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Charge Transfer and Dissociation in Collisions of Metal Clusters with Atoms
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We present a combined theoretical and experimental study of charge transfer and dissociation in
collisions of slow Li31

2� clusters with Cs atoms. We provide a direct quantitative comparison between
theory and experiment and show that good agreement is found only when the exact experimental time of
flight and initial cluster temperature are taken into account in the theoretical modeling. We demonstrate
the validity of the simple physical image that consists in explaining evaporation as resulting from a
collisional energy deposit due to cluster electronic excitation during charge transfer.
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determined in most experiments, the initial temperature
is known only indirectly. In fact, temperature is evenly

by the accelerating voltage V0, which is varied from 2 to
8 kV. In the first drift tube of the TOF, the clusters are
Charge transfer (CT) occurs in numerous physical and
chemical processes involving atomic, molecular, or bio-
logical species and surfaces. The fundamental aspects of
CT have been thoroughly investigated in atomic and
molecular systems since the early days of quantum me-
chanics, while surfaces have recently entered the scene in
connection with technological applications. The study of
CT with clusters has received much less attention.

The available experimental methods allow one to se-
lectively prepare metal clusters of almost any size. Thus,
metal clusters are the ideal tool to bridge the gap between
molecules and surfaces. A singular aspect of CT in clus-
ter-atom collisions is that it competes with electron ex-
citation and dissociation even at low impact energy [1–3].
This makes experiments difficult to analyze and is a
challenge for theoretical models, which, among the large
number of electronic and nuclear degrees of freedom
(DOF), have to uncover the relevant ones (see [2,4–7]
and references therein). As a consequence, rigorous at-
tempts to confront theory and experiment at a quantita-
tive level are very scarce. One of these attempts has been
the study of CT in Na9

� � Cs collisions [8–12], for which
the theory [11] has provided absolute CT cross sections in
good agreement with those deduced from experiment [8].

To understand the complexity of the problem, we must
recall that CT leads to evaporation of one or several
fragments. Thus, a direct comparison between theory
and experiment is possible only for the relative intensities
of the cluster fragments (the observables). As the theo-
retical work on Na9

� � Cs [12] has shown, this compar-
ison is not straightforward. The latter work suggests that
evaporation cross sections critically depend on the initial
cluster temperature T and the experimental time-of-flight
(TOF) window �e. While the TOF can be accurately
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distributed in a finite interval [13,14] which, for small Li
and Na clusters, may be as large as 200–1200 K.

The aim of this Letter is to provide a deeper insight on
the relation between CT and evaporation by choosing a
system in which the various experimental conditions can
be strictly controlled. We report on results of a combined
experimental and theoretical study of CT and evaporation
in collisions of slow Li31

2� clusters with Cs atoms. The
advantage of choosing this system is threefold. First,
alkali clusters are among the best known clusters.
Second, while CT leads to neutral species when singly
charged clusters are used, CT products in the present
experiment are also charged and, therefore, evaporative
fragments can be easily detected and identified by mass
spectrometry. Third, the size of the chosen cluster is
larger than its critical value for Coulomb fission [15];
thus, Li31

2� clusters are produced quite abundantly and
with a relatively narrow temperature distribution,
420 ��50�–660 ��50� K (see below).

We start by briefly describing the experimental setup
(see details in [1,13,16]). A distribution of neutral Li
clusters is generated by a gas aggregation source. They
are ionized within the multigrid acceleration device of a
tandem Wiley-Mc-Laren TOF mass spectrometer by a
10 ns pulsed KrF excimer laser at a photon energy of
5 eV (Fig. 1). The laser intensity is large enough to
(multi)ionize, photoexcite, and warm the clusters during
the pulse duration. Rapid sequential evaporation occurs
during the residence time ( ’ 1 �s) in the ionizing re-
gion, which shifts down to lower masses the initial cluster
distribution. Under these conditions, clusters entering the
TOF constitute an ‘‘evaporative ensemble’’ [14] with a
temperature distribution that depends on the experimen-
tal time windows. The ion kinetic energy is determined
2002 The American Physical Society 183402-1
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FIG. 2. (a) TOF mass spectrum for Li31
2� (no collisions, no

electrostatic analysis). (b) TOF charge and mass analysis of the
collision products at t2 for VR � 1250 V. (c) Same as (b) but for
VR � 2500 V.
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FIG. 1. Experimental setup. Li31
2� clusters are produced and

mass selected, then interact with a vapor. The collision products
are charge and mass analyzed at t2 by TOF spectrometry.
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selected by an electrostatic gate according to their mass/
charge ratio and then cross a 20 cm long collision cell
containing (or not) the target. The cell pressure is kept
low enough to ensure single collision conditions.
Downstream from the cell, but upstream from the second
drift tube, a retarding electrostatic potential VR allows
one to separate in time charged and neutral products.

Clusters produced as an evaporative ensemble contain
some internal energy. Thus, they partially undergo uni-
molecular dissociation (UD) during their propagation in
the TOF. Under our experimental conditions, UD is domi-
nated by evaporation of a neutral monomer:

Li31
2� ! Li30

2� � Li: (1)

The dissociation ratio Li30
2�=Li31

2� depends on the two
time windows of the experiment: the residence time in the
accelerating region (t1 � 2:4 �s) and the propagation
time in the drift tube of the TOF (t2 � 19 �s). Products
of the UD process propagate in the first drift tube with the
center-of-mass velocity of the parent. They are spatially
resolved into individual mass packets in the second drift
tube thanks to VR. They are observed even when the Cs
pressure in the collision cell is zero. When the cell is
activated, the structure displayed by the retarding field
images the combined effects of UD and CT. Thus, by
comparing the spectra obtained cell on and cell off, one
identifies the signals that are exclusively due to CT.

Figure 2 shows mass spectra corresponding to three
values of VR: 0, 1250, and 2500 V. The atomic density in
the cell is ’ 2� 1011 at=cm3. When the potential is
switched off, the ion peak contains the residual parent
and all the collision products. At the intermediate VR
value, one distinguishes a shouldered peak, whose center
of mass corresponds to the singly charged species Li30

�,
and a twinned structure which includes the residual
Li31

2� parent and the Li30
2� fragment. The intensity of

the shouldered peak varies with the cell pressure and,
therefore, it is associated with the singly charged species
that is directly produced by CT. In contrast, the relative
intensity of the twinned peaks is not sensitive to the cell
pressure and so remains for vanishingly low values of the
cell pressure. Thus, the twinned peaks are unambigously
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associated with the UD process (1) and not to a collisional
induced dissociation process. The increase of VR increases
the mass discrimination and reveals a structure within the
singly charged mass peak. It appears now as a distribution
of three components identified as Li29

�, Li30
�, and Li31

�,
Li30

� being the dominant peak. Li29
� and partially Li30

�

result from evaporation associated with CT. The evapo-
ration rate involves a relatively short propagating time �e
from the collision cell up to the retarding potential plate.
This leads us to conclude that CT is accompanied by a
significant amount of energy deposit in the cluster ion. As
we see later, this energy deposit involves cluster excited
states.

Summarizing the observations, the following channels
are relevant to deduce the cross sections: (i) CToccurring
for both the parent and its UD product [see Eq. (1)]:

Li31
2� � Cs ! Li31

� � Cs�; (2)

Li30
2� � Cs ! Li30

� � Cs�; (3)

(ii) evaporation of excited singly charged products (the
absence of Li28

� clusters gives a limit to the sequences):

Li31
� ! Li30

� � Li ! Li29
� � 2Li; (4)

Li30
� ! Li29

� � Li: (5)

As shown in [8], CT cross sections for medium-size
singly charged Li clusters barely depend on cluster size.
Therefore, it is reasonable to assume that the cross sec-
tions associated with Eqs. (2) and (3) are identical. Thus,
we can easily deduce the absolute value of the CT cross
section, �, from Beer’s law:

1	

Li31

�� � 
Li30
�� � 
Li29

��


Li31
2��0 � 
Li30

2��0
� exp�	�natl�; (6)

where the denominator contains the parent ion peak in-
tensity before the collision and the numerator the ion
peak intensity of the charge exchange products. nat is
the atomic vapor density, and l is the length of the
collision cell. In order to overcome the uncertainty on
183402-2
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FIG. 3. CTand evaporation cross sections. Symbols with error
bars: experiment (valid in the range 1–4 keV); lines: theory.
CT: full line and circle; Li31

�: dotted line and diamond; Li30
�:

dashed line and triangle; Li29
�: dot-dashed line and square.
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the natl value, we have used Na� projectiles and compared
our values with the absolute cross sections of Perel and
Daley for the same collisional system and collision en-
ergy [17]. We have found � � 250� 50 �A2 for an impact
energy of 3 keV. We have checked that, within the experi-
mental uncertainty, the CT cross section barely changes in
the energy range 1– 4 keV. Similar values have been found
when K targets are used. Previous measurements with
doubly charged Na clusters led to comparable results,
with a slow decrease of the cross section with the colli-
sion energy [16]. These values are remarkably larger than
those found for singly charged species with the same
number of atoms and at the same collisional energy [16].

When the collision cell is off, we observe only UD [see
(1)]. Hence, we deduce the initial temperature distribution
of Li31

2� and Li30
2� projectiles by using the evaporative

ensemble model of [16]. Here we have improved this
model by including anharmonic effects. When the cell
is on, the same model allows us to estimate the internal
energy �E of the singly charged clusters due to CT (see
[13] for details). We have found �E � 1:0� 0:1 eV.

In addition to the experiment described above, we have
carried out theoretical calculations using the method of
Refs. [7,12]. This method has been previously used to
study CT and fragmentation in Na9

� � Cs collisions.
Our method benefits from the different time scales asso-
ciated with the collision and the internal motion of the
cluster nuclei: in the first place, because the collision time
(�col � 10	14 s) is much shorter than the cluster vibra-
tional period (�v � 10	12 s) in the range of impact veloc-
ities considered in this work (v� 0:01–0:03 au); in the
second place, because the electron-phonon coupling re-
sponsible for the observed dissociation has a character-
istic lifetime of �rel � 10	13–10	12 s and, therefore, can
be ignored during the collision. As a consequence, the
only relevant nuclear DOF in the CT dynamics is the
relative distance R between the impinging cluster and
the atomic target. Furthermore, evaporation is a postcolli-
sional effect that can be described separately provided
that the collisional energy deposit �E and the initial
cluster temperature is known. Still, dissociation may be
induced in frontal collisions with the target, but this will
not be taken into account because the experiment shows
that it is a minor dissociation channel (a similar situation
can be found in [10,16]). This is consistent with the fact
that evaporation induced by CT occurs at long distances
and, therefore, is the dominant process.

According to the above discussion, the collision and
the subsequent evaporation process have been treated
separately, �E being the connection between these two
problems. In a first step, the model treats the collision
dynamics using (i) a fully quantum mechanical descrip-
tion of the relevant electronic DOF in the framework of
the independent electron model and (ii) the semiclassical
impact parameter approach. An additional simplification
is the use of the spherical jellium model to represent the
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ionic core potential of the cluster. As discussed in [12],
this is more realistic than using the lowest-energy geom-
etry of the cluster because, for hot metal clusters, isomer-
ization among different geometries occurs spontaneously
and, therefore, an average spherical geometry is closer to
the experimental situation. We have used the ‘‘molecular
close-coupling’’ formalism to solve the time-dependent
Schrödinger equation, which leads immediately to the
CT cross section. �E can be easily evaluated from the
calculated transition amplitudes to Li31

� excited states.
To obtain the total internal energy of the cluster, one has
to add its initial thermal energy. For a given temperature,
the latter has been obtained from the experimental curve
relating temperature and internal energy of bulk Li [18].
The total internal energy is then used to evaluate
the evaporation rate constants in the framework of the
microscopic and microcanonical statistical theory of
Weisskopf [19]. Dissociation energies of the different
Lin

� fragments have been taken from experiment [13].
Anharmonic effects are included by employing the level
density obtained from the specific entropy of bulk lith-
ium [18]. The calculated rate constants are used to build a
system of differential equations that includes both mono-
mer and dimer evaporation as well as sequential evapo-
ration events up to any order. Time integration is
performed up to t � �e. This leads to branching ratios
for the different fragments and, hence, to apparent ‘‘par-
tial’’ cross sections.

In Fig. 3 we compare the total and partial CT
cross sections obtained from this model with those de-
termined experimentally. The theoretical partial cross
sections have been calculated for T � 450 K (i.e., with-
in the evaporative ensemble temperature range T �
420–660 K) and �e � 3 �s (the TOF in the present
experiment). Figure 3 shows good agreement be-
tween theory and experiment. In particular, theory
183402-3
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FIG. 4. Calculated cross sections as functions of TOF for
three values of temperature. The vertical dotted line indicates
the TOF of the present experiment.

VOLUME 89, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 28 OCTOBER 2002
confirms that, at 450 K, the dominant fragment is
Li30

�, followed by Li31
� and Li29

� in almost similar
proportions.

The effect of temperature and TOF in the calculated
cross sections is illustrated in Fig. 4. This figure shows the
variation of the partial cross sections as functions of �e
for different values of T at a fixed impact energy of 3 keV.
For T � 450 K and �e � 3 �s, the cross sections are
those given in Fig. 3 for E � 3 keV. Obviously, the choice
of different values of T and �e is irrelevant for the total
CT cross section. However, this is not the case for partial
cross sections. It can be clearly seen that, at 450 K, Li30

�

is dominant only in the range �e ’ 10	6–10	5 s. For
shorter TOF, Li31

� clusters produced by CT have not
enough time to dissociate and, consequently, little evapo-
ration is observed. The opposite occurs for �e > 10	5 s.
Similar strong variations are observed for different tem-
peratures, but in different ranges of �e. A comparison of
the results at 300, 390, and 450 K for a fixed value of �e �
3 �s shows that evaporation is strongly modified by
temperature: while Li31

� is the dominant species at T �
390 K, it has practically disappeared at 450 K [20]. Thus,
good agreement between theory and experiment is pos-
sible only by using the experimental value of the TOF and
a cluster temperature consistent with the experimental
distribution. Small deviations from this choice lead to
enormous differences in partial cross sections and, there-
fore, to very different physical interpretations. Similarly,
any deficiency in the theoretical treatment may lead to
183402-4
results in complete disagreement with experiment. For
instance, we have checked that exclusion of the colli-
sional energy deposit always leads to Li31

� as the domi-
nant species, in strong disagreement with experiment.

Now, what about the nonobservable energy deposit �E?
�E arises as an intermediate step in the theoretical model.
As for transition amplitudes, it depends on impact pa-
rameter and exhibits a strong oscillatory behavior (see,
e.g., [12]). For an impact energy of 3 keV, it varies between
0 and 3.5 eV, with a mean value of 1.9 eV, which is
comparable to the value estimated from experiment.

To conclude, we have presented a combined theoretical
and experimental study of CT and evaporation in colli-
sions of slow Li31

2� clusters with Cs atoms. We have
shown that good agreement between theory and experi-
ment is only possible when the experimental TOF and
initial cluster temperature is used in the theoretical mod-
eling. The agreement supports the physical assumptions
of our model, in particular, the separation between CT
and evaporation, which is justified by the different time
scales associated with these processes.
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