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a b s t r a c t

The long-lived excited states of doubly charged rare gases can markedly affect their reactivity. In this paper
we demonstrate the presence of strong state-specific effects in the charge exchange of Ar2+ (3P, 1D and 1S)
with several neutral targets (He, Ne, Kr, Xe, D2, and CH4). State sensitive measurements have been per-
formed by producing the different Ar2+ electronic states via tunable synchrotron radiation (Elettra-Trieste,
Italy and SuperACO-Orsay, France). From the product ion yield data of charge transfer, state-selected total
cross-sections have been deduced. Using the state-specific reactivity of Ar2+ towards different neutral
targets, it has been possible to extract the photon-energy-dependent production branching of the three
Dication
P
I
A

doubly charged states and to investigate the autoionization dynamics of neutral or singly charged Ar in
the vicinity of the double ionization threshold.
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. Introduction

The reactions of doubly charged ions are important in many
onized media including plasmas, ionospheres and astrophysical
nvironments, where charged species are produced by high energy
lectrons and photons. In the case of rare gas atoms, ionization can
roduce excited states whose radiative quenching to the ground
tate is forbidden. Such long-lived species hold a large amount of
nternal energy which may influence their reactivity.

One-photon double ionization is forbidden in the frozen orbital-
ndependent particle model; however it widely occurs due to
lectron correlations. For Ar dication, three different ionic states
3P, 1D and 1S) can be populated in the 43–52 eV energy range. The

hreshold of the 3P ground state occurs at 43.39 eV, the onset of the
D lies at 45.13 eV, while, at even higher energies, the 1S opens up
t 47.51 eV [1].
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e
c
i
d
m
f

c
m

387-3806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2008.07.020
© 2008 Elsevier B.V. All rights reserved.

The branching ratios of the three states have been reported in
two electron coincidence measurement [2] performed at 48.4 eV
hoton energy. It led to the conclusion that the three dicationic
tates are populated according to their statistical weights. This
ear statistical population of dication final states was quite unex-
ected for two reasons: (i) according to the Wannier law, the partial
ross-section for double ionization rises approximately linearly
rom threshold amplifying the final states of lowest energy and (ii)
xtended Wannier theory [3] states that, for symmetry reasons,
he 3P final state is the most favored one in direct double ionization
ear threshold. Spectra of Eland et al. [2] contain intense features
ssociated to autoionization of singly charged ions and are respon-
ible for the near statistical population of the final states. Eland
t al. comes to the conclusion that “our understanding of the pro-
esses of double photoionization and of autoionization branching
s still unsatisfactory”. In the present work, we profit from target-
ependent state-specific reactivity and photon energy-dependent

easurements to deduce the branching ratio of the three states

rom double ionization threshold up to 52 eV.
Charge transfer, quenching and association reactions of doubly

harged rare gas ions were thoroughly investigated in drift tube-
ass spectrometer (SWARM) experiments by Johnsen and Biondi

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Roland.Thissen@obs.ujf-grenoble.fr
dx.doi.org/10.1016/j.ijms.2008.07.020
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fore led to a deviation from the rule mentioned above. For this
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4,5]. State-selected rate constants for the reactions of Ar2+ (and all
he other rare gas dications) with rare gases were measured. State
election was obtained by profiting from the different mobilities
f various ionic states in the buffer gas [6]. In addition, to obtain
pure” ionic beams, the authors took advantage of the quenching
f selected Ar2+ states when Ar or He were used as buffer gases.
nder these conditions, the rate constant for 1D reactivity was
iven only as a rough estimate, since the mobility signal of this
tate overlapped with the 3P signal and since collisional quenching
ould have contributed to the loss of 1D ions. In the same paper,
xperimental results were rationalized by the relative positions of
he diabatic potential energy curves for the X2+ + Y and X+ + Y+ sys-
ems. Reactions with exothermicities of ∼4 eV turn out to be fast, in
ood agreement with the “reaction window” model based on the
andau Zener formalism [7,8] and the small reaction rate constant
or excited state reactants is as expected with this energy-defect
riterion.

Almost at the same time, another series of investigations was
erformed by means of drift experiments [9–12]. Neutral targets
ange from rare gas atoms (helium, argon and xenon) to molecules
H2, N2, O2, CO2, CH4, C2H2, and NO2). It is worth noting that,
n these experiments, state-selection over the dication electronic
tates was obtained by using chemical reactions with a buffer gas
n order to selectively remove some Ar2+ states from the mixture
roduced in the ion source, as indicated by Johnsen and Biondi [4].

At low temperatures (30 K), rate constants for some Ar2+ (3P)
eactions were investigated in CRESU experiments [13].

In the case of the Ar2+ + He reaction, state-selected information
as obtained in a crossed beam experiment, where it was possible

o distinguish the relative contributions of the Ar2+(3P, 1D) states
o the reactive cross-section [14]. The outcomes of this experiment
ere interpreted by quasi-classical calculations [15], deriving a rate

onstant of k (300 K) = 4.4 × 10−12 cm3 s−1 for the charge transfer
nvolving the 3P state.

The results of all previous investigations will be discussed in
ection 3 of the present paper. However, it is possible to point
ut some general observations concerning previous work: (i) in
he majority of cases, state-selected information on the reactivity
as been obtained only by using the state selective removal of Ar2+

y reaction with a buffer gas. The validity of this somehow “self-
eferential” approach has never been independently verified and
ii) for most of the neutral targets, no definitive results on Ar2+ (1D)
eactivity have been obtained.

In the last years, our research groups investigated the proper-
ies of doubly charged atomic and molecular systems: we studied
ication thermodynamics [16,17], ion-molecule reactions involv-

ng dications [18–23], we measured internal energy effects in the
eactivity of CO2

2+ [24] and, more recently, we investigated the
ynamics of the double photoionization process producing N2+

rom N2 [25]. We also investigated the implications of our work
or the modelling of planetary atmospheres [26,27].

The present paper reports on strong state-specific effects
etected in the cross-section of charge transfer reactions between
oubly charged ions Ar2+ and several neutral targets (He, Ne, Kr,
e, D2, and CH4). In the experiment, the different Ar2+ states were
opulated by using tunable synchrotron radiation from two storage
ings, Super-ACO (LURE-Paris) and ELETTRA (Sincrotrone Trieste,
rieste). State sensitivity was revealed by varying the photon energy
rom 43 to 52 eV and measuring the evolution of the absolute reac-
ion cross-section. The study of multiple targets made it possible
o investigate the details of the double ionization process of Ar

toms and to correlate specific reactivity with either the ground
nd/or the metastable states of the dication. No removal of ionic
tate is necessary in this case. Furthermore, assuming a statisti-
al production of the three states, we estimate the state-selected

r
t

t
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ross-sections for the charge transfer processes and finally, using
ll the information, we extract an energy-dependent production
ranching ratio for the three dicationic states in the investigated
nergy range. This result is particularly interesting, since it allows
dentification of photon energy-dependent double ionization

echanisms towards the different final states. Such information
t each photon energy would require time-consuming measure-
ents of the two photoelectrons and of their kinetic energy in

oincidence.

. Experimental

Charge transfer cross-sections were measured using the CERISES
20,28] apparatus installed first at the undulator beamline SU6
f the Super-ACO storage ring (LURE-Paris) and, subsequently,
n the branch line of the gas phase photoemission beamline at
he ELETTRA synchrotron radiation facility (Trieste, Italy). The
ERISES apparatus is a tandem mass spectrometer composed of two
ctopoles located between two quadrupole mass spectrometers in
Q1-O1-O2-Q2 configuration (where Q stands for quadrupole and
for octopole) placed in three differentially pumped regions. Such
configuration permits investigation of both uni- and bi-molecular

eactions of mass-selected ions. In the source region, Ar2+ ions were
roduced by double photoionization of Ar by synchrotron radiation.
fter ionization, ions were extracted from the source by a small
eld of 1 V/cm, and injected through a stack of electrodes into the
uadrupole mass filter Q1. At the exit of this filter, ions were refo-
used into the O1 radio frequency ion guide towards the reaction
ell. Depending on the acceleration potential, the reactant ions pro-
uced in the source needed at most 40 �s to reach the reaction
ell. Dication reactions took place in a 4-cm long scattering cell
lled with the neutral target gas (He, Ne, Kr, Xe, D2, and CH4) at
oom temperature. The absolute value of their pressure was mea-
ured by a Baratron capacitance manometer and adjusted to a value
10−4 mbar to ensure single-collision conditions. The reactant ion
inetic energy is defined by the dc potential difference between
he collision cell octopole and the center of the ion source. It can
e varied between 0.4 and 40 eV in the laboratory energy frame,
ith a typical distribution width of 0.5 eV full width at half max-

mum (FWHM). Reactant and product ions were confined by the
adio frequency guiding field of O1, guided by O2, mass selected
n the Q2 mass filter, and finally detected by a multichannel plate
etector. Data were recorded according to a procedure described

n Ref. [28]. The total electron yield resulting from Ar photoioniza-
ion in the ion source was recorded during all measurements to
orrect for any variation of the Ar pressure. Photon energy scans,
ollecting ionic yields of Ar2+ and Ar+ with and without the neutral
arget gas in the reaction cell permit to correct for any contribu-
ion to reactivity occurring outside the calibrated reaction cell [29].
hotoion signals were normalized to the incident photon flux as a
unction of photon energy. Effective absolute cross-sections (EACS,
′) were derived from the ratio of product to parent ion intensi-

ies and from absolute target gas pressure measurements. EACS
re therefore absolute measurements of the reactivity of a mixture
f ground and excited states. Provided monochromatic photons of
elected energy were used, the relative population of these states
s purely dependent on the energetics and the spectroscopy of the
r2+ production. Conversely, if some higher order photons were
merging from the monochromator, they had the effect to perturb
he population (e.g., by the production of excited states) and there-
eason, we used optimal higher order filtering while performing
he measurements.

If the systematic uncertainty on the EACS is estimated to 25%,
he random uncertainty is much lower, in the range of 5%. The
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3.1. Spectroscopic information and effective absolute
cross-sections

Fig. 1 shows the intensities of the parent dication Ar2+ and of
the product ion Ar+ recorded when scanning the photon energy

Fig. 1. (a) Photon energy dependence of the counting rates of Ar2+ parent dication
and product Ar+ monocation resulting from the charge transfer with D2, measured
on the gasphase beamline at ELETTRA Synchrotron. Thin vertical lines indicate the
onsets of Ar2+ (3P, 1D, 1S) states. Thick vertical lines of equal height (labelled Ar**)
represent the position of neutral states autoionizing into the dication continuum
(from Ref. [34]), and thick vertical lines of variable length (labelled Ar+*) represent
P. Franceschi et al. / International Journ

esults shown here have been collected repeatedly, with a very good
eproducibility.

Rare gases of high purity (Air Liquide, better than 99.995%) were
sed throughout all the experiments; D2 and CH4, from Mathe-
on, had purity better than 99.9%. All gases were used without any
urther purification.

To obtain reliable data, the lifetime of the two excited states of
r2+ should be much longer than the time necessary for dications

o reach the reaction cell. The lifetime of the excited 1S state has
een the subject of extensive investigations [30]. Literature data
gree around a value of 150 ms that is safely longer than our detec-
ion window. In the case of the 1D state, its survival in the SWARM
xperiments [6] ensures that its lifetime is sufficiently long.

We systematically recorded reactant and product ion intensities
s a function of the collision energy for each gas target, and we
bserved a decrease of reactivity, reaching a constant level at 0.5 eV
ollision energy in the center of mass (CM). We therefore chose
o compare results for all targets at this collision energy of 0.5 eV
M. The cross-section data were transformed into rate constants
y means of the relation:

= �〈�〉

here k is a rate constant, � is the cross-section, and 〈�〉 is the
elocity of the center of mass.

.1. The SU6 beamline at Super-ACO (low resolution)

The light source was the 16 permanent magnets, 1.33-m long,
U6 undulator inside the Super-ACO storage ring. When setting
he minimum gap at 40.3 mm, the energy of the first harmonic
as 32 eV. The light was monochromatised using a 1-m toroidal

rating monochromator [31]. One “High flux–Low energy” grating
as used to cover the photon energy range 43–52 eV. A toroidal
irror refocused the monochromatised light in the center of the

onization region of the apparatus. By using the first harmonic of
he undulator, a typical flux of 1013 photons/s was available in the
nteraction region with a resolving power of E/�E = 400. This beam-
ine, known for its high flux, was chosen for the survey of Ar2+

eactivity with all the neutral targets hereby studied. The results
howed a strong internal energy dependence of the reactivity and
ed to the request for further experimental time on the ELETTRA
ynchrotron Gasphase Photoemission beamline, where higher pho-
on energy resolution could be used, but for a limited time. We
herefore restricted the high-resolution measurements to the two
eutral targets showing the most different reactivity effects: He and
2.

.2. The gasphase photoemission beamline at ELETTRA (high
esolution)

The layout of gas phase photoemission beamline at ELETTRA
as been described elsewhere [25]. Briefly, vacuum ultraviolet and
oft X-ray photons are emitted from an undulator source and dis-
ersed by a spherical grating monochromator. In order to minimize
he occurrence of higher order photons in the 43–52 eV range, we
sed a 400 l/mm grating, Al coated refocusing mirror and either
ne of two filters. The first filter (MgF2) provided with very good
emoval of higher orders, but with an upper limit of transmission of
9.5 eV. It was used when recording the reactivity with He. The sec-

nd filter (Al) was slightly less efficient in removing higher orders,
ut allowed collecting data in the whole energy range of interest,

.e., up to 52 eV. The optical set-up of the beamline, in our con-
guration, guaranteed a resolving power E/�E better than 1000.
he calibration of the photon energy was checked during the mea-
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urements by means of the 1P0 autoionizing Rydberg series of Ne
ocated between 44 and 53 eV [32]. The photon beam intensity was
ontinuously monitored using (i) the photoemission current from a
old grid (90% transmission) positioned along the beam path before
he photoionization region and (ii) a photodiode (sodium salicylate
cintillator) located at the exit of the photoionization region.

. Results and discussion

In double photoionization, state selection of ions can be
btained by using multiple coincidence techniques but, at present,
hese techniques cannot be used to study ion–molecule reactions
ue to the very limited production rate of state-selected ions. A pos-
ible alternative consists in obtaining “state sensitive” information
y scanning the wavelength of the ionizing radiation through the
ifferent Ar2+ states and studying the evolution of the various reac-
ion channels. This is the method chosen in our case. The data are
bviously different, so that we are able to go further in the analysis
nd derive some state-specific information.

In the following, we will first show the results obtained at high
esolution to demonstrate the sensitivity of the method. We will
hen discuss the results obtained for the whole series of targets, at
ow photon energy resolution. Finally, we will present a method to
btain absolute state-selected cross-sections, and to derive from
hem an energy-dependent production branching ratio for the
hree dicationic states in the energy range that was investigated.
he position and intensity (measured at 83 eV) of the singly charge ion excited states
utoionizing to the dication continua from Ref. [35]. Features labelled from “a” to
k” are autoionizing structures identified in the dication yield. (b) Effective absolute
ross-sections (EACS) � ′ derived either from the upper signals (continuous line) or
rom the equivalent measurements performed on the SU6 beamline of the SuperACO
ing in LURE (dotted curve).
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Fig. 2. (a) Photon energy dependence of the counting rates of Ar2+ parent dication
and product Ar+ monocation resulting from the charge transfer with He, measured
on the gasphase beamline at ELETTRA Synchrotron, Trieste. Thin vertical lines indi-
cate the onsets of Ar2+ (3P, 1D, and 1S) states. Thick vertical lines of variable height
(labelled as Ar+*) represent the position and intensity (measured at 83 eV) of the
singly charge ion excited states autoionizing to the dication continua from Ref. [35].
(b) EACS � ′ derived either from the upper signals (continuous line) or from equiva-
lent measurements performed on the SU6 beamline of the SuperACO Ring in LURE
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Similarly to the D2 case, in the studies of Ar with He, the inten-
22 P. Franceschi et al. / International Journ

etween 43 and 52 eV. The Ar2+ total yield (upper curve in Fig. 1a),
xhibits a slow, almost linear, increase from the double photoion-
zation threshold (43.39 eV), with no structures in the vicinity of
he threshold of the first or second excited state (45.13 and 47.51 eV,
espectively). Discrete resonances visible in the dication yield were
bserved earlier by Lablanquie et al. [33] at lower energy reso-
ution. These structures, tagged from “a” to “k”, can be ascribed
ither to neutral superexcited states Ar, or to excited states of the
onocation Ar+* (satellite channels), autoionizing into the dica-

ion continuum. Both processes were described for Ar2+ and we
ill show that it is possible to associate specific reactivity with the

utoionizing structures.
Excited states of neutral Ar (Ar**) are detected specifically in

tomic photoabsorption. Madden et al. [34] have tabulated the
nergy of neutral states above the double photoionization thresh-
ld. They are described as two-electron excitation states of the
eneric type 3s3p5nln′l′. The authors do not propose a detailed
ssignment of the states and it is difficult to ascribe a configuration
o the structures or to propose a preferential decay towards one of
he three continua of Ar2+. In any case, the position of most of the
Madden” resonances (reported in the upper part of Fig. 1a as thick
ertical lines of equal height) is correlated with almost all the dis-
rete features seen in the Ar2+ yield. Only one feature, labelled “h”,
ppears in a region where no photoabsorption structure is reported.

Satellite states of Ar+* located above the double ionization
hreshold have been investigated theoretically and experimentally
y Combet-Farnoux et al. [35]. Photoelectron spectroscopy and
oincidence methods were used to complement the work of Kikas
t al. [36] who measured the binding energy of photoelectrons cor-
esponding to the dication threshold. The position and intensity of
atellite states are reported in the bottom part of Fig. 1a as thick
ertical lines of height proportional to their intensities recorded at
� = 83 eV. If the most intense structure, corresponding to a config-
ration (3s23p33d2) and located at 51.36 eV, is not clearly visible in
he double ionization yield (probably because of a poor probability
f population at its threshold), there is a structure at 49.69 eV which
ould be a good candidate to explain the feature labelled “h” in the
ication yield, and would correspond to a configuration (3s3p5),
imilar to the “Madden” series. A further argument to associate the
h” labelled structure to autoinizing monocation is its shape, which
an be regarded more as a step function, instead of a peak.

High level theoretical methods such as configuration interaction
CI) were used to interpret the decay process of satellite Ar+* chan-
els. Combet-Farnoux et al. have shown that, above the threshold of
he 1D state, satellite states populated in the energy range investi-
ated by us are decaying preferentially towards the 1D continuum,
ew towards the 3P continuum, and almost none towards the 1S
ontinuum. As a consequence, one can expect that the “h” labelled
tructure should correlate preferentially to a Ar2+ (1D) continuum.

The lower curve in Fig. 1a represents the Ar+ yield detected when
r2+ reacts with D2 in the reaction cell. It is worth mentioning the
ifference by three orders of magnitude between the parent and
he product counting rates, indicative of very small reactivity cross-
ections, as low as 0.2 Å2, and peaking at 1 Å2. From a qualitative
omparison between parent and product signals, it is apparent that
i) Ar+ yield shows a clear increase for energies higher than the 1S
hreshold, (ii) structures labelled “d” and “h” are very much reduced
n the Ar+ ion yield, and (iii) faint structures in the dication yield,
uch as “e” and “f”, lead to strong resonances in the product yield.

From these data, it is possible to extract the EACS by applica-
ion of the procedure described in Section 2. The result is shown

n Fig. 1b, as a continuous line for high-resolution measurements,
r as dots for the low-resolution ones. The two results are in good
uantitative agreement and confirm the abovementioned obser-
ations: (i) D2 reacts poorly with dications in the 3P or 1D states,

s
i
f
A

dotted line). Thick vertical lines of equal size (labelled Ar**) represent the position
f neutral states autoionizing into the dication continuum (from Ref. [34]), while
eatures labelled from “a” to “k”are the autoionizing structures identified in the
ication yield of Fig. 1.

hile showing a large increase in reactivity when 1S state dications
re present; (ii) some of the “Madden” resonances are enhanced
n the reactivity (“e” and “f”) and some are strongly depleted (“d”
nd “h”); (iii) the reduction of structure “h” is in perfect agreement
ith Combet-Farnoux et al. prediction, as it should correlate with

D continuum[35], which is poorly reactive.
EACS derived from high-resolution measurements (continuous

ine in Fig. 1b) exhibit a decrease in the energy region of the double
onization threshold, reaching a minimum close to the threshold
f 1D state production. This is not physically possible, as all dica-
ions in this energy range should be produced in their ground
lectronic state and therefore should exhibit a constant reactivity
ross-section. The observed perturbation is due to the presence of
minor contribution of higher order photons from the gas phase
onochromator, despite the use of the Al filter. Such a perturbation

s also visible in the ion yield, as Ar2+ intensity below the double ion-
zation threshold is not equal to zero. To avoid this problem when
tudying the reactivity with He, which from our low-resolution
xperiments was known to react preferentially in the 3P and 1D
tates, we inserted a MgF2 filter when performing high-resolution
easurements. Therefore, the ion yield measured below double

onization threshold is perfectly equal to zero (Fig. 2). The drawback
s that the MgF2 filter allows measurements only up to 49.4 eV. As

consequence, high-resolution data do not extend above the “g”
tructure of the Ar2+ yield and spectroscopy in that region has to be
nvestigated only on the basis of low-resolution data (dotted curve
n Fig. 2b).

2+
ity ratio between parent and product ions is in the range of 1000,
ndicating a very small reactivity. There are however marked dif-
erences with the D2 case: the Ar+ ion yield mimics closely the
r2+ one, except for a reduced reactivity in the region below the
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Fig. 3. Photon energy dependence of the EACS � ′ for the charge transfer reaction of
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L
ditions, no reaction was observed. More recently, the rate of this
r2+ with (a) He, Kr and D2 and (b) Ne. Data have been taken at a collision energy of
.5 eV in the centre of mass frame. Thin vertical lines indicate the onsets of Ar2+ (3P,
D, and 1S) states.

D threshold (Fig. 2a). The EACS exhibits a flat intensity of 0.4 Å2

n the low energy range where only the 3P state can be populated,
nd increases smoothly from the 1D threshold to reach a value of
.8 Å2 close to the 1S threshold (Fig. 2b). All the resonant structures
resent in the Ar2+ yield vanish after treatment of high-resolution
ata. However, when looking at low-resolution data, “resonant”
ehaviour is clearly detectable in the vicinity of the “h” labelled
tructure. When enlarged (Fig. 3a), the EACS reveal also two other
esonances, located at 46.9 and 51.0 eV, which do not correspond to
ny “Madden” resonance, and are therefore probably due to other
onocation states autoionizing towards the 1D continuum. In the

ase of reactions with He, we can draw the following conclusions:
i) He reacts poorly with Ar2+ (3P), while showing a large increase of
eactivity when 1D dications are present; (ii) none of the “Madden”
esonances are enhanced in the reactivity and (iii) the amplifica-
ion of Ar+* autoionizing structures is in perfect agreement with
ombet-Farnoux et al. prediction, as they should correlate with the
eactive 1D continuum.

From the results obtained on the two neutral targets we can
onclude that D2 reacts almost exclusively with the second excited
tate of Ar2+ (1S), while He reacts preferentially with the first excited
tate (1D). Moreover, some resonances appear in correlation with
ne or the other target. This is particularly evident for the feature
abelled “h” in Figs. 1 and 2. The occurrence of resonances can be
sed to ascribe a decaying pathway of autoionizing states towards
he specifically reacting continuum. Decaying pathway of the other
tructures is not known, but we propose that they are associated
ith excited states of neutral Ar [34]. For such features we can draw

he following conclusions:

1. Structure labelled “a” is thermodynamically correlated to the 3P
ground state of the dication.

. Structures labelled “b” and “c” may autoionize either to 3P or
1D continua and are not observed in the charge exchange cross-

section with He and D2. Therefore they do not decay specifically
into any of the two energetically accessible Ar2+ states. One can
expect a coupling to continua that should be close to statistical
for these two structures.

r
(
b
H
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. Structure labelled “d” is visible, but depleted in the D2 EACS and
it is not observed in the He case. We therefore assume for this
structure a behaviour showing no particular preference between
the three continua, i.e., close to statistical behaviour between
them.

. Structures “e”, “f” and “i”, “j”, “k” are enhanced in the EACS with
D2 and slightly depleted in the EACS with He, and therefore they
most likely decay specifically into the 1S continuum.

.2. Effective absolute cross-section for all targets and
omparison with previous results

In this part we will describe and compare with literature the
tate-specific reactivity measured at low resolution in the photon
nergy needed for single charge transfer process

r2+ + A → Ar+ + A+

here A = He, Ne, Kr, Xe, D2, and CH4
Let us note that literature values are expressed in rate con-

tants and our measurements are cross-sections (EACS), but only
he variations of these values with the Ar2+ state are discussed in
his paragraph. See below for their conversion into rate constants.

.2.1. He
Johnsen and Biondi [4] measured a thermal rate constant of

× 10−11 cm3 s−1 for Ar2+ (3P), 1.4 × 10−10 cm3 s−1 for Ar2+ (1D)
nd <2 × 10−14 cm3 s−1 for Ar2+ (1S) for this charge transfer pro-
ess. State-selected rate constants for the Ar2+ (3P) and Ar2+ (1S)
tates in reaction with He have been obtained by SIFT [10,11] which
re in good agreement with their investigation. Measured rate con-
tants are 6.8 × 10−11 cm3 s−1 and <5 × 10−13 cm3 s−1 (i.e., below the
etection limit of the instrument) for Ar2+ (3P) and (1S), respec-
ively. Surprisingly, in these SIFT studies, Ar2+ (1D) seems to be
egligible in the primary Ar2+ beam, while its reactivity seems to be
he largest among the three Ar2+ states. It is worth mentioning that
r2+ (1D) is efficiently produced by electron impact, as opposed to

he previously mentioned SIFT findings. At low temperature (30 K)
RESU experiments [13] give a similar value of 6.2 × 10−11 cm3 s−1

or the 3P rate constant.
The dynamics of the charge transfer between Ar2+ (3P, 1D) and

e has also been investigated in a crossed beam experiment by
riedrich and Herman [14,15]. By integrating angularly resolved
ata, it has been possible to determine a �(1D)/�(3P) ratio of 3.12
t a center of mass collision energy of 0.53 eV, and deriving a rate
onstant of k (300 K) = 4.4 × 10−12 cm3 s−1 for the charge transfer in
ood agreement with [4].

As shown in Fig. 3a, the value of EACS for He is nearly constant
elow the 1D threshold at 45.12 eV. Above this energy, the cross-
ection rises up to 1 Å2, showing three broad resonances (around
6.9, 49.7 and 51.0 eV). In the charge transfer spectrum, no clear
vidence of the 1S onset is detectable. This observation agrees with
he results of all the swarm experiments, which measure a very
mall charge exchange rate constant for the 1S state and a substan-
ially larger value for the 1D state when compared to the ground
tate.

.2.2. D2
The reaction Ar2+ + H2 was studied by flow drift techniques by

indinger et al. in the late 70s [9]. Under their experimental con-
eaction has been measured in drift experiments for Ar2+ (3P) and
1S) [10,12]. The rate constant for the 1S state has been obtained
y using the state-specific removal of Ar2+ (3P, 1D) in collision with
e. Smith et al. [10] measured a rate constant of 1.6 × 10−12 cm3 s−1
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or Ar2+ (3P) and of 2.6 × 10−9 cm3 s−1 for Ar2+ (1S), while in [12] a
ate of 1.3 × 10−9 cm3 s−1 for the Ar2+ (1S) reaction has been deter-
ined. These authors attribute such a discrepancy for the 1S rate

onstant to the different experimental conditions. From a mecha-
istic point of view, the differences between the reactivity of the 1S
nd 3P states are explained by opening efficient reactive channels
n the production of excited Ar+ ions. The slow rate of the Ar2+ + H2
eaction for ground state reactants has been confirmed at lower
emperatures in CRESU experiments [13] (2.5 × 10−12 cm3 s−1).

From our experiment with D2 (see Fig. 3a), the 3P cross-section
urns out to be close to the detection limit of our apparatus
∼0.1 Å2). This is in agreement with the previous investigations.

At photon energies above the 1D onset, the EACS � ′ shows a
entle rise, followed by a second increase after the 1S threshold.
elow this threshold, � ′ is ∼0.2 Å2. Above 1S, the evaluation of � ′ is
omplicated by the presence of the “Madden” resonances described
bove. However, data taken at larger photon energy are consistent
ith an average value of 0.6 Å2.

.2.3. Kr
Drift tube results [4] indicate that this reaction proceeds effi-

iently only for Ar2+ (1S). In this case a rate of 1.4 × 10−9 cm3 s−1 was
easured, which is close to the Langevin limit. This is in agreement
ith the SIFT experiment by Smith et al. [11] (1.0 × 10−9 cm3 s−1).

In our experiment (Fig. 3a) the EACS is very small, though not
egligible, showing a constant value of 0.2 Å2 for photon energies
anging from double ionization threshold to the Ar2+ (1S) onset at
7.5 eV. Below the Ar2+ (1D) onset, this value corresponds to the
tate-selected �(3P) cross-section. At higher photon energies, no
lear sign of the 1D onset is observed and it is reasonable to suppose
hat the cross-section for this state is comparable to the previous
ne. A marked rise in the cross-section is noticeable in correspon-
ence of the Ar2+ (1S) and, above this limit, the EACS stabilizes
round 0.4 Å2.

.2.4. Ne
Charge transfer process was investigated in swarm experiments

4,11], where it was found that reactivity was small. For the 3P
tate of Ar2+, the measured rate constants were 3.7 × 10−12 cm3 s−1

4] and 7 × 10−12 cm3 s−1 [11], while for the 1D state an upper
imit of 3.7 × 10−12 cm3 s−1 was given [4]. The least reactive state
eems to be the 1S, for which upper limits for the rate constant are
× 10−13 cm3 s−1 [4] and 5 × 10−13 cm3 s−1 [11].

For this system, our measurements can hardly be used to deduce
uantitative data (see Fig. 3b). However, it is tentatively possible to
etect a decrease in the EACS in correspondence of the Ar2+ (1D)
nset, following a trend already observed in He and D2 (Fig. 3a),
ut in opposite direction. This evidence suggests that Ar2+ (3P) is
he most reactive state with Ne with an average cross-section of
.15 Å2.

.2.5. Xe
For the single charge transfer channel, previous swarm exper-

ments are in partial disagreement. Johnsen and Biondi [4]
ound that all the three Ar2+ states show similar values for the
ate constants, with the 1S slightly less reactive (3P and 1D
.5 × 10−9 cm3 s−1, 1S 1 × 10−9 cm3 s−1). Smith et al. [10,11] agreed
n the 1S value (1.5 × 10−9 cm3 s−1), but they have measured a
maller reactivity for the 3P state (7.5 × 10−10 cm3 s−1).
Our measured EACS � ′ (Fig. 4) shows a plateau at 8 Å2 for the
P ground state followed by a slow decrease to 6 Å2 between 1D
nd 1S thresholds. A further decline of EACS above the 1S threshold
upport the idea that 1D and 1S states are slightly less reactive than
he 3P ground state, which confirms the results obtained in Ref. [4].

H
u
o
e
f

ig. 4. Photon energy dependence of the EACS � ′ for the charge transfer of Ar2+ with
H4 and Xe. Data have been taken at a collision energy of 0.5 eV in the centre of mass

rame. Thin vertical lines indicate the onsets of Ar2+ (3P, 1D, and 1S) states.

.2.6. CH4
For this reaction, charge transfer and dissociative charge transfer

as studied in a SIFT experiment [10] and reactive rate con-
tant values very close to the Langevin limit (2 × 10−9 cm3 s−1 for
oth 3P and 1S states) were measured. These authors report state
electivity in products formation, since 3P leads mainly to non-
issociative charge transfer, while 1S induces mainly dissociative
harge exchange with formation of CH2

+, CH+ and H+. In a differ-
nt drift tube experiment [12], similar values for the rate constants
ere determined (2 × 10−9 cm3 s−1 for 3P and ∼2.2 × 10−9 cm3 s−1

or 1S states).
Among the neutral target studied in the present work, methane

ad the largest cross-section. The EACS shows a plateau at 16.5 Å2

t photon energies lower than the 1D threshold. At higher ener-
ies, following a shape already described in He, D2, and Ne cases,
ACS decreases to ∼14 Å2 at the 1S threshold (see Fig. 4). A further
ecrease was observed above the 1S threshold. From this behaviour,
larger reactivity of the ground state compared to the first excited

tate can be deduced. However, a further contribution of the 1S can-
ot be ruled out due to its very small relative abundance. Looking

or state selectivity in the dissociative charge transfer channels, we
nvestigated the photon energy dependence of the fragmentation
hannels leading to CH3

+ and CH2
+ but no sign of state sensitiv-

ty could be detected. Let us note that the charge exchange process
etween Ar2+ and CH4 is mainly dissociative, no matter of the pop-
lation of excited states in the Ar2+ beam. These results can be
xplained by considering the large exoergicity of the charge transfer
eaction between Ar dications and methane.

.3. From effective cross-sections to state selective cross-sections

We have shown that the collected data constitute a coherent
et showing specific behaviour for each individual target. The gen-
ral trend for each target is in agreement with the quantitative
easurements of Johnsen and Biondi [4] and Smith et al. [10,11].

owever, because of experimental limitations, the numerical val-
es they provide for the reactivity of the 1D state were either absent
r affected by large uncertainties. Hereby we propose a method to
xtract state-selected cross-sections from the measured EACS as a
unction of the photon energy.
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By measuring the Ar2+ total yield and the abundance of Ar+ prod-
ct ions, an “effective” absolute cross-section, � ′, was obtained. This
′ corresponds to a state-selected cross-section only for the ground
tate Ar2+ (i.e., below the Ar2+ (1D) threshold), otherwise it corre-
ponds to the sum of the state-selected values, weighted by the
ranching ratio of the Ar2+ states produced at each photon energy.

f we set Ia the counting rate of Ar+ corresponding to the charge
ransfer process, I0 the counting rate of the Ar2+ beam, I0(3P), I0(1D)
nd I0(1S) the counting rates of Ar2+ ions in the 3P, 1D and 1S states,
espectively, we can write, in the thin target limit [29]

′ = Ia
nlI0

(1)

nd

′ = �(3P)
I0(3P)

I0
+ �(1D)

I0(1D)
I0

+ �(1S)
I0(1S)

I0
(2)

here n is the gas density, l is the scattering length and �(3P), �(1D),
(1S) are the state-selected cross-sections. From the set of data
hown in Figs. 3 and 4, we can extract state-selected cross-sections
or the 1D and 1S by weighting the “effective” cross-section � ′ with
he relative abundance of each Ar2+ state.

As mentioned above, double ionization proceeds either directly
r by autoionization of resonant states (either neutral or singly ion-
zed). For this reason, the photoionization yield is due to resonant
tructures superimposed onto a linearly increasing continuum [33].
he branching ratio of the three Ar2+ states cannot be determined
ithout knowing the specific decays of each autoionizing state.
owever, it has been shown [2] that the three states are populated
ccording to their statistical weight at 48.4 eV photon energy and
his rule seems to hold for Xe, Kr and Ar dicationic states, only few
V above thresholds. This means that below the 1D threshold the
opulation of the Ar2+ states are given by 3P:1D:1S = 1:0:0; in the
nergy region above the 1D and below the 1S onsets the statistical
eights are 0.64:0.36:0, while above the 1S threshold the values

re 0.60:0.33:0.07. As a consequence, if we extract from our EACS
he “continuum” contribution once the plateau in the product yield
s reached, we can obtain the state-selected cross-sections by using
he statistical weights of the three ionic states. The final question
s to define the energy at which we can safely assume to have the
tatistical branching behaviour. Obviously, below the 1D threshold,
he average EACS between double ionization and 1D threshold can
e used. For the energy region between the 1D and 1S onsets, the
ACS was taken at 47.5 eV, i.e., away from the 1D threshold, where
learly the population does not follow the statistical ratio, and away
rom the “b”, “c” structures or from the monocation autoionizing
tructure identified in He EACS (see Figs. 1 and 2). Above the 1S
hreshold the most appropriate energy value was determined in a
imilar way, i.e., away from threshold and resonances. We chose the
xcitation energy value of 51.5 eV.

Due to the indirect procedure and the empirical identification of
hoton energies at which statistical ratio between the states should
e expected, the state-selected values that we propose for the
xcited states have an estimated uncertainty of 50% and 75% for 1D
nd 1S states, respectively. State-selected cross-sections extracted
sing this procedure are summarized in Table 1. Cross-section val-
es have been transformed into rate constants, in order to ease the
omparison with previous results compiled from the literature.

In He case, the 1D reactivity (1.1 × 10−10 cm3 s−1) turns out to be
t least a factor five higher than the 3P (2.1 × 10−11 cm3 s−1) one,

lightly smaller than the values obtained in swarm and crossed
eam experiments. It is hard to derive a value for the 1S state reac-
ivity, as there is no evidence of a variation in the EACS above the
S threshold. But this is not conclusive due to the low statistical
eight of the 1S state near threshold. The 1S abundance is highly Ta
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nhanced in the photon energy range around 48.6 eV (Fig. 3a), as
iscussed in D2 and Kr cases. Thus, a significant reactivity of the 1S
tate, would imply an increase in effective cross-section, whereas
xperimental data show a dip in the corresponding photon energy
egion. We can therefore confirm the result of Johnsen and Biondi
hat state-selected 1S reactivity is negligible with respect to the
eactivity of the 1D.

The reactivity with neon is always small, but the extracted rate
onstant value for 3P (4 × 10−12 cm3 s−1) is in excellent agreement
ith previous results. The 1D state reactivity is probably extremely

mall confirming the Johnsen and Biondi upper limit [4]. In addi-
ion, the evaluated rate constant for the 1S state suffers from the
ame limitation as for the He experiment, hence the value extracted
rom our analysis has a high degree of uncertainty.

In the case of Kr, �(3P) and �(1D) have similar values of
.2 Å2, while the 1S excited state is the most reactive with �(1S)
qual to 5 ± 3 Å2. From the � ′ value below the 1D threshold we
btain a state-selected rate constant for the 3P and 1D states of
.4 × 10−12 cm3 s−1, close to the detection limit of our apparatus.
rom the � ′ value at high photon energy (in the range 51–52 eV)
e estimate a value of 9.4 ± 6 × 10−11 cm3 s−1 for the 1S state reac-

ivity rate constant, i.e., 30 times larger than the two other states,
ut one order of magnitude lower than the previously reported
alues.

In Xe case, from the averaged values of � ′ in the energy region
elow the threshold for formation of Ar2+ (1D), a value of 1.4 × 10−10

an be deduced for the state-selected 3P rate constant. From the
veraged � ′ at 47.5 eV, a value of 1.3 ± 6 × 10−10 is obtained for
D rate constant. For the 1S state, only an upper limit of the
ate constant can be given, due to the small relative abundance
f the 1S state in the Ar2+ beam. All our numerical values for
his target are one order of magnitude lower than the previously
eported ones.

In D2 case, from the � ′ value below the 1D threshold
e obtain the state-selected rate constant for the 3P state of
.1 × 10−12 cm3 s−1, close to the detection limit of our apparatus,
nd in fairly good agreement with the result of Smith et al. [10].
rom the measured � ′ value in the energy region below the onset
f the 1S threshold we get a value of 2.1 × 10−11 cm3 s−1 for the 1D
tate reactivity. From the � ′ value at high photon energy (in the
ange 51–52 eV) we estimate a value of 4.1 ± 1 × 10−10 cm3 s−1 for
he 1S state reactivity rate constant.

Finally, in CH4 case, a larger reactivity of the ground state can be
educed and a value of 4.8 × 10−10 cm3 s−1 and 3.4 × 10−10 cm3 s−1

an be obtained for 3P and 1D rate constant, respectively. As for the
e and He case, only an upper limit of the �(1S) cross-section can
e given due to the small relative abundance of the 1S state in the
r2+ beam. The values are once again one order of magnitude lower

han previously reported ones.

.4. Energy-dependent production yield of the three states of Ar2+

ication

Looking at Figs. 3 and 4, it appears that the measured EACS result
rom the linear combination of three patterns. The first pattern
ould be a flat signal associated with the energy range where only

P state is produced, the second one would be a component start-
ng at the 1D threshold and reaching a plateau at about 46 eV, and
he third one would start at the 1S threshold and reach a plateau at
bout 48.5eV. We performed a principal component analysis (PCA)

37] on the full set of EACS. It confirmed the clear presence of the
hree features described above.

From Eq. (2), if a target shows a strong specificity of reactivity
ith one dicationic state, the formula can be simplified, and the

ariations of EACS � ′ are directly linked to the relative intensity

w
c
t
r
[

utoionizing into the dication continuum (from Ref. [34]), and thick vertical lines
f variable height represent the position and intensity (measured at 83 eV) of the
ingly charge ion excited states autoionizing in the dication continua from Ref. [35].

f the specific state in the total mixture of states (� ′ = k × I0(x)/I0).
sing the EACS of He, we extracted the I0(1D)/I0. Kr and D2 data
ere used to derive the I0(1S)/I0. I0(3P)/I0 was simply recovered by
ormalising the previous signals at 47.5eV for the ratio 3P/1D and
t 51.5 eV for the ratio 3P/1D/1S.

The result of this treatment is displayed in Fig. 5, where the pho-
on energy-dependent production branching ratio of the dication
hree electronic states is plotted.

In the energy range below 1D threshold, the relative amount of
P is one by definition. In the energy range between the 1D and
S thresholds, 3P and 1D states coexist. Fig. 5 reveals that the rel-
tive intensity of the first excited state starts to increase linearly
irectly from threshold to reach the statistical ratio (0.66/0.33)
pproximately 1 eV above the 1D threshold. There is a minor devi-
tion from the statistical ratio at the photon energy of ∼46.9 eV.
e associate it with the presence of an Ar+* autoionizing state.
ith the exception of this feature, the ratio stays flat until the 1S

hreshold. In the energy range where the three states can coex-
st, the behaviour of the 1S state is markedly different as it stays
t a very low level for the first 0.5 eV above threshold, and then
xhibits a resonant behaviour in correspondence of the structures
dentified at high-resolution in Fig. 1 and associated to autoioniz-
ng neutral states Ar**. This resonant character is confirmed by the
act that the relative production of the 1S state is greatly reduced
n an energy range around 49.5 eV where no resonance is present.
he relative production of the 1S state increases again in corre-
pondence with new autoionizing features, to reach the statistical
alue at roughly 51 eV, i.e., 4.5 eV above the threshold. In that energy
ange, the relative production of the 1D state has a constant value
ith two resonances corresponding to two autoionizing monoca-

ion states Ar+*. Due to the small relative population of the 1S state,
he Ar2+ (3P) state is basically acting as a reservoir losing intensity

hen 1D is increasing. Let us note that the assumption of statisti-

al population of the states postulated at 51.5 eV is questioned by
he deviation of 3P and 1D states from the statistical ratio, but we
eproduce the statistical ratio determined by Eland et al. at 48.4 eV
2].
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. Conclusions

Charge exchange cross-sections of Ar2+ dications with several
eutral target (He, Ne, Kr, Xe, D2, and CH4) were measured and
trong state-specific effects were observed when different Ar2+

lectronic states (3P, 1D and 1S) are produced by direct double pho-
oionization of Ar using tunable synchrotron radiation in the range
rom 43 to 52 eV. From charge transfer yields measured for differ-
nt targets, state-selected cross-sections were deduced assuming a
tatistical production of the three Ar2+ electronic states upon direct
onization. Using the above information, an energy-dependent pro-
uction yield for the three dicationic states in the investigated
nergy range can be extracted. This finding is of interest from a
pectroscopic point of view since it allows the identification of pref-
rential decay pathways of resonant states (Ar** and Ar+*) present
bove the double ionization threshold.
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