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Abstract

The electron and excitation exchange reactiofi(#) + Het(?S) — Ar*(?P) 4+ He*(21-3S) has been observed in a
preliminary crossed beam experiment, at a collision energyidfeV. The dynamics of this process has been investigated
theoretically by evaluating the diabatic potential energy curves and the relevant couplings. Transition probabilities hav
been calculated through the Landau—Zener—Stiickelberg formula, and state-to-state cross-sections have been finally obtai
Some clues on the nature of the interaction between the reacting partners have been drawn and generalized to similar syst
(Int J Mass Spectrom 223-224 (2003) 327-334)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and to optimize methodologies for their production
and utilization[2—4].
lons and excited atoms play an important role in Processes involving excited atoms and ions are
various kind of plasmas, which are interesting either of great interest also in atmospheric phenomena and
from a physical—-chemical point of view and for many astrophysics. It has been observed that*(2€S)
technological applications. Experimental evidences metastable atoms are present in large quantity in the
have shown that most plasmas are very rich in ions, exosphere of the ear{b,6]. Helium and neon are the
with single or double charge, and in species excited predominant gaseous species in the atmosphere of red
in metastable statd4]. Knowledge of the dynamics giant stars. These rare gas atoms, excited into their
of elementary processes involving photons, electrons, metastable states, are characterized by an high energy
ions, neutrals, and excited particles, is necessary tocontent and long lifetimes, ranging, respectively from
achieve a description of plasmas at microscopic level 16.62 to 20.62eV and from 0.02 ta24x 10°s [7].
When colliding with neutral or ionic species, they
* Corresponding author. E-mail: tosi@science.unitn.it can release energy by forming ions and the respective
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neutral species in the ground stfife-9]. While colli-
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metastable atoms, AP,, 3Pp), and He ions in the

sional processes of metastable atoms with atomic or ground state:

molecular neutral species have been extensively in-
vestigated, much less is known on collisions between
excited atoms A and ions B'. In the latter case, the
following reactions can occur:

A* + BT > AT + B*
(electron and excitation exchange

A*+BT > AT +B
(electron transfer with de-excitatipn

A* + BT — AB?" + e~ (associative ionization

A* + BT - A +B?" +e  (Penningionization
A*+Bt > AT+ BT + e
(ionization with coulombic explosion

The lack of information on the dynamics of such
reactions can be probably ascribed to the difficulties of
producing and manipulating simultaneously ions and
metastable atoms.

In this work, we investigate the simultaneous elec-
tron and excitation exchange reaction between

Ar* 3Py, 3Pg) + He (?Sy/2)

— Art (P32, 2Py ) + He* (2'Sy, 23Sy) 1

Preliminary indications on the occurrence of reac-
tion (1) have been obtained by using a crossed-beam
apparatug10], which produces, focuses and crosses
two beams of At and He", in a single collision ex-
periment. Mass spectrometry measurements with and
without the He ion beam have shown a difference
in the Ar™ signal, which cannot be attributed to the
charge exchange between Hins and ground state
Ar atoms. Two different types of elementary processes
are still possible: they involve the simple electron
exchange or the simultaneous electron-excitation ex-
change. However, the asymptotic states Har* and
He—Ar" are separated by about 20eWig. 1) and
this makes negligible the non-adiabatic coupling be-
tween them. Consequently, the probability of a simple
electron transfer vanishes. In contrast, states involved
in the electron-excitation exchange are energetically
close, and therefore, the probability of related reac-
tions can be high. We can conclude that our observa-

argontion of Ar* ion production in collisions between He
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Fig. 1. Asymptotic energy levels of the relevant states. The two entrance channels are indicated by arrows.
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ions and At metastable atoms at an energy-dfO eV Table 1

is referred onIy to reaction (1) Unfortunately our re- Atomic polarizabilities and radii of ion and metastable helium and
. . . ’ . argon

sults are still very preliminary. In particular, there is 9

a large uncertainty concerning the effective density of

the scattering target, and this limits the accuracy of He™(®Sy2) 0.03' 0.28

o (A%) Atomic radius (A)

the measurement. We estimate the cross-section to be?¢ (2 ar 3¢
R, but furth imental developments are - ap" ny o7

about 1 &, but further experimental developments are Ar*(Ps/2.1/2) 0.68 0.74

necessary to achieve a quantitative understanding of Ar*(3p,,) 48 3.0

the observed processes. In addition, the authors are agom11).
not aware of previous experimental studies on such P Calculated exactly from the Bohr formula.
system. For such reasons, we have investigated the ¢From[12]. N o
. . . . . d Calculated by exploiting the proportionality between the ra-
process theoretically, with the aim to give an esti- . 2d the cubic square of polarizabil[y3,14]
mate of the cross-section and thus, to understand the

feasibility of a complete experiment. following contributions: (i) an induction term, which
represents the charge-induced multipole attraction;
(ii) a dispersion term, which accounts for the induced
2. Theoretical description multipole-induced multipole attraction; (iii) a repul-
sive term, which derives from the overlap of outer
Collision dynamics has been investigated follow- ghell orbitals of the two interacting partners. The first
ing three steps. In the first one, the diabatic potential o terms are dominant at large distances, while the
energy curves have been evaluated, both in the en-hirg one prevails at short range. The induction term
trance and exit channels. These curves describe thejg expected to be rather large when compared to the
interaction starting from the asymptotic atomic levels dispersion term because of the low polarizability of
of He"—Ar* and Hé-Ar", but excluding electron  the atomic iong11] Het and Art, with respect to the
exchange effects that arise at short and intermediateneytral metastable atonfis2] (Table 9. The charac-
interatomic distanc®. The second step concerns with  teristic parameters of the resulting potential, namely
the estimate of the coupling terms between potential e depth of the potential wedl, and its locatiorRm
curves; such terms depend on the charge exchangegre reported inTable 2 They have been evaluated
The usefulness of such an approach for estimating the py the use of correlation formulas, given in terms of
interaction consists in the intuitive physical picture of charge and polarizability of the two separated part-
the interaction, and in the possibility of direct refer- perg [11,15,16] In particular, the polarizability has
ence to atomic properties, like polarizability, ioniza- peen found to be the critical quantity for scaling both
tion potential, electron affinity, and charge. In the final  repulsion and attraction, being related to the atomic
step, calculations of integral cross-sections have beenygiume and to the probability of induced multipole
performed following the Landau-Zener-Stiickelberg formation. An additional repulsive term can arise at

each impact parameter, and then contributions from

different impact parameters are added. Table 2

Lennard-Jonef4,8] potential parameters for diabatic interactions
as obtained from the correlation formulas (see text)

2.1. Diabatic potential energy curves

& (eV) Rm (A)
The interaction in the diabatic representation, Het(3Si2)-Ar*(3P20) 0.94 4.04
i.e., with the excited outer electron confined on the He'(ZSD-Ar"(Ps21/2) 0.65 451
He* (2'S)-Ar* (PPsj2.1/2) 0.95 5.13

metastable atom, has been assumed to arise from the
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metastable atom and the interacting ion, both in size
(Table ) and hardness (roughly proportional to the
inverse of the polarizability). This contribution, of
electrostatic nature, is due to the penetration of the
small and hard ion into the large and soft external
electronic shell of the metastable atom. A similar
effect is well known in the interaction of both ex-
cited alkalis and metastable atoms with rare gases
[7,8,17,18] Another example is given by the,H ion.

For this system, the interaction component obtained
as the average of the ab initio potential energy curves
for the?xy and?3, stated19], which represents the
interaction when the “electron resonance” is removed
[20], appears indeed to be significantly less attractive
than the pure induction, even at distances compara-
ble or larger than 3A. Again this is attributed to the
penetration of the proton into the 1s orbital of H.
Therefore, we chose the following representation of
the diabatic potential: a Lennard-Jor@s8] function,
with the potential parameters dfable 2 with the
attractive term (essentially an induction contribution)

D. Bass et al./International Journal of Mass Spectrometry 223-224 (2003) 327-334
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Fig. 2. The damping functiog(x) (Egs. (3a) and (3h) The radii

of the metastable argon atom and of the helium ion are in a relative
scale.

and

damped when the interatomic distance decreases andAr*(sPo) n He+(281/2) - Ar+(2P1/2) + He* (2%s))

the coulombic repulsion grows up. The functional
model assumed for the interaction is

xX=—

V(R) = ex 8 — 28x_4g(x) + Ri[l —gx] @
mX

1
1+ expl(xo — x)/d]

whereC = 14.4, the distance is in A, and the energy
in eV. The parameted is the ratio between the ion
diameter andRy,, while xg is the sum of the radii of
the two partners divided bRy, (Fig. 2andTable J).
The diabatic potential energy curves for the following
entrance and exit channels

Ar*(3Py) + He™ (3S1/2) — Art(?Ps)2) + He'(239))
(3a)

Ar*(®3Py) + He™ (3S1/2) — Art(?Ps)2) + He'(21S)
(3b)

(4a)

Ar*(3Po) + He" (3Sy/2) — Art(?Pyj2) + He'(21S)
(4b)

are reported irFig. 3a and brespectively. Two en-
trance and four exit channels are possible, because of
the two spin orbit states of the argon ion and the two
possible states of He However, when the external
electron of A¥(3P,) is removed, only the formation

of Ar+(2P3/2) is possible, while the electron removal
from Ar*(3Py) leads exclusively to AY(?Py2). Thus,

for each entrance channel only two exit channels are
open, as shown ifig. 3,

2.2. Coupling terms

Looking at the curves irFig. 3, one realizes that
the crossing distances, where transitions mainly occur,
are all confined in the range 4.5A R < 7.5A. This
allows us to assume that the coupling is mainly due
to the electron exchange between the outer orbitals
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Fig. 3. Diabatic potential energy curves involved in thetHAr* collisions (a) when the metastable argon atom in the entrance channel
is in the 3P, state and (b) when is in th&P, state.
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of reagent and product atoms, both in a metastable Table 3 ' _

state. Spin—spin and electronic anisotropy effects are Parameters for the coupling functigh(R)

expected to be relevant at short distance and therefore, A (eV) y A
are not considered in this study. As usual, the depen- Het (3Sy/2) + Ar* (3Py0) 46 1.09
dence on the distance of the coupling term is described — He*(23S1)-Ar (?Ps/2.12)

> ) ; + (2 * (3
by an exponential decreasing function He'( 3142)1+ i +P2'20) > o
— He*(21Sp)-Art (“P3/2,1/2)

B(R) = ARexp(—y R) (5)
whereA andy (Table 3 have been obtained accord- accurate for systems for which the size of each inter-
ing to recently developed correlation formu[2§,22], acting partner does not change too much as a conse-

which represent an extension and updating of those by quence of the electron exchange. This is not the case
Olson et al.[23] and Grice and HershbadB4] (see for the present system, since the ratio between the ra-
also[25]). As far as the reliability of such estimates, dius of H&' and that of He (about(aner /aper)Y3)

it should be noted that the correlation formulas are is ~12 for the metastable helium in tR& state, and
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Fig. 4. Calculated cross-sections for the charge exchange reaction between helium ions and metastable argon atoms (a) and (c) when
the metastable argon atom is in tAB, state, and (b) and (d) when it is in t#®, state. Cross-sections shown in panels (a) and (b)

are calculated by using coupling terms obtained by correlation formulas, while for cross-sections shown in panels (c) and (d) the same
coupling terms have been reduced by a factor 2.
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~16 for thelS state. Sincg(R) depends on the value  perimental observation of reaction (1). We have, there-
of the overlap integral between orbitals that exchange fore, repeated calculations with the strength of ghe
the electrorj21-25] the estimated value, as described coupling reduced by a factor Fig. 4c and d) Such
before, has to be taken as an upper limit because of thea reduction results in an increase of the cross-section
very diffused atomic orbitals involved in the present values.

system. Therefore, some uncertainties characterize the

evaluated3(R) functions, especially in the value of the

A parameter. This is a critical aspect, which should be 3. Discussion and conclusions

assessed with particular attention, since the probabil-

ity of diabatic passage through the crossigexpo- For many applications and comparisons, it is con-
nentially depends oB2(Rc) [26—28] (see following venient to give the interaction potential in the adia-
sections). batic representation, where diabatic interactions and
non-adiabatic couplings are properly combined. In this
2.3. Cross-section calculations representation, the bond eneggyand the equilibrium

distancery, for the low lying and most stable states of

For each set of curvestig. 3), the positions of  he collision complex, asymptotically correlating with
the crossings are well separated and therefore, noN-pet2s) + Ar*(3P) and with He(3S) + Art(2P)

adiabatic transitions at each crossing are treated 50 estimated to be’ = 0.9eV, R = 48A and
independently. The total probabili§(b), for the for- ¢ = 0.8eV, R, = 45A, respectively. It appears
mation of products in each exit channel at the impact interesting to compare such bond features with the
p?rarletg.ﬁ. is gidee_”bbﬁ_ an appropri;ate crc])mbine.\tion dissociation energieBg and the equilibrium distances

of probabilities of diabatic passage at each crossing, as»/ ; ; i i )
evaluated by the familiar Landau—Zener—Stiickelberg tlénr;;!S:,Zc:nlg-;a:ﬁfn:/r?cll?LZE;&ZT?nzlgélarezyznd
formula[26-28] In this model, the key quantities are  j5ns 129,301 The similar bond characteristics of the
position, energy, difference of slopes at each crossing present system and those of ionic alkali diatoms is not

between potential curves in the diabatic representa- surprising, since analogies between metastable rare
tion, and non-adiabatié couplings. The cross-section

o, as a function of collision energdy, is obtained by Table 4
the standard formula Dissociation energie®)o, and equilibrium distancesy,, for ionic

00 and neutral alkali diatomf29,30]
o(E) = 271/ bP(b) db
0

Do (eV) Ry (A)

Calculated cross-sections are plottedFigy. 4a for Lip 1.05 2.67
Het + Ar*(3P,) andFig. 4bfor Het + Ar*(3Py). As Liz* 1.44 3.10
discussed before, for each entrance channel, there aréNa 0.72 3.08
two exit channels, one producing metastable helium Ne" 0.96 3.54
in the singlet state and the other one in the triplet K2 0.51 3.91
state. The exit channel with the helium atom in the Kz* 0.85 411
singlet state results to be much more efficient than that EE+ 8-‘7‘2 ‘3‘-;‘71
producing He in the triplet state. This is due to the ' '

fact that for the former channel the relevant crossing is 2, o o

located at larger distance, where the coupling is much . . —
weaker and non-adiabatic passage is more probable. For a comparison with the’ values of the collision complex (see
. . text) the zero point energy should be added to thBgevalues.
Calculated values appear to be quite small and, if gych a correction is of the order of2% for Li, and Li*, and
correct, this result would be incompatible with the ex- becomes smaller for heavier systems.
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