 15, 18, 21, 25, 41—
46]. In addition, Al plays a much lesser role in these
systems owing to the low polarizability of the ground
state He atom and the correspondingly low attraction
in the potential ¥ (R) of the ionic exit channel. The
exception to this latter point is in the He*(23S,2!S) + H
systems (to be discussed below), for which the HeH™ exit
channel potential is strongly bound. Furthermore, the
similarity in the valence electronic structure of



He*(1s2s3S) with that of Li(1s?2s 2S) (in both instances
the outer electron exhibits exchange repulsion from the
region of the core electrons), suggests similar chemical
interactions of these two atoms with a common target
atom [1-4, 16, 41]; this trend will in fact be retrieved
from the available data for potential well depths (see
Table 2).

4.1.1 He*(2S,2'S) + alkaline earth, Yb, and Hg atoms

We start the discussion with the closed-shell target atoms
Mg, Ca, Sr, Ba, Yb, and Hg. They all possess a closed
outer ns” shell with ionization potentials for removal of
one of the ns electrons ranging from 5.21 eV (Ba) to
10.44 eV (Hg). Production of the A™(ns2S, /) ground
state is observed to be the preferred ionic exit channel
[5, 15, 20, 47-50]. As a result of substantial electron
correlation effects in the outer ns? shell, excited
A" (np®Py)23),) ions are also formed with significant
probability while other excited A (nl) states may be also
present, but with low probability [5, 15, 20, 47-50]. For
Hg substantial ionization is also observed from the inner
5d'% shell [5, 47]. In contrast, ionization from the 4f'4
shell of Yb atoms occurs with very low probability in
collisions with He*(2?S) atoms [20] even though 4f
removal is prominent in the Hel (21.22 eV) and Nel
(16.85 eV) VUV photoelectron spectra [S1, 52]. This
behavior represents a clear atomic example of the
surface sensitivity of PI and reflects the fact that the
radial density of the filled 4f shell is located rather close
to the Yb nucleus while the density of the outer 6s°
electrons extends out much farther and thereby has a
much greater overlap with the 1s hole in He* which has
to be filled in the autoionization process [20]. The
interaction in the entrance channel is best displayed in
the electron spectra for the ionic ground state for which
the He + AT (ns?S;,)*E potential is only weakly
attractive in the R range of interest and which is
therefore well-suited for determination of the well depth
Dy for the entrance channel curve V*(R). From calcu-
lations for, e.g., the system Li-Ca [53], one may expect
the equilibrium internuclear distance in the entrance
channel to lie around 6.7 ag. Recent ab initio calcula-
tions for He* + Ca have yielded R} =7.05aqy for
He*(23S) + Ca and R’ = 6.68 ay for He*(2'S) + Ca
[15].

The electron energy spectra resulting from PI pro-
cesses occurring in thermal energy collisions of a mixed
beam of He*(2S) and He*(2'S) with ground state al-
kaline earth, Yb, and Hg atoms and leading to ground
state ions AT (ZS 1/2) are displayed in Fig. 4 on a common
relative energy scale with the zero located at the re-
spective nominal energy 2E, for the respective He*(23S)
system ['Ey = excitation energy of He*(23S) minus
the ionization energy of A forming ground state
AT (ns*S;)]. Production of the ionic ground states
AT (ns?S ) by He*(2'S) PI yields broader peak struc-
ture that is more substantially shifted to lower electron
energies as compared with the He*(23S) produced peaks,
in contrast with the alkali atom PI systems described
below. Using the (resolution-corrected) low-energy
“edge” wvalues ¢, derived from analyses of the
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Fig. 4. Electron energy spectra resulting from ionizing collisions
between He*(23S,2'S) atoms and the target atoms A = Mg, Ca,
Sr, Ba, Yb, and Hg at average collision energies around 70 meV.
The spectra are plotted on a common relative energy scale
¢ —3Ey[PEy = excitation energy of He*(23S) minus the IP for
formation of A*(ns2S;;)]. The broad distributions between
+0.1eV and +1.0 eV are due to He*(2'S) + A interactions, while
the narrower distributions between —0.4 eV and +0.1 eV result
from He*(23S) + A interactions. Note the complex peak structure
in the He*(2'S) + Yb, Hg electron spectra

AT (ns?S)) peak structure shown in Fig. 4 and esti-
mated values of V| (R}) of about zero for all the alkaline
earth systems studied, we obtain values of the well depth
D: in the He*(23S) and He*(2'S) entrance channels as
given in Table 2. It is interesting to note that the ratios of
the well depths for the He*(2!S) + A systems and the
He*(23S) + A systems, as determined for the alkaline
earth atoms, are close to the respective ratios of the
coefficients Cq for the long-range van der Waals inter-
action [15]; the latter ratios mainly reflect the ratio of the
polarizabilities for He*(2!'S) and He*(2°S) (which
amounts to 2.54). This is in contrast to the He* + alkali
[16, 18, 44, 45] and especially the He* + H systems [6, 7,
17, 25, 41-43] where chemical bond formation and
configuration interaction between the He*(23S) +A(*%)
and the He*(2'S) + A(’X) potential curves play an
important role. The results for He*(23S) + Mg, Ca
demonstrate similarity in the interactions with the re-
spective Li-alkaline earth systems (calculated binding
energies for LiMg and LiCa are 170 and 270 meV,
respectively [53]).



42

[L€] "}y renusjod [opow oneqerq
l61] 304 ,

[09] ‘3o,

[€] 3oy s

l67] 304,

[o¥] ‘34 "o1e0 % SHId ),

[627] 3oy oBo %9 SHId 4

[Asw 0 = (00) 4 — (S¥) 44 “[ST11 D + (S, T) «°H 0} ASo[eur ul ‘Furunsse] yIom sy,

(1] 394,

[ST] Jod 9182 [DYNW

[81] Jo¥ "o[Bd IDYN,

[92] 3o o[BS IO 4

[L] ‘399 o180 (IDYIN) UONORIIUI UONBINSYUOD IOUIIJAINNA

(Ao G— = (00) , 4 — () 1A TOUUEBYD JIXd Y} UT UOTIOBIIIE PAWNSSE) JIOM ST ,

[0z] Jod 4

[S1] 39¥ 5

[o1] 304,

[02] ‘34 "oeo % SAId ,

[88] Joy Suweneds duserd ,

[€6] 3o -oreo TRUONOUNY ANISUS(T

[91] ‘3o ur pajonb synsar ordoosonoadg q
[L8] "Jo¥9 Adoosonoads uoneossipald .,

2(05) 0€S A(002) 08TI1 (Odg)+oX
a(0€) Tep (Od )T
() LO1 (OdPs1v
o(61) TS
A1 og 8D Ly A(52) s¢ K001 > (°d¢)«2N
(0€) $SS ((d¢)+2X
a(97) $96 (Cdo)«T
w(€2) T09 Cdos1v
n(81) 9L9 10681
(L) 6 202) 195 H00) 7o (0€) 86L  (001) 000T (Cdg)«oN
w(ST) #¥S 0T WS1E 4l01) 9T
(00 067 o(0%) 0LS (S0 0L9 (ST 0SS 5(2) 0LS 3(S7) 00€ 81) LLT 48D 61¢ (€0 0T WO Ler (L1 ogg «(05) 09% (S,0+°H
w(01) €¥C 1889 45S8 #8CC
(S1) 06 4(02) 091 3(S7) 09C 3(S7) 0¥ 5(S7) 0S¢ 5($2) 0€1 ,(8D) €€¢ (81 9% 0 168 G orL  ,(02) 898 (S¥) 09zT (S:0)«°H
o(6) SO01 J0LT 0Ll 4069 q0TL q89L QIL8 49501 S1ST (S; 011
SH aA eg IS ®D SN SO aa P BN 8 H=V

popnjour useq ey Y + (S, YT 10§ syidop [[om oY) pue sn[eA [eIRI0} A0S UOSLIedod J0j {(3Xd) 938) Y SUOI dJE)S PUNOIZ A} JO UONEULIO]
oy} 10§ (SHId) e1oads uonodpe [4 woly () swole 1051} pue .3y Usamiaq s[enusjod UONOBIAIUL OIUOIRIP 1SIMO] 3y} J0J (AW ur ‘%) syidap [[om pajenieas A[ejuswniodxyg 7 dqel,



For Yb and Hg, the well depths for the He*(2°S) + A
systems are in line with the argument above that they
reflect the long-range interaction. For He*(2'S) + Yb,
Hg, on the other hand, very interesting structured
spectra are observed which point to the effects of inter-
action with other neutral channels. The He*(2!S) + Hg
spectrum was observed long ago [5, 47], but is not yet
fully understood. The He*(2'S) + Yb spectrum, re-
ported here for the first time to our knowledge, has a
width similar to that for He*(2!'S) + Hg, but differs in
that the low energy peak has a smaller intensity than
that for Hg. Candidates for perturbing neutral potential
curves could be He + A** where A** denotes doubly
excited states of Yb and Hg respectively. In view of the
complexity of the He*(2!'S) + Yb, Hg spectra, we quote
in Table 2 only the maximum well depths which have
been derived from the respective lowest electron energy
edges and reasonable estimates of final state interactions.

4.1.2 He*(2'S,2°S) + alkali atoms

The electron energy spectra measured for collisions of a
mixed He* beam with the alkali atoms Li, Na, K, Rb,
and Cs are shown in Fig. 5 on a common relative energy
scale whose zero-point corresponds to the respective
nominal energy °E, [16]. The broad distributions
between +0.2 eV and —1eV are due to the
He*(2°S) + A reactions proceeding through the 2%
interaction, while the narrower distributions between
1 eV and 0.4 eV are due to He*(2'S) + A(*Z) reactions.
The ratio of the He*(23S)/He*(2'S) flux was 6.9 in these
measurements; thus the He*(2'S) cross sections are 34
times larger than those for He*(23S) [16]. Autoioniza-
tion out of the basically repulsive *X potential for the
He*(23S) + A systems would lead to narrow (width
< 100 meV) energy distributions located close to 3Ej.
The absence of such a feature in all He*(2°S) + alkali
spectra clearly indicates that the quartet state is essen-
tially inactive towards autoionization in accord with spin
conservation in the Penning process.

All the spectra in Fig. 5 are characterized by peak
structure dominantly residing below the nominal Ej
values, indicating attractive excited-state potentials
V*(R) with well depths of the order of several tenths of
an electron volt. The high-energy tail of the electron
spectra (¢ > Ej), representing the contribution to auto-
ionization in the region R ~ R} (see Fig. 1), extends
barely beyond Ej, as expected in view of the weak at-
traction in the He + A™ potential. Correspondingly, Al
processes (¢ > Ey + E.) are negligible channels for both
the He*(23S) + A and the He*(2!S) + A systems. The
low-energy “‘edges”, *'e, (see above), can be used in
conjunction with estimates for the quantities R} and
[V (o0) — V*(RY)] as described in Ref. [16], to yield the
well depth D! in the V*(R) potential by Eq. (6). As
can be seen from Table 2, the D} values for the
He*(23S) + A(’Z) interactions decrease monotonically
from Li to Cs. These amount to about 80% of the well
depths for the Li(2s) + A(X!Z) systems [16]. The D?
values for the He*(2'S) + A (%) interactions also de-
crease from Li to K, but then rise for Rb and Cs. This
behavior may reflect the stronger influence of dispersive
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forces in the singlet He systems. Note that in a simple
valence-bond description of the He* + A (A = alkali,
H) systems the He*(2°S) + A (>Z) potential curves are
attractive (indicating formation of a chemical bond)
while the He*(2'S) + A(*Z) potentials are repulsive [41].
The substantial attraction of the latter systems reflects
the effects of configuration interaction including the
influence of the ionic (He* + A~) 2% channel.

4.2 Rg*(CP,,3Py) + alkali atoms

We have investigated two different aspects of Penning-
type interactions between the heavier Rg atoms and
alkali atoms. The first is the variation of A for the
systems Ne*(3s*P,,°Pg) + A, (A = Li, Na, K), and the
second is the variation of Rg* in the Rg*(ns3P,,’Py) +
Na (Rg = Ne, Ar, Kr, Xe) systems. In the former, state-
selected Ne*(3s°P,,°Py) beams were used to obtain the
PI electron spectra of Li, Na, and K (yielding ground
state alkali atoms) at thermal collision energies [29]. As
also observed for Ne*(*P,*Py) + H/D(1S;5) [40], the
spectra are very different for Ne*(*P,) and Ne*(*Py). In
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Fig. 5. Energy spectra of electrons released in thermal energy
collisions of He*(23S) and He*(2'S) with ground state alkali atoms
A = Li, Na, K, Rb, and Cs on a common relative energy scale
¢ —3Ey PEy = excitation energy of He*(23S) minus the ionization
potential of A]. The broad distributions between +0.2 eV and
-1 eV are due to He*(23S) + A, while the narrower distributions
between 1 eV and 0.4 eV are due to He*(2!S) + A
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the case of Ne*(*P,), the spectra are very broad, and the
main Airy- type peak structures are substantlally shifted
from their “nominal” energy positions Eo( P;). This is
attributed to strongly attractive interaction potentials
with well depths, D:(*Py) = 798(30) meV (Li),
= 672(20) meV (Na), = 561(20) meV (K) (see Table 2).
The equivalent peaks in the Ne"(3 Py) electron spectra
are narrow and compatible w1th van der Waals-type
attraction with well depths D*( Py) < 50 meV in all three
target atomic systems [29].

In the other series of experiments we measured the
electron energy spectra for the interaction of
Rg*(ns3P,,3 PO) (Rg = Ne, Ar, Kr, Xe), with ground
state Na(3s2S, /2) [19]. These spectra corresponding to
the formation of ground state Na™ ions, are shown in
Fig. 6 for the separate Rg components, Rg*(® Py) and
Rg* (3 Py), that are plotted on their respective common
relative energy scale ¢ — Ey. As can be seen, the main
peaks in the electron spectra due to Rg*(*P,) + Na(3s)
collisions are universally shifted to large negative values
of ¢—Ey (toward lower absolute electron energies),
whereas only the Kr*(*Py) and Xe*(*Py) induced elec-
tron spectra are similarly shifted. This behavior reflects
the strongly attractive nature of the entrance channel
potential. In the case of the Ne*(*Py) and Ar*(°Py) +
Na interactions, the peaks in the respective electron
spectra are shifted from E; by a much lesser amount
indicating weaker (van der Waals-type) entrance channel
potentials. The Physwal reason for the differences be-
tween the Rg*(°P,) + Na and the Rg *(°P;) + Na
interactions, as mirrored in the electron spectra, largely
stems from the influence of spin-orbit splitting in the
Rg* core which rises strongly from Ne* to Xe* [the
3P, —3 Py energy separation increases from 0.096 eV
(Ne*) to 1.132 eV (Xe*), see Table 1]. For Ne* + Na
(and similarly for Ne* + H, Li, and K), the Ne*(3P0) +
Na (Q = 1/2) interaction potential lies close to several
other Q =1/2 gotentlals originating from the lower as-
ymptotes Ne*("P,;) + Na which prevent the former
developing substant1a1 attraction. In contrast, for Xe* +
Na the Xe*(*Py) + Na (Q =1/2) potentlal is asymp-
totically located about 1 eV above the Xe*(°P,;) + Na
(Q = 1/2) potentials, therefore exhibiting fewer interac-
tions with the latter and correspondingly attaining a
potential well of substantial depth which reflects chem-
ical-type binding between the Xe*(6s) electron and
the Na(3s) electron. Model calculations for the
Rg*(*P2,’Py) + Na(3s2S, ) (Q=1/2) interaction po-
tentials by Morgner (see [19]), in which the exchange and
the spin-orbit interactions in excited Rg and molecular
interactions between the two valence s electrons (in
terms of suitably chosen singlet and triplet potentials)
are taken into account, nicely reflect the aspects dis-
cussed and the smooth transition in the observed
behavior from Ne* to Xe*. It was found that autoion-
ization in the Rg*(3P2) + Na systems can be attributed
predominantly to transitions from an attractive > type
quasi-molecule whose well depth is not far from that for
the respective A(ns) + Na(3s) (!X) ?otentlal (A =
K, Rb, Cs, n = 3-6). For the Rg*(°Py) + Na systems
on the other hand, van der Waals-type binding associ-
ated with basically quartet character was found for

Rg* = Ne* (also explaining the low cross section for
these systems) while a progressive admixture of the
chemically bound configuration was observed from Ar*
to Xe*. For Xe*, the especially strong effects of config-
uration mixing of the Xe*(6s°Py) level with the close-by

e*(5d,J = 0) level (see, for example, Refs. [38, 54])
leads to a substantial admixture of the latter to the
former. These effects were neglected in the model cal-
culations, and it is quite likely that the special structure
in the Xe*( Py) + Na(3s) electron spectrum (see Fig. 6)
is connected with the presence of molecular states orig-
inating from the Xe*(5d,J =0) +Na(3s) asymptote.
Led by the results of the model calculations for the en-
trance channel potentials V*(R) (regarding the choice of
R?) and using realistic ionic potentials V*(R), the well
depths D! for the relevant Rg* 4+ Na potentials (see
Table 2) were determined with a more elaborate pro-
cedure as described in Ref. [19].

Rg* (3P,) + Na Rg* (3P)) + Na
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Fig. 6. Comparison of the electron energy spectra due to ionizing
collisions of Rg* (ns *P5), Rg* (ns *Py) (Rg = Ne, Ar, Kr, Xe;
n = 3, 4,5, 6) with ground state Na(3s) on a common relative
energy scale ¢ — E, where £, = excitation energy of the respective
Rg* minus the ionization potential of Na (figure taken from Ref.
[19]). For Ne*, Ar*, Kr*, the two spectra are intensity-normalized
such as to correspond to identical >P, and *P, fluxes. For Xe*, the
3P, spectrum should be multiplied by a factor of about 4 in order to
reflect a 3P,:3Py flux ratio of 60, as recently measured in Ref. [54], in
contrast to the value of 15 obtained in Ref. [19] by extrapolation.
The intensity scales for different Rg cannot be directly compared in
terms of relative cross sections



4.3 Autoionization in collisions between Rg*
and H and determination of well depths
for the RgH* (' %) potentials (Rg = Ne, Ar, Kr, Xe)

4.3.1 Associative PI and “true” Al in autoionizing
Rg*-H collision complexes: a comparison

All Rg form strongly bound protonated molecular ions
RgH™ [55-59], and it is known that these ions can be
produced in associatively ionizing thermal energy colli-
sions of Rg* with ground state H [3]. Over the past few
years numerous experimental and theoretical studies
have addressed the dynamics of these autoionizing Rg-H
collision complexes. In particular, detailed investigations
of PI and AI were carried out on the basic collision
system:

He*(23S) +H(1%S)(°Z) — He + H* + ¢~ (PI) (7a)
— (He-H)" +e (AI) , (7b)

which may be regarded as a prototype system for
autoionizing collision complexes at thermal energies.
Combined theoretical and experimental studies have
demonstrated that reactions (7a) and (7b) are very well
described by local complex potential theory within the
Born-Oppenheimer approximation [6, 7]. The entrance
channel V*(R) is well-separated from the ionic curve
VT(R) (i.e., electrons with energies of several eV are
emitted) and other excited states are also quite distant.
Therefore, the two-state potential curve model sketched
in Fig. 1 provides an adequate description of the
autoionization process in this model system. A some-
what more complicated, yet similar situation is met for
the Ne*(3s3P,) + H(12S) system [24, 40, 60] (see below).
In both He*(23S) + H and Ne*(3s°P,) + H collisions,
Al arises through autoionization near the classical
turning point R} in the entrance channel potential
V*(R) with the ejected electron carrying away the excess
energy. In contrast, for the heavier Rg* Ar*(4s3P,,’Py),
Kr*(5s3P,,°Py), and Xe*(6s°P,,’Py), where the excita-
tion energy E(Rg*) is lower than the ionization potential
(IP) of the target H(1%S), ionization can only occur by
virtue of energy being gained through the formation
of the RgH"("X) diatomic bond between the collision
partners upon ionization (“‘true’” Al):

Rg* + H(1°S) — RgH" (v",J ") + e [¢(v",J7)] . (8)

This situation is also met in other collision complexes
with substantial ionic binding energy [14, 61, 62] such as
metal-oxide systems. For both types of Al the energy
e(vt,JT) for electrons associated with the formation of
RgH" (v",J7) ions is simply given by:

e(v",J") = Eo + Ere + Eg(v",J ") . 9)

Note that Ey=E(Rg*)—IP(H) is negative for
Rg* = Ar*, Kr*, and Xe*, while Ez(v",J V), the binding
energy of the (v",JT) state in the RgH™ potential
relative to the Rg + H™ dissociation limit, is here defined
to be positive.

In the case of the heavier Rg-H collision complexes
two different mechanisms have been considered to ex-
plain the occurrence of “true” Al [4, 63]. The possible
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potential curves corresponding to these mechanisms are
shown in Fig. 7. One proposed mechanism is charac-
terized by heavy-particle motion along an adiabatic
potential curve V*(R) that at all accessible distances of R
lies below the ionic potential curve V' (R); therefore,
V*(R) is real and ionization can only occur by dynamical
coupling to the electronic continuum. An electron
ejected in such an ionization process must gain its kinetic
energy from the heavy-particle motion of the system,
which is difficult to accomplish because the system at-
tempts to remain in its instantaneous state. Hence, the
associated electron spectrum is expected to have con-
siderable intensity only close to zero electron energy in
thermal collisions. The second mechanism can be de-
scribed by evolution along a “diabatic” potential curve
V#(R) which crosses into the RgH" + ¢~ continuum at
some internuclear distance Rc. Toward small distances
the potential V/(R) acquires an imaginary part
—iT'(R)/2, so for R < R¢ the system may decay into the
RgH™ + e~ continuum by an electronic transition of
local rate T'(R)/#i, as in the case of PI/AI (we note that
the width I'(R) extends to distances R > R reflecting
loss processes into the dense (RgH)** Rydberg manifold
associated with the RgH™ potential [64]). It should,
therefore, be possible to apply, with appropriate modi-
fications, the standard theory of PI/AI (developed for
situations as in Fig. 1) to “‘true” associative autoion-
ization from the diabatic path. In contrast to the dy-
namical coupling mechanism, the energy of ejected
electrons is not limited to small values. Hence, in prin-

+

Rg+H

Rg('S )+H**(n)

Rg*(P)+H(n=1)

Rg('S )+H*(n=2)

Potential Energy

Internuclear Distance

Fig. 7. Schematic representation of the possible potential energy
curves involved in “‘true” associative PI for Rg*-H collision
complexes in which the asymptotic energy of the incoming channel
V*(R) for the Rg* (*P,) + H(ls) collision system lies below the
asymptotic energy of the associative ion potential ¥*(R). For an
explanation of the other potential curves presented see text
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ciple, the energy characteristics of the electron spectra
may be used to distinguish between the two mechanisms.

From Eq. (9) it is clear that for a particular, well-
defined collision energy, the energy spectrum P(g) of
electrons ejected in reaction (8) yields direct information
on the final vibrational-rotational state distribution of
the associated molecular ions RgH™" (v, J 7). Therefore,
a measurement of P(¢) with high-energy resolution can
provide detailed information on the potential energy
curve for RgH™, as well as on the entrance channel
potential energy curve, through accurate evaluation of
the observed energy levels and determination of the
(v*,J1) distribution. From an experimental point of
view, Al in reactions (7b) and (8) is a favorable case for
such studies because the molecular ions RgH™, in gen-
eral, possess large vibrational frequencies and rotational
constants [55-59, 65-68]. In real electron spectrometric
experiments, however, each of the discrete peaks in-
volved in Eq. (9) is broadened by the influence of the
distribution of collision energies E, and by the finite
energy resolution of the spectrometer. In the experi-
ments described here, the rich vibrational-rotational
structure in the Al electron spectra is therefore partially
obscured by the thermal collision energy distribution
(T = 300 K) that was used (for intensity reasons) and
by the bandwidth of the electron spectrometer (about
35 meV).

Figure 8 shows a comparison between the experi-
mental electron energy distributions due to autoionizing
collisions of ground-state atomic H with He*(2°S;)
[6, 22], Ne*(3s3Pyy) [24], and Ar*(4s3Pyp) [69] atoms

Rg*+H(1%S)

He*(2%s,)

E(He*) = 19.82 eV

Ne*(3s °P, o)

Electron Intensity

E(Ne*) = 16.62 eV (°P,)

Ar*(4s 3P2,0)

I‘—: _________ E(Ar") =11.55eV (3P2)

0 1 2 3 4 5 6 7 8
Electron Energy [eV]

Fig. 8. Comparison of electron energy spectra derived from the
Rg* + H(1%S) collision systems (Rg* = He*(22S)), Ne* (35°P,),
Ar*¥(4s3Py)) showing the contributions to the spectra due to PI
and Al. E, is the “nominal” energy = excitation energy of Rg*
minus the IP of the H

at thermal kinetic energies ({(Er) =~ 0.05 eV). All spectra
were measured in a crossed beams configuration at the
fixed detection angle ® = 90° with respect to the average
collision velocity vector of the collision system. The
energy spectrum of electrons for the system
He*(23S) + H(1S) shown in the upper trace of Fig. 8
displays a very broad distribution and an Airy-type in-
terference pattern at energies ¢ < 5.8 eV that is associ-
ated with two coalescent points of stationary phase due
to a well-characterized minimum in the energy function
&(R) = V*(R) — V*(R). Furthermore, distinct structure
due to the formation of quasi-bound rovibrational levels
of HeH" (v*,J ") with high J* values of around 25 in the
range 5.8 < ¢ < 6.27 eV is observed. In addition, par-
tially resolved rovibronic structure due to the formation
of truly bound HeH™ (v*,JT) levels is observed at elec-
tron energies ¢ > 6.27 eV, i.e., at ¢ > Ey + (E), Where
Ey is as defined above. The contribution of Al to the full
spectrum amounts to 23% for the He*(23S) + H(1%S)
collision complex [6, 22]. Similar behavior has been ob-
served for the electron spectrum resulting from
Ne*(3s3P,) + H(12S) autoionizing collisions [24, 40, 69].
This spectrum is also very broad and again shows a clear
Airy-type interference structure (energies ¢ < 2.8 eV). It
contains a substantial fraction of about 30% due to Al
at electron energies ¢ > 3.07 eV, where the partially
resolved rovibronic structure indicates the formation
of bound molecular ions NeH" (v*,J*). This type of
structure continues into the PI regime of the spectrum
down to ¢ =2 2.8 ¢V, as a result of the formation of quasi-
bound rovibrational levels. In contrast, the spectrum for
Ne*(*Py) + H(12S) consists of a sharp peak close to Ey
[40], reflecting — as observed for Ne*(*Pg) + A(ns2S)
(A = Li, Na, K) [29], see above — weak, van der Waals-
type attraction. The corresponding ionization cross
section is almost two orders of magnitude smaller than
the one for Ne*(*P,) 4+ H(12S) colhs1ons therefore the
3Py contribution to the mixed Ne*(*Pyg)+ H(12S)
spectrum shown in Fig. 8 is negligible.

For the systems Ar*(4s°Pyo) +H(1%S), the
(Ar + H™") potential is asymptotically about 2 eV higher
than the entrance channel potential, therefore PI cannot
occur. “True” Al (Eq. 8) is possible, however, if the
classical turning point in the entrance channel potential
is located within the strongly attractive ArH™' potential,
and Al does indeed occur with a cross section close to
10°m? for both Ar*(*P,) and Ar*(*Py) [37]. The
similarity of the general shape of the Ar* induced Al
electron spectrum with the Al part of the He*(23S) + H
and Ne*( Pz) + H spectra (see Fig. 8) indicates that
electron emission occurs through electronic autoioniza-
tion from a diabatic potential curve of Ar* + H into the
ArH" + e~ continuum (the m1xed Ar* 4+ H spectrum is
predominantly due to Ar*( P,) because of its higher
flux, see Table 1). Through recent systematic mass
spectrometric as well as electron spectrometric investi-
gations of Al in the systems Rg*(ns3P,,3Py) + H(1%S),
D(12S) (Rg = Ar, Kr, Xe) (n = 4, 5, 6), which included
Rg" state selection by diode lasers (see Sect. 3), it was
possible to determine the absolute Al cross sections for
these 12 collision pairs and — with the help of quantum
mechanical model calculations for the electron spectra —



to draw detailed conclusions on the autoionization
mechanism involved [37] (see also the discussion below).
Here we concentrate on the aspect of how accurate
RgH™ potential well depths were determined from the
Al electron spectra for the respective Rg* + H collision
complexes.

4.3.2 Structural information on the Rg* + H potential
curves and well depths for the RgH™ systems

(Rg = Ne, Ar, Kr, Xe) from analyses of the Al electron
spectra

A detailed ab initio treatment of the autoionization
process in the basic molecular collision complex

e*(2°S) + H(1%S) was recently carried out by Movre
and Meyer [6, 7]. The well depth of the relevant

e*(23S) + H(*T*) entrance channel potential curve,
D} =2.284 eV, agrees very well with the experimental
value, D} =2.260(45) eV, determined by Morgner and
Nichaus [70] from their PI electron spectra and also with
the first experrmental estrmate of D} =2.44(20) eV [71].
For the He*(2'S) + H(*Z™) potentral Movre and Meyer
calculated a well depth of D} = 0.426 eV [7, 25], which is
in agreement with the first PI electron spectrometric
result D = 0.46(5) eV [71]. Comparisons of the mea-
sured angular dependent electron spectra for both
He*(2°S) + H(*Z) [6, 7] and He*(2'S) + H(*Z) [25] with
the quantum mechanical results [6, 7, 25] indicate that
the calculated well depths for these systems are accurate
to within 20 meV or better. Ab initio studies of the
Rg* + H systems involving the heavier Rg atoms are
scarce due to their increased complexity associated with
the spin orbit split Rg ion core and because of their
mixing — for Rg = Ar, Kr, and Xe — with the nearby

47

Rg + H*(n > 2) Rydberg channels. Ab initio calcula-
tions of the adiabatic > and II potential curves for the
heavier (Rg-H)" systems [72-75] were carried out in LS-
couphn% for the Rg* atoms [ignoring the fine-structure
in Rg*("P)] and therefore cannot be directly used in
model calculations of PI/AI processes.

Through quantum mechanical model studies of PI
and Al in Ne*(3s3P,) + H(1%S) collisions Lorenzen
et al. [40] and Khan et al. [60] extracted information on
the complex entrance channel potential by fitting the
electron energy spectrum [40] and by fitting both the
electron and the ion angle-energy distributions [60]. Both
studies came to the conclusion that a single optical
potential, corresponding to an autoionizing state of
Ne* + H with 2X" symmetry, consistently represents the
main features of the experimental data. Khan et al.
have chosen the spectroscopic RKR potential for
NaH (X'Z%) (D: =1.975¢eV [76]) as a starting point
for the fitting procedure of the real part of the complex
entrance channel potential and evaluated a well depth of
D:[Ne*(*P,) + H] = 1.89 eV [60] while Lorenzen et al.
[40] obtained a well depth of D} =2.0(1) eV. On the
basis of additional theoretical analyses and experimental
spectra for the Ne*(3s°P,) + H(1°S) system, Merz et al.
[24] proposed using a potential V*(R) which includes
that of Khan et al. at large internuclear distances down
to the well region and joins the potential of Lorenzen
et al. (which yields a good description of the low v Al
spectrum) at shorter range.

Experimental well depths D} of the ionic potential
curves V*(R) for NeH" and ArfI* have been derived by
Lorenzen et al. [69] to within £32 meV through analyses
of the high-energy Al part of the electron spectra in
Ne*(3s3P,) + H(1?S) and Ar*(4s3Py») + H(1%S) colli-

Table 3. Structural properties

and b1nd1ng energies of *NeH " “ArH" HKrH " 12XeH "
RgH ™ ("X7) ions (all well .
dcgpths(D+ r)efer t(f the dissocia- e (1070m)  (theory) 0.996 (3)* 1.286 @b 1.419 (3)° L611 (5)°
tion fimit with the lowest (om™) Efl)lp) ) W60 20 2561 oy l361032§(§50)
w, (Cm cory
TowE eg‘(fgsggloﬁﬁf?‘)on (exp.) 2903.75¢ 2710.92° 2494.65° 2269.97°
wx, (cm™) (theory) 113% 56° 49° 41 (5
(exp.) 113.36¢ 61.64° 48.53° 41.32"
D (eV) (theory) 2.280 (50)* 4.057 (50)° 4.807 (50)* 4.04 (10)°
(exp.) 2275 (25) 4.025 (30)¢ 4.805 (30)% 4.00 (3)¢
2.28 (10)" 4.04 (10)’ 4.45 (10)" 5.28"
227 4.2 4.6
4.17%
2.300' 4.147"

#Ref. [57]. Results of ab initio coupled electron-pair approximatic (CEPA) calculations
> Ref. [56]. Results of ab initio CEPA calculations
“Ref. [58]. Results of ab initio CEPA calculations

dRef. [67]. Spectroscopic results
eRcf [66]. Spectroscopic results

TRef. [68]. Spectroscopic results

€ Present work, Al electron spectrometry. Values determined by analysis of experimental data in Refs.
[24, 37, 69]. We note that the vibrational quantum numbers in Fig. 3 of Ref. [24] are incorrect and have

to be raised by one unit. D} value for XeH*

corresponds to a proton affinity of Xe of 5.474 (30) eV

b Ref. [79] Values derived from analysis of elastic H™ + Rg scattering; result for XeH * calculated from
the quoted value for the proton affinity of 6.75 eV

I Ref. [78]. Value derived from analysis of elastic H* + Rg scattering

IRef. [77]. Value derived from analysis of elastic H™ + Rg scattering

K Ref. [80]. Value derived from analysis of elastic H + Rg scattering

'Ref. [81]. Value derived from analysis of elastic H* + Rg scattering
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sion systems leading to the associated molecular ions
NeH " (v",J*) and ArH* (v+,J"), respectively. Fit cal-
culations were carried out to approximate the shape of
the onset observed for low-lying vibrational levels vt of
the molecular ions RgH" with the aim to extract the
energy position of the respective rotationless vibrational
RgH" (X !'Z* vt,J* = 0) levels. By fitting these energy
values to the formula

Ep(v,J" =0) = DF — w(v + 1/2) + wex (v +1/2)*
(10)

the energy value for the v = 0 level and the well depth
D} of the ionic system were obtained [69] and good
agreement with the results of coupled electron-pair
approximation (CEPA) ab initio calculations (estimated
uncertainty +50 meV) [56, 57] was found (see Table 3).
As mentioned above, electron energy spectra from Al in
thermal energy collisions of state-selected heavier Rg*
(Rg = Ar, Kr, Xe) with H have only recently become
available [37]. Electron spectrometry reveals that at
electron energies above about 0.2 eV the shape of the Al
spectra from reaction (8) is similar to the high energy, Al
part of the electron energy distributions for the collision
systems He*(23S) + H(1°S) and Ne*(3s>P,) + H(1°S)
(see Fig. 8). Quantum mechanical model calculations of
the electron spectra for reaction (8) indicate that the Al
processes associated with electron energies ¢ > 0.2 eV
can be well described by electronic decay from a
(diabatic) local complex potential 7} (R) — iI'(R)/2 with
suitably chosen real and imaginary parts. It turns out
that the most critical parameters are the crossing point
Rc of V}(R) with the ionic potential ¥ *(R) for RgH"
and the slope of V;(R) around Rc (see Fig. 8), as was
demonstrated in detail [37] for the relatively simple
model system Xe*(6s°Py) + H(1?S) for which the
density of other nearby excited (Rg-H)* states is rather
low (at least at large and intermediate internuclear
distances). Figure 9 shows a comparison between the
experimental electron energy spectrum and quantum
mechanical model calculations for Al in thermal
Xe*(6s 3Py) + H(1%S) collisions. Good overall agree-
ment between theoretical and experimental results is
observed at energies above about 0.2 eV. The model fails
to reflect, however, the significant increase of electron
intensity toward ¢ =0 eV that occurs in each experi-
mental spectrum of the heavier Rg-H complexes [37].
This deviation demonstrates limitations of the simple
diabatic model based on the local complex potential
approximation and possibly indicates contributions
from a dynamical coupling mechanism. A detailed
discussion of the model used to describe Al in the
heavier Rg-H systems will be given in a future paper.
In the lower part of Fig. 9, we show the calculated
separate vibrational contributions to the Xe*(6s°Py) +
H(12S) AI electron energy spectrum. They reveal that
the step-like increases of electron intensity in the full
spectrum are (predominantly) due to the access of par-
ticular vt vibrational levels at low J* values in the exit
channel. To aid in identifying the onset of the various
(v*,J7T) state contributions to the overall electron spec-
trum we have indicated the energy location of the J™ = 0
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Xe*(6s °P,) + H(1°S)
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50%
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Fig. 9. Comparison between the experimental electron energy
spectrum (dots) and quantum mechanical model calculations (solid
lines) for “true” Al in the thermal energy Xe*(6s3Py) + H(12S)
collision system, showing the contributions of final-state vibra-
tional populations v" to the overall electron spectrum. The vertical
dashed lines indicate the energy location of the J* = 0 state within
the respective vibrational level for the case of zero collision energy,
as obtained in our model fit calculation; the vibrational grid in the
upper part of the figure denotes the respective energy positions as
obtained from the ab initio calculation [58]. See text for a
discussion of the substantial difference between the calculated
and the measured electron spectrum at energies below about 0.2 eV

state within each vibrational level for the case of zero
collision energy, both for the ab initio calculation [58]
and for our model fit calculation. Comparison between
the measured and the calculated Al electron spectra (the
RgH™ well depth is treated as an adjustable parameter
within the estimated uncertainty interval of the ab initio
well depth [58]) yields an unambiguous vibrational
assignment. Furthermore, a simple and useful criterion
for determination of the rotationless binding energies
Eg(v*,J* =0) can be established from the 50% inten-
sity point &so(v) of the step-like increase of the vibra-
tional onset:

Ep(v",J" =0) = e5o(v") — {Ea} + IP(H) — E(Rg*) ,
(11)
where {E} denotes an effective collision energy which
corresponds to the 50% intensity point of the vibrational
onset (see Fig. 9). From the calculations for
Xe*(6s°Pg) + H(1?S) shown in Fig. 9 (which represent
the proper average over the experimental collision
energy  distribution, average collision  energy
(Ere1) = 50 meV) we find the value {E.} =25 meV.

We have also used this value for evaluation of the
binding energies Eg(v™,J™ = 0) for step-like vibrational



onsets in the electron spectra of the other Rg*+ H
systems. Since the rovibrational energies in the RgH"
potentials are well-known from infrared spectroscopy
[65-68] (at least at low v™) it is sufficient, for accurate
determination of the dissociation energy, Dy, and for
the well depth, DS, to extract the binding energy
Eg(vt,JT = 0) of just one v level from the AI electron
spectrum as long as the vibrational numbering is certain.

Table 3 summarizes the values for the well depths D
of the RgH™('T) ions, as evaluated from the experi-
mental vibrational onset energies ¢so(vt) in conjunction
with Egs. (10) and (11), referred to the respectively
lowest dissociation asymptote (in all cases except for
XeH™, the Rg + H' asymptote is the lowest); the spec-
troscopic values [65-68] for w, and w.x, were used in
Eq. (10). The corresponding proton affinities of the Rg
atoms (including HeH" with D} = 2.040 [55]) fall in the
range 2.04 to 5.47 eV and rise toward heavier Rg. It is
interesting to note that the quantity «/(2R;*) (which is a
measure of the polarization attraction at the equilibrium
distance) is constant (within 1%) for ArH*, KrH™, and
XeH™. The well depths for NeH", ArH", KrH", and
XeH™, calculated by the CEPA method [56-58], are in
all cases in excellent agreement with the values derived
from the Al electron spectra. For NeH™, the well depths
extracted from analyses of H'-Rg scattering experi-
ments [77, 79, 81] agree with our result, whereas for
ArH™ they are too high [77, 80, 81] with one exception
[78]. In particular, the well depth of 4.147 eV, deter-
mined by Gianturco et al. [81, 82] through a multi-
property analysis, is not compatible with our Al electron
spectrometric result of 4.025(30) eV (see also the dis-
cussion in Ref. [59]). For the systems Kr 4+ H™ [77, 79,
83] and Xe + HT [79, 83], differential scattering cross
sections have also been reported, but the multichannel
nature of the problem complicates the analysis, and, to
our knowledge, no accurate well depths for KrH™ and
XeH™' have been determined from scattering experi-
ments so far.

5 Conclusions

High-resolution electron spectrometry of autoionizing
diatomic complexes (Rg-A)*, formed in thermal energy
collisions between Rg* and A, provides a powerful tool
to derive detailed structural information on the RgA*
quasi-molecule (in particular its binding energy) and —
in cases of substantial attraction in the final ionic state
— also on the RgA™ pair. In this paper we have
summarized our present knowledge on the interaction
potentials of Rg* with H alkali, alkaline earth, Yb, and
Hg atoms including well depths for the RgH™ ions.
Except for a few systems with pure long-range attrac-
tion such as Ne*("Pg) + H, Li, Na, K (well depths
< S50meV [19, 29, 40]) and for the special case
He*(23S) + H(1%S) (D: = 2.284 eV [7]) these quasi-
molecules are characterized by well depths in the range
0.1 to 1 eV. The potential of electron spectrometry for
rather accurate determination of the well depths,
D} = V*(RY), stems from the fact that electron emission
from the region around the well is associated with a
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clear Airy-type peak in the electron spectrum, P(e),
whose shape is (almost) independent of the collisional
impact parameter and whose low-energy edge provides
an experimental value for the well depth in a rather
direct and simple way. Note that optical spectroscopy,
which is the standard method for the determination of
well depths for ground state systems, does in general
not work for autoionizing collision complexes because
photon emission is improbable (except for cold colli-
sions [84]). Elastic scattering studies have provided
detailed information for weakly bound ionizing colli-
sion systems such as He* 4+ Ar through the analysis of
rainbow and glory scattering [1, 85]. For systems with
well depths D? larger than the collision energy,
however, orbiting occurs; the resulting differential
scattering cross sections are very complex and extrac-
tion of accurate well depths from analysis of the
experimental data is problematic (see, for example, Ref.
[86]). Elastic scattering experiments with heated or
seeded supersonic beams, which could provide collision
energies sufficiently high to observe rainbow scattering,
may yield independent structural information on many
of the systems which we have reported in this paper.
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