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Abstract. We have studied experimentally the collisional charge transfer between a neutral atom and a
multicharged metal-atom cluster. The charge transfer cross section measured for Na++

31 + Cs is in the range
of 400 Å2. The time-of-flight mass analysis of the singly charged collision products demonstrates that an
energy of about 0.5 eV is deposited in the cluster fragment during the charge transfer collision. This effect
can be interpreted as a charge transfer to an excited state of the metal cluster. The measured cross section
for Na++

31 + Cs is larger than the one for Na+
31+ Cs collisions. This difference between these two systems is

due to the existence, for the first one, of a Coulombic repulsion term in the collision output channel.

PACS. 36.40.Cg Electronic and magnetic properties of clusters – 36.40.Jn Reactivity of clusters

1 Introduction

Among various atomic or molecular collisional processes
those involving charge transfer are specially interesting as
the electron transfer can be viewed as the most elemen-
tary chemical process. Charge transfer implying a surface
is also of primary importance in surface science e.g. in the
domain of catalysis. Numerous of works have been devoted
to that subject since a long time. To a less extend, colli-
sional charge exchange (CCE) between atoms and clusters
have been explored, more recently [1–5]. Following the idea
that such a process can be considered as the inverse pro-
cess of the ionization, it has been shown that it consti-
tutes a useful tool to probe the electronic structure of the
clusters [6]. In the relevant experiment, singly (positively)
charged clusters are colliding with a neutral atomic tar-
get. The physical property which is determined is the cross
section associated with the neutralization of the cluster,
as function of the collision energy. We present here results
involving doubly-charged alkali-atom clusters Na++

n , Li++
n

in interaction with neutral cesium atoms. Cross sections
are measured for a single electron capture by the clus-
ter, leading to singly charged products which then can be
easily mass analyzed. Results show a very efficient CCE
process as compared to the case of singly charged alkali-
atom clusters, and an energy transfer during the collisional
exchange.
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Fig. 1. Basic elements of the experimental set-up. The detector
is a 5 cm2 Microsphere Plate system (El Mul company [10]).
Total length of the tandem time of flight 240 cm.

2 Experimental

A distribution of neutral clusters generated by a gas ag-
gregation source is ionized by a pulsed U.V. laser. The
charged species are accelerated by the multigrid acceler-
ation device of a tandem Wiley-Mc Laren time-of-flight
mass spectrometer [7,8] (Fig. 1). In the first drift tube
clusters of a given mass/charge ratio are selected by an
electrostatic gate and then propagate along a heat-pipe
kind cell [9] providing a metallic vapor at low pressure.
Downstream the cell, but upstream the second drift tube
an electrostatic potential VR used as a retarding field, al-
lows to separate in time the charged products according to
their mass/charge ratio and the neutral packets. All these
species are detected by a MSP detector [10].

The ionization photon energy hν = 5 eV is de-
livered by a KrF excimer laser. It produces a large
amount of singly and doubly charged alkali-atom clusters
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Fig. 2. Time-of-flight mass spectra for three values of the re-
tarding potential VR.

Xq+
n (X = Li, Na). The ion kinetic energy determined by

the acceleration voltage is varied in the 1–9 keV range.
Within this energy the cross section σ associated with the
CCE is measured. The low value of the metallic pressure
nat inside the cell (active length l) ensures single colli-
sion conditions. σ is deduced from a simple Beer law, i.e.
rn(nat) = [1− exp−σnatl] where rn(nat) is the measured
charge exchange ratio given by rn(nat) = Sq−1

Sq+Sq−1 . In the
equation Sx is the intensity of the X-charged species ion
signal, and Sq +Sq−1 is the peak intensity of the mass se-
lected parent when the retarding potential is maintained
to zero. Actually, in the open heat-pipe cell, natl is not
well determined [9] and our measurements are calibrated
by comparing the values of σ obtained for the monomer
n = 1 to the absolute ones determined by Perel and Daley
for the same collisional system in the same collision energy
range [11].

3 Results

In addition to the CCE, several processes may affect the
features displayed by the product mass spectra.

The parent clusters produced by an evaporative ensem-
ble contain an amount of internal energy. They partially
dissociate when they propagate in the first drift tube. For
alkali-atom clusters this Unimolecular Dissociation (UD)
proceeds via the evaporation of a neutral monomer or
dimer [14]

Xq+
n −→ Xq+

n−1 + X (1)

or Xq+
n −→ Xq+

n−2 + X2. (2)

The fractional dissociation ratio Xn−p/Xn (p = 1, 2) is de-
termined by the time window of the experiment according
to the “Evaporative Ensemble” that constituted the ion-
ized cluster distribution [12,13].

The products from Unimolecular Decay propagate in
the field free tube with the velocity of the the parent. They
are spatially resolved into individual mass packets in the
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Fig. 3. Velocity profiles of the charge transfer cross section
σ for the reactions involving (1) doubly charged Na++

31 parent
clusters, (2) singly charged Na+

31 parent clusters.

second drift tube, thanks to the retarding potential, and
are observed when the pressure of cesium in the collision
cell is zero (inactive cell).

For a given cesium pressure, the structure displayed
by the retarding field images the combined effects of the
UD and CCE processes.

We present and discuss below in details the case of the
reaction

Na++
31 + Cs −→ Na+

31 + Cs+ +∆E (3)

which is typical of our observations in a single collision
regime. ∆E is the energy balance of the process.

Fig. 2 shows mass spectra corresponding to three val-
ues of the retarding potential VR = 0, VR = 2200 V, VR =
4400 V. When the retarding potential is switched off the
selected ion peak signal contains all the collision products
and is nothing else than Sq +Sq−1. For VR = 2200 V one
observes from shorter toward larger time-of-fight a huge
peak identified as the direct singly charged products of
CCE, and a twined structure which is the residual Na++

31

ion parent and the heavy charged fragment Na++
30 from its

Unimolecular Dissociation. The relative intensity of these
twined peaks is the same as the one observed for an inac-
tive cell, showing that they correspond only to Unimolec-
ular Decay and not to Collisional Induced Dissociation.
Increasing VR to 4400 V, increases the mass discrimina-
tion and the singly charged mass peak appears now as
the superposition of three components identified as Na+

31,
Na+

30 and Na+
29. The Na++

31 and Na++
30 signals are now out

of the scale. By comparing the fragmentation patterns for
the clusters with no collisions (doubly charged clusters)
to those of the clusters which have undergone one charge
transfer collision, we observe an additional fragmentation
following the charge transfer. This characterizes the depo-
sition of internal energy in the cluster during the charge
transfer collision.

From the measurement of the relative intensities, one
deduces σ. The results are plotted versus the collisional ve-
locity in Fig. 3 for collision energies between 1 and 9 keV
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in the laboratory frame together with the cross sections
obtained for the reaction Na+

31 + Cs −→ Na31 + Cs+,
implying the corresponding singly charged cluster. It ap-
pears that the CCE is much more efficient for doubly
charged clusters than for singly charged species having
the same size. This result occurs for all studied cluster
sizes of sodium and lithium-atom clusters with cesium or
potassium atoms as target.

The high value of σ in a non-resonant case suggests
that the charge exchange takes place at large interparticle
distances.

4 Discussion

They are two possible origins for the Na+
31 CCE prod-

ucts fragmentation. (i) The charge exchange may lead to
a component X(q−1)+

n less stable than the initial parent
Xq+
n . The internal energy contained initially in Xq+

n is large
enough to promote a dissociation step of X(q−1)+

n dur-
ing the experimental time window before the mass analy-
sis. This effect, already observed in a previous experiment
[15] cannot play a role here because with an even num-
ber of delocalized electrons, Na+

31 is more stable than the
odd-delocalized electron number Na++

31 . (ii) The charge
exchange involves an excited state of the cluster in the
output channel. Then the electronic excitation is rapidly
converted into vibrationnal energy and gives rise to the
cluster dissociation. This is expected when the energy bal-
ance ∆E is positive i.e. when the ionization potential of
X(q−1)+
n is larger than the ionization potential of the target

atom. This is the case here: IP(Na+
31) = 5.5 eV (deduced

from the metallic drop model [16]) and IP(Cs) = 3.89 eV
and we conclude that this effect should be responsible for
the measured fragmentation.

The additional fragmentation of the singly charged
clusters obtained from the mass selected Na++

31 particles
permits an estimate of the internal energy δE deposited in
the cluster by the charge exchange collision process. From
Fig. 2, we deduce an average size value for the doubly and
singly charged species by the relation

n(q+) =
∑
niI

q+
i∑
ni

(4)

where Iq+i is the intensity of the ni-atom peak holding q
charges. If D is the mean dissociation energy for clusters
in this size range [13], we deduce δE by

δE = (n(++) − n(+))D. (5)

For D = 0.87 eV [13], we obtain δE = 0.55 ± 0.05 eV. It
has to be noted that we do not find any dependence on
the collision kinetic energy in the range 3–9 keV. A quan-
titative analysis including the dynamics of evaporation is
given in [6].

To go further we calculate the CCE cross section in
the frame of a two levels system following classical models
developed for atom-ion charge exchange [17–19]. At large
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Fig. 4. Interaction potential curves for the input and output
channels of reaction Na++

31 + Cs −→ Na+
31+ Cs+, versus the

interparticle distance R, when α(Na+∗
31 ) = 430 Å3.

interparticle distance R, the potential energy curves for
the input and output channels are given respectively by

V in(R) = IP(Na+
31)− 1

2
(2e)2α(Cs)

R4
(6)

V out(R) = IP(Cs)− 1
2

(e)2α(Na+∗
31 )

R2(R2 −R2
a)

+
e2

R
+ δE. (7)

We consider for the output channel that the cluster is left
in an electronically excited state of energy δE with a po-
larizability α(Na+∗

31 ). Ra is the radius of Na+
31. In the right

side of Eq. (7), the second term takes into account the
polarization of a metal sphere having a radius Ra, and
the third term is the Coulombic repulsion energy between
Na+

31 and Cs+. IP(Na+
31) is taken as 5.5 eV, and α(Cs) =

59.6 Å3 [20]. In a first step, one assumes that the polar-
izability of the cluster fragment in its excited state equals
that of the fundamental state, 430 Å3, which is deduced
from reference [21].Ra = rsn

1/3 = 6.5 Å, where rs is the
Wigner-Seitz radius of bulk sodium [20]. The correspond-
ing level scheme is shown in Fig. 4. There is an R-domain
where the energy separation |V in − V out| is very small.
In this domain exists an efficient coupling between input
and output states. The Olson model [18] can be applied for
the evaluation of σ. In this model, the coupling is efficient
around Rc such that

H12 =
1
2
|V in − V out|(Rc) (8)

where the coupling matrix element H12(R) is written as
H12(R) = AR exp−(λR). The constants A and λ are de-
duced from the IP values [22]. The model predicts a colli-
sion velocity dependence of σ with a maximum given by

σmax = 1.08
π

2
R2
c (9)

at the velocity

vmax = 3.1
π|V in − V out|(Rc)

2~λ
· (10)
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Numerical calculations lead to Rc = 11 Å, σmax = 250 Å2

and vmax = 2.2× 105 m/s. The value of σmax is compara-
ble to the measured one. However the measurements show
a decrease of σ with increasing collision velocity, suggest-
ing a value of vmax lower than the calculated one. The
calculated value is very sensitive on the cluster fragment
polarizability, that can be different for the excited and
the ground state. A better agreement is found when tak-
ing for the cluster polarizability a lower value. Moreover,
the two level model is a rough picture for the complex sys-
tems. At this point, more refined theoretical calculations
are needed.

5 conclusion

The use of doubly charged species in a charge transfer
experiment allows to determine easily the mass composi-
tion of the CCE products. In the present case, beyond the
determination of σ which appears unusually large, show-
ing evidence of large interparticle distance interaction, one
demonstrates the existence of an energy transfer during
the collision, implying the role of an excited state of the
cluster. To a large extent these features result from the ef-
fect of the repulsive Coulombic term in the output channel
potential interaction.
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Träger, J. Well, Europhys. Lett. 5, 13 (1988).

4. M. Abshagen, J. Kowalski, M. Meyberg, G. Zu Putlitz, J.
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