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Energy transfer in collisions of metal clusters with multiply charged ions
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Collisions between low-energy multiply charged ions and neutral metal clusters are an efficient method to
investigate charge instabilities in finite systems. We study here the appearance sizenapp(q) of multiply charged
sodium clusters Nan

q1 with q<10, i.e., the smallest size of observation forq-fold charged clusters and its
dependence on the collision parameters. The experimental results are compared with the energy transferred to
the cluster during the collision, calculated with the semiclassical Vlasov equation within the jellium approxi-
mation. Experimental and theoretical data show similar trends with the collision parameters and evidence the
importance of dynamical effects. These results guide further investigations for studying low excited multiply
charged finite systems.
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I. INTRODUCTION

Collisions between highly charged low-energy ions~ve-
locities below 1 a.u.! and atomic clusters or fullerenes ha
recently emerged as a new field since pioneering experim
with fullerenes and metal clusters@1–3#. The motivations in
this field of collisions physics are manifold. On one han
fullerenes or clusters represent for projectile ions a tar
intermediate between atoms and bulk surfaces. Clusters
tain the finite size of atoms while possessing a large num
of low bound electrons compared to the projectile char
similar in that sense to bulk surfaces@1#. They in fact exhibit
characteristics of both systems, depending on the collis
impact parameter@2–4#. On another hand, collisions o
highly charged low-energy ions with clusters are efficie
ways to form low excited multiply charged clusters and
study the onset of charge instabilities in finite systems.
particular, for high projectile charges~typically above 10!,
the excitation energy transferred to the cluster in periph
collisions can be quite low, which allows to disentang
genuine charge instabilities from thermal instabilities@5–7#.

This latter method was recently applied to metallic s
dium clusters@8,9#. In these experiments, the observable
the appearance sizenapp(q), i.e., the size below which clus
ters Nan

q1 are unstable on the experimental time scale a
disappear from the spectra. Based on the theory of Lord R
leigh for classical charged liquid conducting droplets, t
appearance size atT50 K should equate the critical siz
ncrit(q), also called the Rayleigh limit@10#. For small
charges and sizes, there are deviations from the classica
havior that arise from finite-size effects either in the ion
structure or the electronic structure, the latter being domin
for simple metal clusters@11#. The balance between the Co
lombic disruptive forces and the surface tension can also
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quantified by the dimensionless fissility parameterX
5ncrit(q)/n which equates 1 at the Rayleigh limit. For s
dium clusters, of interest in this paper,ncrit(q)'2.5q2 and
X'2.5q2/n. The experimental appearance sizes of sodi
clusters ionized with low-energy highly charged project
ions Az1 decrease when increasingz and converge towards
an asymptotic limit slightly above the Rayleigh limit corre
sponding to a fissilityX'0.85 @9#. This tendency was inter
preted as the result of the decreasing internal energy tr
ferred to the cluster during the collision with the ion. Th
departure from the Rayleigh limit was attributed to the init
cluster temperature, about 100 K.

In this paper which is an extension of our previous wo
@9#, we comparenapp(q) to the excitation energy calculate
with a semiclassical theory based on the Vlasov equa
within the jellium approximation for the cluster descriptio
@5,12#. We study their dependence on the collision para
eters: projectile chargez and velocity v, collision impact
parameterb, and cluster sizen. The appearance sizenapp(q)
is shown to be an indicator of the excitation energy tra
ferred to the cluster in a peripheral collision between a p
jectile ion and a neutral cluster. The comparison betwe
these two quantities shows a nontrivial dependence of
appearance size or excitation energy due to a balance
tween the transferred excitation energy and the internal
grees of freedom of the cluster. The calculated trends al
us to interpret experimental measurements and to guide
ther investigations.

The paper is organized as follows. The experiment is p
sented in Sec. II. In Sec. III the theoretical method is d
scribed. We discuss and compare the experimental app
ance size and the theoretical transferred excitation energ
Sec. IV and their dependence on the collisions parame
Finally, the conclusion follows in Sec. V. Unless specifi
otherwise, atomic units~a.u.! are used (e5m5\51)
throughout the paper.
©2002 The American Physical Society05-1
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II. EXPERIMENT

Details on the experimental apparatus can be found e
where@13#. In brief, neutral sodium clusters are generated
a gas aggregation source cooled with liquid nitrogen a
using helium as the buffer gas. The resulting clusters
expected to be thermalized at approximately 100 K. A be
of neutral sodium clusters is formed and after pass
through differential pumping stages it enters the interact
region of a high resolution reflectron time-of-flight ma
spectrometer~RTOFMS! where it crosses perpendicularly
pulsed beam of ionsAz1 with a pulse width around 10ms.
The ion beam is provided by the Acce´lérateur d’Ions Multi-
chargés ~AIM ! facility at CEA-Grenoble~now moved to
GANIL accelerator in Caen!. We used for these experimen
ion chargesz from 1 to 28 with a kinetic energy of 20 keV
charge at which the accelerator performances are opti
Depending on the nature of the projectile ion, this cor
sponds to velocities around 0.5 a.u.. Alternatively the
beam can be replaced by a laser beam~266 nm! in order to
measure the primary cluster size distribution. After the
pulse has left the interaction region~18 cm long!, an electric
field is switched on to extract the ionized clusters perp
dicularly to the ion and neutral cluster beams. The on
provides the ‘‘start’’ of the RTOFMS. The orientation of th
interaction region can be varied over several degrees to c
pensate for the neutral clusters velocity and focus the i
onto the detector. The clusters ions Nan

q1 then pass freely in
a field-free drift zone~2 m!, are reflected by a two-field
reflector ~50 cm!, drift again in a second field-free regio
~1.8 m!, and finally hit a microchannel plate detector. W
used two cascaded rectangular microchannel plates
325 mm2) with their long axis oriented along the neutr
cluster beam direction. Together with the variable orientat
of the interaction region of the RTOFMS, this allows us
compensate for the initial cluster thermal velocity and
optimize the RTOFMS transmission in the size region
interest. Finally, the cluster ions arrival time on the detec
is registered by an acquisition system working in an eve
by-event acquisition mode, which yields a time-of-flig
spectrum when integrating over all events. In the usual
perimental conditions, the cluster total flight time
T(Nan

q1)5T0An/q with T0.23 ms, i.e., in the 100-ms
range. A typical spectrum obtained with Ar81 projectile ions
(E5160 keV, v50.4 a.u.) and calibrated in cluster siz
over-charge ration/q is displayed in Fig. 1.

The mass resolution of the RTOFMS is curren
m/dm1/2'10 000 (dm1/2 is the full width at half maximum
of a peak! in then/q range of interest and reaches 14 000
optimal conditions. This allows us to identify peaks of te
fold charged clusters@9#. The appearance sizenapp(q) is ex-
tracted from the mass spectra by identifying the peaks co
sponding to the chargeq which do not overlap with peaks o
lower charges. The size where the signal disappears in
background is identified as the appearance sizenapp(q). This
is illustrated in Fig. 2 for sevenfold charged clusters Nan

71

using Xe201 (E5400 keV,v50.35 a.u.) as projectile ions
In this case, napp(q57)518665 corresponding toX
50.65960.018.
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III. THEORY

Although purely classical approaches, such as the
namic overbarrier model, give a fair estimate of the ioniz
tion process, these models provide no estimate of the e
tronic excitation energy that remains in the cluster after
collision and direct ionization@5,14#. In order to get a thor-
ough insight into the nonlinear effects that are likely to pl
a role in peripheral collisions of highly charged ions wi
metal clusters, a theoretical model has been recently de
oped and exploited@5,6,15#; details may be found in Ref.@6#
and are summarized here.

In the following sodium clusters are treated within th
jellium model, where the ionic background is smeared
uniformily. We will return to that approximation in the nex
section. For a microscopic description of the interaction
tween the delocalized electrons and the projectile, we rely
the self-consistent Vlasov equation which provides the ti
evolution of the electron phase-space distribution functi
In our context of use, the Vlasov equation is the semicla
cal approximation\→0 of the time-dependent Kohn-Sha
~TDKS! equations in the local-density approximation of t
time-dependent density-functional theory. This approach
lows us to perform calculations over a large range of clus
sizes and projectile parameters. The reliability of this a
proach was clearly demonstrated in Ref.@15# where TDKS
calculations are compared with Vlasov ones. In particu
such observables as the rate of transferred electrons from

FIG. 1. ~a! Time-of-flight mass spectrum of multiply charge
sodium clusters Nan

q1 following the interaction of neutral cluster
Nan with Ar81 ~kinetic energyE5160 keV, v50.4 a.u.) projec-
tiles. Thex axis is calibrated with the cluster size-over-charge ra
n/q. ~b! Enlargement of the same spectrum. The peaks situa
between the main peaks at integer values ofn/q correspond to
multiply charged clusters Nan

q1 .
5-2
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ENERGY TRANSFER IN COLLISIONS OF METAL . . . PHYSICAL REVIEW A 66, 033205 ~2002!
cluster to the ion or to the continuum, the final charge a
final excitation of the cluster, as well as the electron dis
bution in the highly excited projectile are in excellent agre
ment with each other. The calculations discussed in the
lowing have been carried out on the Compaq Alphaser
SC232 at CEA-Grenoble taking most advantage of para
techniques@12#.

Let us now define the relevant observables for the pre
discussion. By selecting electrons that at a given time
located inside a sphere of radius twice that of the ini
cluster, we construct the residual cluster chargeq after the
collision. This charge is well located inside the cluster rad
and is stabilized as soon as the projectile leaves the c
sional area@5#. The key quantity of present interest is th
residual excitation energyE* of the ionized Nan

q1 cluster
after a collision. It is defined asE* 5Efinal (Nan

q1)
2EGS(Nan

q1), whereEfinal(Nan
q1) andEGS(Nan

q1) are the
final- and ground-state energies of the charged cluster re
ing from the collision, respectively. In practice, it is obtain
as

E* 5Efinal~Nan
q1!2Vion~0→q,n!2EGS~Nan!, ~1!

where the ionization potentialVion(0→q,n) is the energy
required toq-fold ionize the neutral cluster, i.e., the sum
the ionization potentials from 0 toq21:

FIG. 2. ~a! Time-of-flight mass spectrum of multiply charge
sodium clusters Nan

q1 following the interaction of neutral cluster
Nan with Xe201 projectiles~kinetic energyE5400 keV, velocity
v50.35 a.u.). The dotted line connects the peaks of seven
charged clusters Nan

71 . ~b! Resulting integral distribution of sev
enfold charged clusters Nan

71 . The extracted appearance si
napp(q57) is indicated on both graphs by an arrow.
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Vion~0→q,n!5EGS~Nan
q1!2EGS~Nan!. ~2!

In practice, the excitation energies have been worked
as follows. As the projectile approaches the cluster, it disto
considerably the electron cloud until electrons jump from
cluster to the multiply charged ion. As the collision procee
further, a flow of electronic fluid develops between the tar
and the projectile. The nonlinear dynamics is followed ove
length of time of about 50 fs, much larger than the intera
tion time of the order of a few fs. At that time, one evaluat
the residual chargeq of the ionized cluster as well as its tota
energyE* . This allows us to calculate the excitation ener
from Eq. ~1!, the ionization potentials being first obtained
described below.

Ground-state energies have been calculated for the s
cluster sizesn540, 58, 92, 138, 196, 256 and 334, an
chargesq51, 2, 4, and 10. This covers the range of expe
mentally attainable values. Then, the resulting ionization
tentials have been fitted by a quadratic law such as

Vion~0→q,n!5a~n!q1b~n!q2. ~3!

Such a dependence of the total ionization potential is
pected for conducting spheres and has been confirmed
photoionization experiments on neutral clusters@11,16#; the
ionization potential~in atomic units! of a cluster with charge
q and sizen is given by

Vion~q,n!5Wb1S a1q

r ws
Dn21/3, ~4!

whereWb is the bulk work function of sodium,r ws is the
Wigner-Seitz radius, anda is a constant. For sodium,Wb
'0.1 a.u.,r ws'4.0 a.u., anda'0.4 @16,11#. From Eq.~4!,
one easily derives the quadratic dependence

Vion~0→q,n!5 (
k51

q21

Vion~k,n!5FWb1S a2
1

2D 1

r ws
n21/3Gq

1S 1

2r ws
n21/3Dq2. ~5!

As shown in Table I, the fitted values of the parametersa(n)
andb(n) are in good agreement with Eq.~5! assuming bulk
values for the parametersWb andr ws @16#. Ionization poten-
tial curves are displayed in Fig. 3.

IV. RESULTS AND DISCUSSION

During a peripheral collision, the electric field associat
with the projectile chargez appears to the cluster as a sing
broad pulse, whose width is about 10 fs for the projec
velocities used, and whose magnitude remains be
0.1 a.u. On this time scale, the conduction electrons cl
follows quasiadiabatically the variations of the electric fie
whereas the ions remain inert. This justifies the use of
jellium model as to the qualitative evolution of the fin
charge and excitation energy as a function of the collis
parameters. Indeed, our calculations, either quantal or se
classical@15#, indicate that in such peripheral collisions th

ld
5-3
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DALIGAULT, CHANDEZON, GUET, HUBER, AND TOMITA PHYSICAL REVIEW A 66, 033205 ~2002!
cluster ionization arises mainly from a direct transfer of co
duction electrons to the projectile ion. Once the outcom
excited atom leaves the interaction zone, the residual clu
charge remains perfectly stable and the cluster is in so
excited state. As discussed in Refs.@12,17#, this is in net
contrast with the interaction with a femtosecond laser pu
characterized by a fast oscillation~period around 1 fs! of an
electric field with the same order of magnitude. In the
works, we have studied the coupled dynamics of delocali
electrons and ions in sodium clusters under irradiation b
strong femtosecond laser pulse, the electrons being desc
with the semiclassical equation and ions being treated c
sically. A comparison between a laser experiment and a
lision that yields the same final charge on the same t
scale reveals a very large difference in the amount of resid
electronic excitation as well as in the kinetic energy tra
ferred to the ions. The heating of the ions is much slowe
the collision simulation than in the laser one. This is due
the rapid electronic oscillations in the laser field across
ionic background that heat the electron cloud much m
than does a passing projectile, which draws globally the e
tronic cloud towards it. The laser-induced ‘‘hot electron
boost the kinetic ionic energy strongly, which results in

FIG. 3. Ionization potentialVion(0→q,n) of sodium clusters for
sizesN540, 58, 92, 138, 196, 256, and 334 as obtained by ev
ating the semiclassical ground-state energies in Eq.~2!.

TABLE I. Fitted values ofa(n) andb(n) as obtained with the
semiclassical Vlasov equation~left part! and the classical electro
static formula Eq.~5! ~right part! for cluster sizesN540, 58, 92,
138, 196, 256, and 334.

N a(N) b(N) a(cl)(N) b(cl)(N)

40 2.253 1.002 2.5015 0.9942
58 2.5026 0.8612 2.5304 0.8784
92 2.4396 0.7477 2.5617 0.7532

138 2.5522 0.6389 2.5855 0.6579
196 2.8340 0.5714 2.6037 0.5853
256 2.6094 0.5228 2.6161 0.5355
334 2.5837 0.4832 2.6275 0.4900
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faster cluster dissociation due to the combined effect of
Coulomb forces and of the electronic kinetic pressure.

The use of the jellium model would no longer be appr
priate if we were also interested in the relaxation of the
citation energy after the collision because the discrete io
structure has a noticeable influence on the relaxation me
nisms @12,18#. Here in order to compare the theoretical r
sults, which yield the residual charge and excitation ene
of the cluster after the collision with the projectile ion, to th
experimental appearance sizes, measured about 100ms after
the collisional process, we can safely assume that the w
of the final excitation energy is converted into an ionic te
perature. This process should takes a few ps, as show
recent pump-probe experiments@19#. The increase of tem-
perature will add to the genuine Coulomb instability a th
mal instability resulting in appearance sizesnapp(q) above
the Rayleigh critical sizencrit(q) (T50 K) @11#.

As we will see in the following, both experimental an
theoretical data show a nontrivial evolution of the residu
excitation energy on the following parameters: the projec
chargez and velocityv, the impact parameterb, and the
cluster sizen. In an experiment,z andv can be selected bu
the measurements average over all impact parametersb. The
experimental observable, the appearance sizenapp(q), is a
probe of the excitation energyE* @n,z,b,v# transferred to
the cluster in the collision close to that size. Clusters Nan

q1

with n close tonapp(q) do not undergo any activated proce
between the collision and the detection and their chargq
and sizen are those prevailing just after the collision. Th
was indeed confirmed by simulations of time-of-flight spe
tra taking into account the different thermally activated p
cesses~fission, evaporation! @20#. But this is no longer true
when further deviating fromnapp(q) where the distribution
of clusters Nan

q1of chargeq has contributions of cluster
with higher chargesq11, q12, . . . due tosequential fis-
sion and/or evaporation events. In the following, we w
therefore comparenapp(q) ~experiment! with E* @n,z,b,v#
~theory! ~this quantity will be denoted byE* ). Apart from
expected qualitative behavior, the global variation ofE* is
not easily foreseeable because of the importance of the
namical effects.

Influence of the projectile charge z. In our previous work
@9#, we measured and discussed the appearance size of
tiply charged sodium clusters Nan

q1 (q<10) formed in col-
lisions of neutral clusters with low-energy multiply charge
ions Az1 (z<28,v'0.4 a.u.): napp(q) decreases strongly
when increasing the projectile chargez and converges to-
wards an asymptotic limit where the fissilityX equals about
0.8, close to the Rayleigh limit (X51). This is illustrated on
Fig. 4 for two distinct projectile chargesz58 andz525 at
the same velocityv'0.4 a.u.: the larger the projectil
charge is, the lower the appearance size is. This behavi
explained by the difference in the residual excitation ene
of the ionized clusters after the collision. We show in Fig
how the electronic excitationE* depends upon its net re
sidual chargeq for the set of cluster sizesn558, 138, 256,
and 334 and two distinct projectile chargez58 andz525
with v50.4 a.u., each point corresponding to a calculat
-
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ENERGY TRANSFER IN COLLISIONS OF METAL . . . PHYSICAL REVIEW A 66, 033205 ~2002!
at a given impact parameterb. In each case, the excitatio
energy for a givenq depends strongly on the initial projectil
chargez. Our data confirm that, whenz increases, collisions
occur at larger impact parameters where excitation is
probable. Correspondingly the internal energy of the ioniz

FIG. 4. Experimental appearance sizenapp(q) as a function of
the cluster final chargeq for projectile ions Ar81 (E5160 keV, v
50.4 a.u.) and Xe251 (E5500 keV, v50.39 a.u.).

FIG. 5. Theoretical excitation energyE* as a function of the
cluster final chargeq for projectile ions Ar81 and Xe251 with the
same velocityv50.4 a.u. for the cluster sizesn558, 138, 256, and
334.
03320
ss
d

system is lower and cannot activate the fission proce
Therefore, high projectile charges~typically above 20!
should be used in order to minimize the residual excitat
energy of the cluster ions Nan

q1 .
Influence of the cluster size n. The dependence of th

previous results on the cluster size is also very instruct
We show in Fig. 6~a! the experimental fissilities measured
the appearance sizenapp(q) for the data set of Fig. 4. One
can see that for both projectile chargesz, the highest fissility
is obtained for the highest final cluster chargeq. This effect
is counterintuitive as one would expect that the largerq is,
the smaller the impact parameterb is and, therefore, the
larger E* is, resulting in higher appearance sizesnapp(q)
@5,6#. But as the appearancenapp(q) roughly scales withq2,
those with the highestq also possess the largest number
internal degrees of freedom~this quantity roughly scales a
3n). They can accumulate more internal energy without
caying and therefore approach closer the Rayleigh limit,
observed in Fig. 6~a!.

Our calculations reproduce well this effect. By interpola
ing the excitation energies of Fig. 5 by a power law (E*
5aqc1b), one can evaluate the residual excitation of clu
ters Nan

qcrit , whereqcrit is the critical Rayleigh charge for eac
cluster sizen558, 138, 256, and 334. The calculated ener
is then converted into an ionic temperatureTfinal which adds
to the initial neutral cluster temperature. The results are
played in Fig. 6~b! for the cluster sizesn558, 138, 256, and
334. For both projectile chargesz58 and 25,Tfinal decreases

FIG. 6. ~a! Experimental fissilities corresponding to the appe
ance sizesnapp(q) of Fig. 4 measured for the projectile ions Ar81

(E5160 keV,v50.4 a.u.! and Xe251 (E5500 keV,v50.39 a.u.!.
~b! Theoretical cluster final temperature at the critical cha
(X51) for the projectile ions Ar81 and Xe251 at v50.4 a.u.
5-5
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DALIGAULT, CHANDEZON, GUET, HUBER, AND TOMITA PHYSICAL REVIEW A 66, 033205 ~2002!
whenn increases, in agreement with experiment. The evo
tion of the fissility at the appearance size withq for a given
projectile is therefore due to a balance betweenE* and the
number of degrees of freedom which yields colder clust
for higher q. Ultimately, the fissility converges towards a
asymptotic value which depends on the initial cluster te

FIG. 7. Evolution of the final charge and of the final excitati
energy as a function of the impact parameter and projectile velo
for the collision system Xe2511Na196 at v50.2, 0.4, andv
50.8 a.u.

FIG. 8. Residual electronic excitation energy as a function of
net final charge for the same data set as in Fig. 8.
03320
-

s

-

perature. This limit also gets closer toX51 as the cluster
charge and/or size increase, as discussed in our prev
work in the framework of the Bohr and Wheeler model f
the fission barrier height@9#. In conclusion, to further ap-
proach the Rayleigh limit requires us to use not only hi
projectile chargesz but also to consider larger cluster size

Influence of the projectile velocityv. Due to dynamical
effects, the residual cluster excitation depends on the rela
velocity of the projectile compared to the Fermi velocity
the conduction electrons~around 0.35 a.u. for sodium!. In
Fig. 7 we have plotted the final cluster chargeq ~a! and
excitation energyE* ~b! as a function of the impact param
eterb for the collision system Na196 (R'23 a.u.)1Xe251 at
different projectile velocitiesv50.2, 0.4 andv50.8 a.u.
For truly peripheral collisions, i.e., far more than twice t
cluster radius, the Vlasov calculation predicts a decreas
the ionization rate when increasing the velocity. This trend
reversed for closer collisions. As to the excitation energ
there is a crossing point in the regimes as can be seen in
8. For the smallest final charges, larger projectile velocit
lead to lower final excitation energies and the opposite
observed forq>10. This latter case corresponds to collisio
with lower impact parameters. Similar trends are obtain
with other projectile charges but with different crossin
points.

Experimentally, we are in the high-charge regime as illu
trated in Fig. 9. The upper part of the graph shows the e
lution of napp(q) for projectile ions withz58 of various

ty

e

FIG. 9. ~a! Appearance sizenapp(q) of q-fold charged clusters
Nan

q1 as a function of the projectile velocity for the projecti
chargez58. On the right side the Rayleigh limit is indicated.~b!
Excitation energyE* of clusters at the critical charge (n52.5q2) as
a function of the projectile velocity forz58.
5-6
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ENERGY TRANSFER IN COLLISIONS OF METAL . . . PHYSICAL REVIEW A 66, 033205 ~2002!
velocities. Experimentally, we used different ions of charg
(Xe81, Ar81, and Ne81) with the same kinetic energyE
5160 keV at which the ion accelerator performances
optimal. Changing the core ion without changing the proj
tile charge should not affect the final charge state of
cluster, especially for peripheral collisions. The higher
ion velocity, the lower the appearance sizenapp(q). The ef-
fect is more pronounced for the highest cluster chargesq. In
the lower part of Fig. 9, we have plotted the theoretical
citation energyE* for the same projectile chargez58 as a
function of velocityv for cluster chargesq53, 7, and 9 with
sizes close to the experimental appearance sizes for the
charges. The faster the projectile, the lower the excita
energy in agreement with the experimental results. It th
turns out that to generate colder multiply charged clus
Nan

q1 , it is appropriate to use projectile velocities close
or higher than the Fermi velocity.

V. SUMMARY

In conclusion, we have studied experimentally and th
retically the influence of the collision parameters on the
citation energyE* transferred in low-energy ion-metal clus
ter collisions and their influence on the appearance
napp(q). To study the onset of charge instabilities in lo
excited systems, it turns out that the best choice is to
high projectile charges (z>25) with velocities above 0.5 a.u
and large clusters for which the high number of internal
grees of freedom allow us to minimize the effect ofE* . An
alternative but experimentally more demanding route is
use colder sodium clusters targets, e.g., by cooling the clu
source with liquid helium.

On the basis of the above discussion, it is interesting
extrapolate the experimental results discussed above at m
larger cluster sizes. On the experimental time scale, the m
,

n
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mum barrier height that clusters Nan
q1 thermalized at

100 K can survive isBfission'0.18 eV @9#. This can be re-
lated to a fissility by the Bohr-Wheeler formula for the fi
sion barrier height, valid for fissilities close to 1,

Bfission~Nan
q1!5

98

135
Es~12X!3}n2/3~12X!3, ~6!

whereEs5asn
2/3 is the surface energy andas is the surface

tension~between 0.7 and 1 eV for sodium, depending on
temperature@11#!. Using the parameters for sodium and r
verting the formula gives the relationship between size a
fissility for a given barrier height. ForBfission'0.18 eV, we
get n'0.2/(12X)9/2. For X50.85, the maximum fissility
experimentally observed, this givesn'1000, i.e., in the clus-
ter size range studied here. ForX50.99, this givesn'2
3108, corresponding to a cluster radiusR5r ws3n1/3

'2400 a.u.'0.130 mm, i.e., in the micrometric size rang
(r ws'4 a.u. is the Wigner-Seitz radius of sodium@11#!. In-
deed, fissilities close to the Rayleigh limit were measured
recent experiments on micrometric ethylene glycol drople
consistently with our extrapolated results on nanometric m
tallic clusters@21#.
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