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Received 29 July 2005 / Received in final form 22 August 2005
Published online 16 November 2005 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2005

Abstract. A crossed beam experiment is carried out to measure the energy of electrons emitted in Penning
ionization processes by Ne∗(3P2,0)–Kr collisions. The electron energy spectra have been measured at four
different collision energies: 0.050, 0.140, 0.190, 0.460 eV. The analysis of the results allows the separation
of spin orbit contributions both in the entrance and in the exit channels providing the related cross-section
ratios. Some theoretical considerations have been made to clarify nature and role of interatomic potentials
driving the collisions and some general features about the role of atomic fine structure in the Penning
ionization processes.

PACS. 34.50.Gb Electronic excitation and ionization of molecules; intermediate molecular states (including
lifetimes, state mixing, etc.) – 32.70.Jz Line shapes, widths, and shifts

1 Introduction

The fine structure of open shell atoms is often of large
relevance in many atom-atom or atom-molecule collisional
processes, for neutral or charged species as well as in chem-
ical reactivity. It is well established, since long time, that
the role of the fine structure in such reactions can be un-
derstood in terms of orientation effects of atomic orbitals
and therefore can be considered as an important step in
understanding the stereodynamics of atomic and molecu-
lar processes [1]. In the case of Penning ionization of rare
gas atoms by metastable helium or neon, the fine struc-
ture effects in the entrance and in exit channels have been
studied extensively since long time and many interesting
results have been summarized in two review articles [2,3].
While for the Penning ionization by metastable helium
atoms the role of fine structure in the exit channels results
to be rather clear [2,3], in a recent paper Siska and cowork-
ers [4] point out that some aspects are still to be clarified
in the Penning ionization processes involving metastable
neon atoms with heavier rare gases. In these systems the
fine structure plays a role, not only in the exit channels,
but also in the entrance ones.

In 1981, Gregor and Siska [5], on the basis of the
analysis of differential scattering and total ionization
cross-sections, provided accurate optical potentials for
the Ne∗–Ar, Kr and Xe systems. These authors also
gave an interesting description of the dynamics of the
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Penning ionization occurring in such systems. Their po-
tentials have been also used successfully for describing
some total ionization cross-sections measured in our lab-
oratory [6,7] while the one for Ne∗–Ar has been slightly
refined by a multiproperty analysis by Baudon et al. [8].
The use of laser quenching selection for the two J states
of Ne∗ [9–12] allowed to obtain separately ionization
cross-sections [11–14] and electron spectra [10] for the
Penning ionization by Ne∗(3P0) or Ne∗(3P2). In spite of
some theoretical work [15–17], some points remain still un-
clear: the total ionization cross-section for the Ne∗(3P0),
Q0, is always larger than that for Ne∗(3P2), Q2, and the
Q0/Q2 cross-section ratio has the tendency to increase as
the collision energy increases [15–17]. Moreover, it appears
from the experiments that the partial cross-section ratio
for the two spin orbit components, 2P3/2 and 2P1/2, of
the ionic product, Q3/2/Q1/2, is different for the two J
states of the metastable neon atom [2,10,14,18], indicat-
ing a role also of the Π symmetry, in addition to the Σ
one, in the electron exchange mechanism responsible for
the ionization, as is well described by theoretical consid-
erations [2,16].

The present paper reports on the electron energy spec-
tra measured for the Ne∗–Kr system at four different
collision energies. In the experiment, the two fine struc-
ture components of metastable neon atoms have been
not selected. However, the measured electron spectra have
enough energy resolution to allow us to separate the con-
tributions of the spin orbit components in the entrance
and in the exit channels.
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In the paper we also report on some theoretical con-
siderations concerning the interatomic potentials in order
to clarify some general features of the fine structure role
in the Penning ionization.

2 Experimental

The crossed beam apparatus that we have used for the
present experiment is a modification of a previous experi-
mental system, already working in our laboratory for mass
spectrometric studies of Penning ionization processes and
it has been described in detail elsewhere [3,19]. The modi-
fication consists in the presence of a hemispherical electron
energy analyzer located above the crossed beam region
to carry out the energy analysis of electrons emitted by
the autoionizing collision complex. Some electron energy
spectra measured with this apparatus have been already
presented in a very recent paper [19].

Basically, the experimental set-up consists of two
crossed beams, one of metastable rare gas atoms and the
other one of target ground state species. This latter beam
comes from a glass microcapillary array kept at room tem-
perature, while the primary beam was produced by an
effusive or supersonic source coupled with different exci-
tation devices, such as microwave discharge or electron im-
pact, as described below. The target beam is monitored by
a total ionization detector consisting of an open ionization
gauge. It can be assumed that this beam has a Maxwellian
velocity distribution, with the most probable velocity, v2w,
given by the usual relationship v2w = (2RT/M)1/2. The
two beams cross at right angles in the center of an ex-
tracting field which allows the electrons to be extracted
and focused into a hemispherical electron energy analyzer
and finally detected by a channel electron multiplier.

In these experiments a supersonic source, coupled with
an electron bombardment excitation, has been exploited
to produce intense and nearly monoenergetic metastable
atom beams. To allow for a controlled variation of the col-
lision energy, the source has been used at an adjustable
temperature from room up to ∼600 K. With this con-
figuration, Penning ionization electron spectra at four
different collision energy values, i.e. 0.050, 0.140, 0.190,
0.460 eV, have been measured. In all cases the velocity
distribution of the metastable atoms has been checked by
the use of a time-of-flight measurement, obtaining a full
width at half maximum of about 10%.

The electrons produced by the Penning ionization have
been analyzed at 90◦ to the beam plane by a hemispheri-
cal selector. For the case of 0.050 eV collision energy, the
electron energy resolution has been set to ∼25 meV at a
transmission energy of 3 eV. However, for the higher colli-
sion energies, a resolution of ∼80 meV has been applied in
order to increase the electron signal. We have checked that
this lower resolution does not affect sensibly the measured
cross-section ratios. Spurious effects due to the geomag-
netic field have been reduced to ≤20 mG by a µ-metal
shielding.

The experimental system has been checked by measur-
ing the product electron energy distribution in the ioniza-

Fig. 1. Penning ionization electron spectrum for Ar ionized
by metastable helium atoms. For the analysis the spectrum
has been decomposed by the use of Gauss functions.

Fig. 2. The photoelectron spectrum of Kr by Ne I pho-
tons produced by a microwave discharge in neon. The high
background pressure in the intermediate vacuum chamber re-
duces the Penning ionization by a collisional quenching of the
metastable neon atoms also produced in the discharge.

tion of Ar atoms by metastable He, that is the mostly
studied Penning ionization system [2,3]. A supersonic
beam of helium has been excited by electron bombard-
ment and therefore metastable He∗(23S) and He∗(21S) are
produced. In the spectrum, reported in Figure 1, the con-
tributions from the two metastable states appear well sep-
arated and also the peaks for the two J-states of Ar+ ion.
The selector features and the energy scale have been tested
and calibrated by measuring the photoelectron spectrum
of krypton by Ne I radiation and comparing the spectra
with those of Kimura et al. [20]. For such a measurement, a
microwave discharge beam source has been used, since this
device produces a large amount of photons together with
the metastable atoms. In order to reduce the Penning ion-
ization contribution in the electron energy spectrum, the
background pressure in the intermediate vacuum cham-
ber, located between the metastable source and the beam
crossing chamber, has been increased by switching off its
diffusion pump. In Figure 2 the electron energy spectrum
obtained with the microwave discharge beam source is
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Fig. 3. Penning ionization electron spectrum for Kr ionized by
metastable neon atoms at a collision energy of 0.050 eV and
with a resolution of ∼25 meV. For the analysis the spectrum
has been decomposed by the use of Gauss functions.

reported for the two cases with low and high background
pressure in the intermediate vacuum chamber. It is well
evident the reduction of the Penning ionization peaks due
to the increase of the background pressure which causes a
collisional quenching of the metastable atoms, but leaving
almost unattenuated the Ne I photons.

3 Results and data analysis

The spectra for the product electrons obtained for the
Ne∗–Kr Penning ionization are reported in Figures 3
and 4. While the spectrum at 0.050 eV collision energy, re-
ported in Figure 3, has been measured with ∼25 meV res-
olution, those in Figure 4 have been recorded for ∼80 meV
resolution. In order to obtain the cross-section ratios for
the fine structure components in the Ne∗–Kr Penning ion-
ization, the spectra have been decomposed in their fine
structure contributions. The fit has been accomplished
with Gauss functions,

y = y0 +
A
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−2

(x − xc)2

w2

]
(1)

where y0, xc, A, and w are the usual adjustable param-
eters. This function is symmetric, but it is known that
the peaks in this kind of spectra are usually asymmetric,
with a tail at higher energies. Therefore, also a fit with
the following asymmetric function has been attempted,
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[
1 − e

w
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w

]
. (2)

The cross-section ratios obtained by fitting the experi-
mental data with the two functions are practically indis-
tinguishable, indicating that the choice of the function
to be used for the analysis is not so crucial for our pur-
poses. Moreover, a first attempt of analysis has been per-
formed on the spectrum reported in Figure 1 for He∗–Ar,
obtaining a ratio Q3/2/Q1/2 = 2.1 ± 0.2, in rather good

Fig. 4. Penning ionization electron spectra for Kr ionized by
metastable neon atoms at 0.140, 0.190 and 0.460 eV collision
energy and for a resolution of ∼80 meV.

Fig. 5. The cross-section ratio for the two fine structure states
of the exit channels and for the two J states of the metastable
atom in the Ne∗–Kr Penning ionization. The present results
are compared with those obtained by Hotop and coworkers [10]
and with the theoretical ratios [2,16].

agreement with results previously reported by other au-
thors [21–24]. It has to be noted that in the fitting pro-
cedure the adjustable parameters in the above functions
have been not completely free, since the resulting spin
orbit splitting and the peak width are fixed. The results
for the Ne∗–Kr system are reported in Figure 5, where
they are also compared with those reported by Hotop and
coworkers [10] by the use of J selected metastable Ne∗
atoms. The peak shape in the spectrum changes with the
collision energy. We did not analyze such a feature, how-
ever such a change does not affect the peak ratios that are
related to the cross-section ratios [4].
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In our Ne∗–Kr spectra, the single contributions for the
two J states of metastable Ne∗ can be separated by the
spectrum analysis. However, since the J population of our
metastable Ne atoms has not been measured, we are un-
able to deduce the Q0/Q2 cross-sections ratio.

4 Discussion

The He∗–Ar system, that we have used here in order to
test the present experimental apparatus, has been exten-
sively investigated and rather well understood [2,23–25].
Specifically, the collision dynamics in the entrance chan-
nel depends on one potential energy curve of Σ char-
acter, while in the exit channels three potential energy
curves are possible: one correlating asymptotically with
the Ar+(2P1/2) state and two with the Ar+(2P3/2) state.
For this case, Hoffmann and Morgner [25] gave a very
clear explanation by assuming that the ionization occurs
through the electron exchange mechanism. Practically,
one external 3p electron of argon atom goes to fill up the
inner-shell 1s vacancy of the metastable helium, promot-
ing the passage to the continuum of its 2s excited electron.
Such a mechanism involves a branching ratio for the two
Ar+ fine structure states which reflects the Σ character of
the exit channel potential curves.

When the metastable atom is neon, the inner shell va-
cancy is a 2p half filled orbital and therefore the elec-
tron exchange mechanism requires a proper alignment of
involved orbitals: one is the 2p of Ne∗, while the other
belongs to the partner to be ionized. Some previous inves-
tigations [2,16,17] successfully gave account of some char-
acteristics of the fine structure branching ratio of product
ion states, but did not explain the different reactivity of
the two fine structure metastable sublevels. In this discus-
sion we make some considerations concerning the symme-
try character of the interaction potentials, in the Ne∗–Kr
system, in order to draw some conclusions of general va-
lidity for a better understanding of the Penning ionization
when Ne∗ is involved. To do this, we focus our attention
on the (NeKr)+ system, since it has been already well
established that the external excited electron behaves es-
sentially as a spectator [2–4,15–17,25]. Figure 6 shows a
scheme of the Σ and Π symmetry states involved in the
coupling by charge transfer in this ionic system.

Within a quantum mechanical framework, some sim-
plifications in the representation of the potential energy
are possible by assuming that fine structure effects are ne-
glected in a first step and then reintroduced in a further
step. In particular, the interaction energy matrix block-
diagonalizes in two 2 × 2 sub matrices, one for the Σ and
one the Π states, with eigenvalues

E± =
V1 + V2

2
±

√(
∆V

2

)2

+ β2, (3)

where ∆V = |V1 − V2|; V1 and V2 are the interactions,
without the charge transfer contribution, connecting the
molecular states with the asymptotic ones, as schematized

Fig. 6. A schematic picture of the Σ and Π symmetry states
involved in the coupling by charge transfer in the (NeKr)+

ionic system.

in Figure 6; β is the charge transfer coupling matrix el-
ement. Obviously, these terms are all depending on the
internuclear distance, R. From the previous equation one
can obtain [26,27]

E+ − E− = ∆V + 2Vx or β2 = Vx(Vx + ∆V ) (4)

where Vx is the “bond stabilization” by charge transfer.
When ∆V � Vx, one obtains the following perturbative
formula:

Vx =
β2

∆V
. (5)

Therefore, Vx represents the amount of “stabilization en-
ergy”, for the state lying below, and of “de-stabilization
energy”, for the state lying above.

It is well-known that β is directly proportional to the
overlap integral between the orbitals exchanging the elec-
tron [27–29]. Therefore, since one expects that β for Π
symmetry is about one order of magnitude smaller than
for Σ symmetry, Vx becomes of relevance only for Σ sym-
metry states.

Following the guidelines extensively developed in our
laboratory [1,3,6,30–32], when an open shell atom ap-
proaches a closed shell atom, it is possible to describe the
dependence on R of the potential energy by effective adi-
abatic potential energy curves, that include interactions
for Σ and Π states, VΣ and VΠ , and spin orbit effects. It
is convenient to use for such a description the V0 and V2

Legendre coefficients defined as V0 = (VΣ + 2VΠ)/3 and
V2 = 5(VΣ − VΠ)/3. In this way all anisotropic contribu-
tions arising from the stereo-selectivity of charge transfer
effects are directly affecting only the V2 term, being V0

the spherical average interaction [26,27]. In the case of
2PJ open shell atoms, with a reversed sequence of fine
structure levels, like Ne+ and Kr+, the effective adiabatic
potential curves VJΩ , where Ω is the quantum number
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Fig. 7. The effective adiabatic potential energy curves VJΩ for
the (NeKr)+ system.

defining the projection of J along R, are given by [1,3]
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being ∆ the 3/2–1/2 atomic spin orbit splitting: for
Ne+∆ = 0.097 eV and for Kr+∆ = 0.665 eV.

We have shown [26,27] that, in the charge transfer per-
turbative limit, one has V2 = 5Vx/2 and therefore V2 < 0,
for the lower Ne–Kr+ state, and V2 > 0, for the upper
Ne+–Kr one. Obviously this implies a different correlation
between atomic and molecular states at short distances,
where |V2| > ∆: for the molecular states arising from
Ne–Kr+, the lowest curve becomes at short distances of
Σ character, while for the molecular states arising from
Ne+–Kr, the lowest curve becomes of Π character.

The V0 and V2 terms can be evaluated, in a reliable
way, following some empirical [33,34] and semiempiri-
cal [26,27] formulas, defined in terms of some fundamental
physical properties of the separated atoms (charge, ion-
ization potential, polarizability, etc.), reported from our

Fig. 8. The dependence on the internuclear distance of the Σ
character of the |J, Ω〉 states. Those of the |3/2, 3/2〉 states are
not reported because are zero at all distances.

laboratory. The V0 term is given by [35]
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with ε = 33.73 meV and Rm = 3.08 Å for Ne–Kr+, and
ε = 209.4 meV, Rm = 2.86 Å for Ne–Kr+. V2 term is
given by V2 = ±1.6741 × 107exp(−4.32R) meV, with R
given in Å and where the positive sign refers to the up-
per Ne+–Kr curves, while the negative sign to the lower
Ne–Kr+ curves. The relevant curves for the (NeKr)+ ion
derived by using equations (6) and (7) are plotted in Fig-
ure 7. The dependence of the Σ character of the |J, Ω〉
states on the internuclear distance can be studied by us-
ing the procedure reported in a previous paper [36]. For
the (NeKr)+ ion such a dependence is shown in Figure 8.
The different behavior of Ne+–Kr with respect to Ne–Kr+
arises from the opposite sign in V2 and from the different
values of ∆. The Σ character of the |3/2, 3/2〉 states is not
reported because is zero at all distances.

In the Ne∗–Kr interaction, one has a spherically sym-
metric 3s orbital electron wrapping the ionic core and
therefore the V2 term is the same of Ne+–Kr discussed
above. This leads to a correlation diagram applicable to
all the Ne∗-heavier rare gas systems and reported in Fig-
ure 9.

Assuming the Gregor and Siska potential [5] as the
spherical component of the neutral entrance channel in-
teraction and using the V2 term discussed above, we can
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Fig. 9. A schematic diagram showing the correlation between
molecular and atomic states involved in Ne*–Kr Penning ion-
ization.

Fig. 10. The spherical potential of Ne∗–Kr system as obtained
by Gregor and Siska [5].

easily obtain the effective VJΩ adiabatic curves for the
Ne∗–Kr. The Gregor and Siska potential is plotted in Fig-
ure 10, while in Figure 11 the repulsive branch of such a
potential is compared with the various VJΩ . The curves
appear splitted because of the core anisotropy by a small
amount and only at short range, indicating that the core
anisotropy does not play an important role due to the
shielding effect of excited electron of Ne∗ in the 3s spher-
ically symmetric orbital, as already suggested by Gregor
and Siska [5]. Within an optical potential model descrip-
tion of the Penning ionization [2,3], this consideration
applies only to the real part of the potential, while we
should expect that the imaginary part is strongly affected
by the anisotropy in the β term, when the electron ex-
change mechanism is operative. Therefore, the imaginary
part is expected to be much more stereoselective than the
real part, and the Σ and Π character of the interaction and

Fig. 11. The repulsive branch of the Gregor and Siska poten-
tial (see Fig. 10) for the Ne∗–Kr interaction, compared with
the various VJΩ.

their dependence on R is strongly affecting the ionization
probability and its collision energy dependence [4].

A very important feature comes from all the above con-
siderations: the |2,2〉 state has a pure Π character at all
distances, the |2,1〉 and |2,0〉 states have a Σ character de-
creasing when Rincreases, while the |0,0〉 state increases
the Σ character when the distance decreases. This par-
tially modifies the sequence of short distance states that
has been published previously [2,4–6,15–17] and qualita-
tively justifies the increase with the collision energy of the
total ionization cross-section ratio for the two states of the
metastable neon atom, Q0/Q2, interacting with a species
with an ionization potential lower than that of the ground
state neon atom. This experimental finding has been found
by Bejierinck and coworkers [11–13], and recently also by
Siska and coworkers [4] for Ne∗–Ar and by us for Ne∗–N2O
system [19].

About the Q3/2/Q1/2 exit channel branching ratio, it
has been extensively discussed by Morgner [16], and later
on also by Siska and coworkers [2,4], that such a branching
ratio does not depend on the features of the entrance chan-
nels, but only on the characteristics of the exit channels. If
one assumes that the Σ and Π characters of the exit ionic
system does not change too much in the distance range
probed by the experimental collision energy, the branch-
ing ratio is constant with values Q3/2/Q1/2 = 3.94 for the
Ne∗(3P0) and Q3/2/Q1/2 = 1.51 for the Ne∗(3P2) [2,4,16].
Within the experimental uncertainty, our results appear
in a satisfactory agreement with such expected values, at
least at low collision energy, where they also agree with
the experimental results by Hotop and coworkers [10]. It
is interesting that for the Ne∗–Ar system also Siska and
coworkers [4] observed such a nice agreement in the low
energy collision limit, while at larger energies the agree-
ment is less satisfactory. The small discrepancies, observed
when the energy increases, could be due to the combina-
tion of several factors [4] like the change of the Σ and Π
characters in the probed internuclear distance and the fact
that the theory assumes that the ejected electron comes
from the 3s orbital. However, the analysis by Gregor and
Siska [5] suggests that the interatomic electric field can
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favor the passage of such electron in a spd hybrid atomic
orbital, with possible additional phenomena.
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