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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 appearancg,sigg of multiply charged
sodium clusters NA™ with q=<10, i.e., the smallest size of observation tpfold 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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. INTRODUCTION quantified by the dimensionless fissility paramet¥r
o _ _ =nqi(q)/n which equates 1 at the Rayleigh limit. For so-
Collisions between highly charged low-energy idve-  dium clusters, of interest in this papeT,(q)~2.53% and
locities below 1 a.y.and atomic clusters or fullerenes have x ~ 542/n. The experimental appearance sizes of sodium
recently emerged as a new field since pioneering experiment§sters ionized with low-energy highly charged projectile
with fullerenes and metal clustef$—3]. The motivations in ions AZ* decrease when increasiagand converge towards
this field of collisions physics are manifold. On one hand,an asymptotic limit slightly above the Rayleigh limit corre-

e 4 B . : )
intermediate between atoms and bulk surfaces. Clusters ré_pondmg to a fissility<~0.85[9]. This tendency was inter

tain the finite size of atoms while possessing a large numb reted as the result of the decreasing internal energy trans-

of low bound electrons compared to the projectile charge,erred to the cluster duri_ng t_he' collision.with the ion.. The
similar in that sense to bulk surfack. They in fact exhibit departure from the Rayleigh limit was attributed to the initial
characteristics of both systems, depending on the collisioff/USter temperature, about 100 K. _
impact parametef2—4]. On another hand, collisions of In this paper which is an exten_smp of our previous work
highly charged low-energy ions with clusters are efficient(9], we comparen,,{q) to the excitation energy calculated
ways to form low excited multiply charged clusters and towith a semiclassical theory based on the Vlasov equation
study the onset of charge instabilities in finite systems. Iwithin the jellium approximation for the cluster description
particular, for high projectile chargesypically above 19,  [5,12]. We study their dependence on the collision param-
the excitation energy transferred to the cluster in peripheradters: projectile charge and velocityv, collision impact
collisions can be quite low, which allows to disentangleparameteb, and cluster size. The appearance sizg,{d)
genuine charge instabilities from thermal instabiliiés-7]. is shown to be an indicator of the excitation energy trans-
This latter method was recently applied to metallic so-ferred to the cluster in a peripheral collision between a pro-
dium clusters8,9]. In these experiments, the observable isjectile ion and a neutral cluster. The comparison between
the appearance sizg,{q), i.e., the size below which clus- these two quantities shows a nontrivial dependence of the
ters Na?" are unstable on the experimental time scale andippearance size or excitation energy due to a balance be-
disappear from the spectra. Based on the theory of Lord Rayween the transferred excitation energy and the internal de-
leigh for classical charged liquid conducting droplets, thegrees of freedom of the cluster. The calculated trends allow
appearance size dt=0 K should equate the critical size us to interpret experimental measurements and to guide fur-
Neit(d), also called the Rayleigh limif10]. For small ther investigations.
charges and sizes, there are deviations from the classical be- The paper is organized as follows. The experiment is pre-
havior that arise from finite-size effects either in the ionicsented in Sec. Il. In Sec. lll the theoretical method is de-
structure or the electronic structure, the latter being dominargcribed. We discuss and compare the experimental appear-
for simple metal clustergl1]. The balance between the Cou- ance size and the theoretical transferred excitation energy in
lombic disruptive forces and the surface tension can also b8ec. IV and their dependence on the collisions parameters.
Finally, the conclusion follows in Sec. V. Unless specified
otherwise, atomic units(a.u) are used é=m=#A=1)
*Email address: fchandezon@cea.fr throughout the paper.
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IIl. EXPERIMENT
120 A (v=0.4au)+ Nan

Details on the experimental apparatus can be found else 90
where[13]. In brief, neutral sodium clusters are generated in %
a gas aggregation source cooled with liquid nitrogen and3 60
using helium as the buffer gas. The resulting clusters are®
expected to be thermalized at approximately 100 K. A beam
of neutral sodium clusters is formed and after passing 0
through differential pumping stages it enters the interaction 25 5 100
region of a high resolution reflectron time-of-flight mass '
spectrometefRTOFMS where it crosses perpendicularly a n/q
pulsed beam of ionA** with a pulsg ’Width around 1Qus. 100
The ion beam is provided by the Ademteur d’lons Multi- b)
charges (AIM) facility at CEA-Grenoble(now moved to 80
GANIL accelerator in CaenWe used for these experiments
ion charges from 1 to 28 with a kinetic energy of 20 keV/
charge at which the accelerator performances are optimal
Depending on the nature of the projectile ion, this corre-
sponds to velocities around 0.5 a.u.. Alternatively the ion
beam can be replaced by a laser bg@®6 nm) in order to
measure the primary cluster size distribution. After the ion 60 65 70
pulse has left the interaction regi¢b8 cm long, an electric
field is switched on to extract the ionized clusters perpen- n/q
dicularly to the ion and neutral cluster beams. The onset
provides the “start” of the RTOFMS. The orientation of the  FIG. 1. (@ Time-of-flight mass spectrum of multiply charged
interaction region can be varied over several degrees to congodium clusters NA™ following the interaction of neutral clusters
pensate for the neutral clusters velocity and focus the ionda with Ar®" (kinetic energyE=160 keV,v=0.4 a.u.) projec-
onto the detector. The clusters ionan%lthen pass freely in tiles. Thex axis is calibrated with the cluster S|ze-over-chargg ratio
a field-free drift zone(2 m), are reflected by a two-field n/q. (b) Enlargement of the same spectrum. The peaks situated
reflector (50 cm), drift again in a second field-free region Petween the main peaks at integer valuesntf correspond to
(1.8 m), and finally hit a microchannel plate detector. We MUltiPly charged clusters Na" .
used two cascaded rectangular microchannel plates (90
X 25 mnt) with their long axis oriented along the neutral . THEORY
cluster beam direction. Together with the variable orientation  Athough purely classical approaches, such as the dy-
of the interaction region of the RTOFMS, this allows us t0namic overbarrier model, give a fair estimate of the ioniza-
compensate for the initial cluster thermal velocity and t0tjon process, these models provide no estimate of the elec-
optimize the RTOFMS transmission in the size region ofyonic excitation energy that remains in the cluster after the
interest. Finally, the cluster ions arrival time on the detectoryg|lision and direct ionizatiofi5,14]. In order to get a thor-
is registered by an acquisition system working in an eventygh insight into the nonlinear effects that are likely to play
by-event acquisition mode, which yields a time-of-flight 5 role in peripheral collisions of highly charged ions with
spectrum when integrating over all events. In the usual eXmeta| clusters, a theoretical model has been recently devel-
perimental conditions, the cluster total flight time is oped and exploitefb,6,15; details may be found in Refi6]
T(Ng,"")=To\n/q with To=23 us, ie, in the 10Q4S  and are summarized here.
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range. A typical spectrum obtained \{vithsﬁtrprojectile ions In the following sodium clusters are treated within the
(E=160 keV,v=0.4 a.u.) and calibrated in cluster size- jellium model, where the ionic background is smeared out
over-charge ratim/q is displayed in Fig. 1. uniformily. We will return to that approximation in the next

The mass resolution of the RTOFMS is currently section. For a microscopic description of the interaction be-
m/ 8my;,~10000 (6my, is the full width at half maximum  tween the delocalized electrons and the projectile, we rely on
of a peak in then/q range of interest and reaches 14 000 inthe self-consistent Vlasov equation which provides the time
optimal conditions. This allows us to identify peaks of ten-evolution of the electron phase-space distribution function.
fold charged clusterf9]. The appearance sizg,{q) is ex-  In our context of use, the Vlasov equation is the semiclassi-
tracted from the mass spectra by identifying the peaks correzal approximation,—0 of the time-dependent Kohn-Sham
sponding to the charggwhich do not overlap with peaks of (TDKS) equations in the local-density approximation of the
lower charges. The size where the signal disappears in th@ime-dependent density-functional theory. This approach al-
background is identified as the appearance 8iggq). This  lows us to perform calculations over a large range of cluster
is illustrated in Fig. 2 for sevenfold charged clusters,Na sizes and projectile parameters. The reliability of this ap-
using Xé®" (E=400 keV,v=0.35 a.u.) as projectile ions. proach was clearly demonstrated in Rgif5] where TDKS
In this case, nyp{q=7)=186+5 corresponding toX calculations are compared with Vlasov ones. In particular,
=0.659+0.018. such observables as the rate of transferred electrons from the
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| xe™ v =05 a1+ Na, - Re' Vion(0—0,n) =Ecs(Ng,"") ~Ece(Nay). (2
@ 49 In practice, the excitation energies have been worked out
£ 30 { as follows. As the projectile approaches the cluster, it distorts
3 20 considerably the electron cloud until electrons jump from the
© ’ cluster to the multiply charged ion. As the collision proceeds
Bl T e RN S F"M‘HW”NM”\IHHhmlﬂllwliﬂllh further, a flow of electronic fluid develops between the target
0 i and the projectile. The nonlinear dynamics is followed over a
24 25 26 27 28 29 30 length of time of about 50 fs, much larger than the interac-
tion time of the order of a few fs. At that time, one evaluates
n/q the residual charge of the ionized cluster as well as its total
200 energyE*. This allows us to calculate the excitation energy
from Eq. (1), the ionization potentials being first obtained as
150 described below.
0 Ground-state energies have been calculated for the set of
5 100 cluster sizesn=40, 58, 92, 138, 196, 256 and 334, and
8 50 chargexg=1, 2, 4, and 10. This covers the range of experi-
mentally attainable values. Then, the resulting ionization po-
0 tentials have been fitted by a quadratic law such as
%% 00 150 200 250 Vien(0—q,n)=a(n)q+b(n)g. 3

n

Such a dependence of the total ionization potential is ex-
pected for conducting spheres and has been confirmed by

FIG. 2. () Time-of-flight mass spectrum of multiply charged Photoionization experiments on neutral clustgr$,16); the
sodium clusters NA* following the interaction of neutral clusters i0nization potentialin atomic unitg of a cluster with charge
Na, with Xe?®" projectiles(kinetic energyE=400 keV, velocity g and sizen is given by
v=0.35 a.u.). The dotted line connects the peaks of sevenfold
charged clusters Né*. (b) Resulting integral distribution of sev- Vir(9,n) =W, + @
enfold charged clusters N& . The extracted appearance size o9 b
Napdd=7) is indicated on both graphs by an arrow.

+q)nl/3’ (4)

ws

whereW,, is the bulk work function of sodiun,, is the

cluster to the ion or to the continuum, the final charge and/I9ner-Seitz radius, and is a constant. For sodiun,
final excitation of the cluster, as well as the electron distri-~0-1 a._u.,rws§4_o a.u., and1§0.4[16,1]]_ From Eq.(4),
bution in the highly excited projectile are in excellent agree-ON€ €asily derives the quadratic dependence

ment with each other. The calculations discussed in the fol- q-1

1\ 1
a— E)_n—l/a}q

lowing have been carried out on the Compaq Alphaservervion(oﬁq,n): 2 Vign(K,n) = | W+
SC232 at CEA-Grenoble taking most advantage of parallel k=1 ws
techniqueg12].

Let us now define the relevant observables for the present + in—1/3) 9. (5)
discussion. By selecting electrons that at a given time are 2r s

located inside a sphere of radius twice that of the initial ) ]
cluster, we construct the residual cluster chaggafter the AS Shown in Table |, the fitted values of the parame&irs)

collision. This charge is well located inside the cluster radiundb(n) are in good agreement with E(p) assuming bulk
and is stabilized as soon as the projectile leaves the collialues for the parametews), andr,s [16]. lonization poten-

sional areg5]. The key quantity of present interest is the tial curves are displayed in Fig. 3.
residual excitation energg* of the ionized Ng®* cluster
after a collision. It is defined aE*=Egn, (Na,%")
—Ecs(Na,""), whereEqn,(Na,™") andEcg(Ng,"") are the During a peripheral collision, the electric field associated

IV. RESULTS AND DISCUSSION

final- and ground-state energies of the charged cluster resulith the projectile charge appears to the cluster as a single
ing from the collision, respectively. In practice, it is obtained prpad pulse, whose width is about 10 fs for the projectile

as

E*

where the ionization potentia¥;,,(0—q,n) is the energy

= Efinal(Na, %) = Vion(0—q,n) — Egg(Nay,),

D

velocities used, and whose magnitude remains below
0.1 a.u. On this time scale, the conduction electrons cloud
follows quasiadiabatically the variations of the electric field
whereas the ions remain inert. This justifies the use of the
jellium model as to the qualitative evolution of the final
charge and excitation energy as a function of the collision

required tog-fold ionize the neutral cluster, i.e., the sum of parameters. Indeed, our calculations, either quantal or semi-
the ionization potentials from 0 tq—1:

classical[15], indicate that in such peripheral collisions the
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TABLE |. Fitted values ofa(n) andb(n) as obtained with the

semiclassical Vlasov equatiditeft pary and the classical electro-

static formula Eq(5) (right par) for cluster sizedN=40, 58, 92,

faster cluster dissociation due to the combined effect of the
Coulomb forces and of the electronic kinetic pressure.

138, 196, 256, and 334.

The use of the jellium model would no longer be appro-
priate if we were also interested in the relaxation of the ex-
citation energy after the collision because the discrete ionic

cl cl
N an) b(N) (N bEh(N) structure has a noticeable influence on the relaxation mecha-
40 2.253 1.002 2.5015 0.9942 nisms[12,18. Here in order to compare the theoretical re-
58 2.5026 0.8612 2.5304 0.8784  sults, which yield the residual charge and excitation energy
92 2.4396 0.7477 2.5617 0.7532  of the cluster after the collision with the projectile ion, to the
138 2.5522 0.6389 2.5855 0.6579 experimental appearance sizes, measured about.4 @Gter
196 2.8340 0.5714 2.6037 0.5853  the collisional process, we can safely assume that the whole
256 2.6094 0.5228 2.6161 0.5355  of the final excitation energy is converted into an ionic tem-
334 2.5837 0.4832 2.6275 0.4900  perature. This process should takes a few ps, as shown by

recent pump-probe experimerts9]. The increase of tem-
perature will add to the genuine Coulomb instability a ther-

cluster ionization arises mainly from a direct transfer of CoN-mal instabi"ty resumng in appearance SIZI%p(CI) above
duction electrons to the projectile ion. Once the outcomingne Rayleigh critical size.(q) (T=0 K) [11].

excited atom leaves the interaction zone, the residual cluster as e will see in the following, both experimental and

charge remains perfectly stable and the cluster is in SOMgeoretical data show a nontrivial evolution of the residual
excited state. As discussed in Ref2,17, this is in net  gycitation energy on the following parameters: the projectile

contrast with the interaction with a femtosecond laser pUIs%hargez and velocityv, the impact paramete, and the
characterized by a fast oscillatigperiod around 1 fisof an cluster sizen. In an experimentz andv can be selected but

electric field with the same order of magnitude. In thesepa measurements average over all impact paramietditse
works, we have studied the coupled dynamics of delocalizeé]xperimental observable, the appearance sizg(q), is a

electrons and ions in sodium clusters under |rra_d|at|on b)_/ robe of the excitation energi*[n,z,b,u] transferred to
strong femtosecond laser pulse, the electrons being describ

: . : . . ; e cluster in the collision close to that size. Clusters™Na
with the semiclassical equation and ions being treated clas-. .
with n close ton,,{q) do not undergo any activated process

slqally. A comparison betwee'f‘ a laser experiment and a .C0|5etween the collision and the detection and their charge
lision that yields the same final charge on the same time : S - .
nd sizen are those prevailing just after the collision. This

zfea(l,ter(;i\i/cezlic?t;ﬁgwlzrsg?/v(éllflf earsr:ﬁetknetkl‘(?naertrilgue?:e?f refr'gﬁ%}vas indeed confirmed by simulations of time-of-flight spec-
. . ) ) 9y . tra taking into account the different thermally activated pro-
ferred to the ions. The heating of the ions is much slower in A . S
. ; . . o cessegfission, evaporation[20]. But this is no longer true

the collision simulation than in the laser one. This is due to . A
X . o . ' when further deviating fronm.,{q) where the distribution

the rapid electronic oscillations in the laser field across the 9+ p -

f clusters Ng'" of chargeq has contributions of clusters

ionic background that heat the electron cloud much moré" b hidh h 1 5 q ol fi

than does a passing projectile, which draws globally the elec\f‘{It igher chargegj+1, q+2,... due toseqqentla IS
sion and/or evaporation events. In the following, we will
therefore compare,,{q) (experiment with E*[n,z,b,v]

tronic cloud towards it. The laser-induced “hot electrons”
boost the kinetic ionic energy strongly, which results in a ’ X /
gy gy (theory (this quantity will be denoted b¥*). Apart from

expected qualitative behavior, the global variationedf is

190 THEORY not easily foreseeable because of the importance of the dy-
— -+ Na,, namical effects.
_ —-— Na92 v Influence of the projectile charge In our previous work
3 ] —— Na_, e [9], we measured and discussed the appearance size of mul-
,:\ 001 1 e eee Na, .o ;/:/ tiply charged sodium clusters N8 (q=10) formed in col-
5 b Na196 / P lisions of neutral clusters with low-energy multiply charged
7 ——= Na,., /;:/’//lf-f’ = ions A_Z+ (z=28p=~0.4 a.u.):nsdq) decreases strongly
o e N3334 ,x’,{zf/;"/// when increasing the projectile chargeand converges to-
~z 50 8 R T N
5 A E wards an asymptotic limit where the fissili¥ equals about
= //‘7;{/’5/ 0.8, close to the Rayleigh limit{=1). This is illustrated on
) /jfg?r? - Fig. 4 for two distinct projectile charges=8 andz=25 at
//ﬁ/;/ the same velocityv~0.4 a.u.: the larger the projectile
0 charge is, the lower the appearance size is. This behavior is
5 10 explained by the difference in the residual excitation energy
q of the ionized clusters after the collision. We show in Fig. 5

FIG. 3. lonization potentiaV/,,(0—q,n) of sodium clusters for

how the electronic excitatiokE* depends upon its net re-
sidual chargey for the set of cluster sizes=58, 138, 256,

sizesN=40, 58, 92, 138, 196, 256, and 334 as obtained by evaluand 334 and two distinct projectile charge-8 andz=25
ating the semiclassical ground-state energies in(£q.

with v=0.4 a.u., each point corresponding to a calculation
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400 0.9 »
_______ Ar8+ (v=0.4a.u) ,,I @ — Ar 25$V =04a.u.)
25+ g | - X" (v=039a.u.)
rrrrrrrrrrrr Xe" (v=0.39a.u) A & o7 e
300 l ¥ - . P t
EXPERIMENT ©
’// {’ >< :[I /,}-‘__{»\ /‘{/
T Iz £ 05 1 1
g 200 g
c® s i I a) EXPERIMENT
et 0.3
A 0 5 10
100 et
I""”":::g./.
""""""""""" q
0 I 1200
2 5 10 b) THEORY: X = 1
900 °‘~\\\\ v=04a.u.
q 3
¥ 600 [ — o
FIG. 4. Experimental appearance sizg{q) as a function of =
the cluster final charggq for projectile ions AP* (E=160 keV, v 300 .
=0.4 au.) and X" (E=500 keV,v=0.39 au). | e S .
. . o 0
at a given impact parametér In each case, the excitation 0 100 200 300 400
energy for a givery depends strongly on the initial projectile
chargez. Our data confirm that, whenincreases, collisions n

occur at larger impact parameters where excitation is less

probable. Correspondingly the internal energy of the ionized FIG. 6. (a) Experimental fissilities corresponding to the appear-
ance sizesi,p{q) of Fig. 4 measured for the projectile ions8Ar

100 Na Lt (b) Theoretical cluster final temperature at the critical charge
10 53 e - (X=1) for the projectile ions A" and X&°" atv=0.4 a.u.
e e Ar +
1 . Xe® system is lower and cannot activate the fission process.
0.1 Therefore, high projectile chargefypically above 20
1 2 5 10 20 should be used in order to minimize the residual excitation
100 energy of the cluster ions N&' .
S 10 Na ., T Influence of the cluster size. The dependence of the
) previous results on the cluster size is also very instructive.
‘W 1 ,;:,-':,--"::T’I'-'"f e We show in Fig. 6a) the experimental fissilities measured at
01 the appearance sizreapr(q.) fqr the data set pf Fig. 4 _Qne
- 1 2 5 10 20 can see that for both projectile chargeshe highest fissility
2 400 is obtained for the highest final cluster chageThis effect
o e is counterintuitive as one would expect that the larges,
C':’ the smaller the impact parametbris and, therefore, the
2 larger E* is, resulting in higher appearance sizgg,{q)
% [5,6]. But as the appearancg,{q) roughly scales withg?,
X 0.1 1 2 5 10 20 those with the highegy also possess the largest number of
100 internal degrees of freedofthis quantity roughly scales as
- 3n). They can accumulate more internal energy without de-
10 caying and therefore approach closer the Rayleigh limit, as
1 observed in Fig. @).
THEORY (v =0.4a.u.) Our calculations reproduce well this effect. By interpolat-
0.1

5 10 20

q

(E=160 keV,v=0.4 a.u) and X&>" (E=500 keV,v=0.39 a.u.

ing the excitation energies of Fig. 5 by a power la@*(
=ag°+b), one can evaluate the residual excitation of clus-

ters N%C”‘, whereq; is the critical Rayleigh charge for each
cluster sizen=58, 138, 256, and 334. The calculated energy

is then converted into an ionic temperatdig, Which adds
to the initial neutral cluster temperature. The results are dis-
played in Fig. 6b) for the cluster sizea=58, 138, 256, and
334. For both projectile charges-8 and 25,T;,,, decreases

FIG. 5. Theoretical excitation energy* as a function of the
cluster final chargey for projectile ions AF" and X&°" with the
same velocity = 0.4 a.u. for the cluster sizes=58, 138, 256, and
334.

033205-5



DALIGAULT, CHANDEZON, GUET, HUBER, AND TOMITA PHYSICAL REVIEW A 66, 033205 (2002

50 Rayleigh limit
2) THEORY: Xe™ (v) + Na,g, 400 | & EXPERIMENT 10 (X=1,T=0K)
2 o,
10 _g\. 300
Q
5 & 200
o—o v=0.22au. <
2 =—=a v=04a.u.
—e y=08a.u. 100
1
30 40 50 60
0
0 xe® A% Ne® 0.8
1000 40 -
b) b) THEORY ™.
Projectile AN
—_ 100 30 | charge AN
E — 2=8 . \'\*\
"Lu %, . e -~ Nag*
10 = 20 + 334
w . n Na?
Na1;6
1 10
30 40 50 60 2
B Na40
0 0
Impact parameter b [a.u.] 0 02 0.4 0.8 0.8
FIG. 7. Evolution of the final charge and of the final excitation via.ul
energy as a function of the impact parameter and projectile velocity
for the collision system X&' +Najgs at v=0.2, 0.4, andv FIG. 9. (a) Appearance siz@,,{q) of g-fold charged clusters
=0.8 a.u. Na,%" as a function of the projectile velocity for the projectile

chargez=8. On the right side the Rayleigh limit is indicatedb)
Excitation energye* of clusters at the critical charga € 2.59°) as

whenn increases, in agreement with experiment. The evolu ) e X
a function of the projectile velocity for=38.

tion of the fissility at the appearance size witlior a given
projectile is therefore due to a balance betw&#nand the  perature. This limit also gets closer ¥=1 as the cluster
number of degrees of freedom which yields colder clustergharge and/or size increase, as discussed in our previous
for higherg. Ultimately, the fissility converges towards an \york in the framework of the Bohr and Wheeler model for
asymptotic value which depends on the initial cluster teM+he fission barrier he|g[{t9] In conclusion, to further ap-
proach the Rayleigh limit requires us to use not only high
1000 projectile chargeg but also to consider larger cluster sizes.
Influence of the projectile velocity. Due to dynamical
effects, the residual cluster excitation depends on the relative
velocity of the projectile compared to the Fermi velocity of
the conduction electron@round 0.35 a.u. for sodiumin
Fig. 7 we have plotted the final cluster chargega and
excitation energ\e* (b) as a function of the impact param-
eterb for the collision system Nag (R~23 a.u)Xe®" at
different projectile velocitiesy=0.2, 0.4 andv=0.8 a.u.
For truly peripheral collisions, i.e., far more than twice the
cluster radius, the Vlasov calculation predicts a decrease of
the ionization rate when increasing the velocity. This trend is
reversed for closer collisions. As to the excitation energies,
there is a crossing point in the regimes as can be seen in Fig.
8. For the smallest final charges, larger projectile velocities
lead to lower final excitation energies and the opposite is
observed folg=10. This latter case corresponds to collisions
2 5 10 20 with lower impact parameters. Similar trends are obtained
with other projectile charges but with different crossing
q points.
Experimentally, we are in the high-charge regime as illus-
FIG. 8. Residual electronic excitation energy as a function of thetrated in Fig. 9. The upper part of the graph shows the evo-
net final charge for the same data set as in Fig. 8. lution of ny,{q) for projectile ions withz=8 of various

THEORY: Xe™ (v ) + Na,

o—o v=02a.u.
O—H8 v=04au.

100 ®&—@ v=0.8a.u.

E [eV]

10
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velocities. Experimentally, we used different ions of charge 8mum barrier height that clusters Na thermalized at
(Xe®*, Ar®*, and Né") with the same kinetic energé. 100 K can survive iBgggio~0.18 eV[9]. This can be re-
=160 keV at which the ion accelerator performances argated to a fissility by the Bohr-Wheeler formula for the fis-

optimal. Changing the core ion without changing the projecsjon barrier height, valid for fissilities close to 1,
tile charge should not affect the final charge state of the

cluster, especially for peripheral collisions. The higher the
ion velocity, the lower the appearance sizg{q). The ef-
fect is more pronounced for the highest cluster chaogyés

the lower part of Fig. 9, we have plotted the theoretical exwhereE=a.n?? is the surface energy ara is the surface
citation energyE* for the same projectile charge=8 as a  tension(between 0.7 and 1 eV for sodium, depending on the
function of velocityv for cluster chargeg=3, 7, and 9 with  temperaturd11]). Using the parameters for sodium and re-
sizes close to the experimental appearance sizes for the sawerting the formula gives the relationship between size and
charges. The faster the projectile, the lower the excitatiorissility for a given barrier height. FdBysi0~0.18 eV, we
energy in agreement with the experimental results. It themet n~0.2/(1—X)%2 For X=0.85, the maximum fissility
turns out that to generate colder multiply charged clustergexperimentally observed, this givas-1000, i.e., in the clus-
Na,%" , it is appropriate to use projectile velocities close toter size range studied here. F¥r=0.99, this givesn~2

98
Bissor Nap' ) = 13gE41-X)%n?(1-X)%,  (6)

or higher than the Fermi velocity. X 10°, corresponding to a cluster radiuR=r,cxn'?
~2400 a.u=0.130 um, i.e., in the micrometric size range
V. SUMMARY (rws~4 a.u. is the Wigner-Seitz radius of sodiyft]). In-

) ] ) deed, fissilities close to the Rayleigh limit were measured in
In conclusion, we have studied experimentally and theorecent experiments on micrometric ethylene glycol droplets,

retically the influence of the collision parameters on the exconsistently with our extrapolated results on nanometric me-
citation energye* transferred in low-energy ion-metal clus- tajlic clusters[21].

ter collisions and their influence on the appearance size

Napdd). To study the onset of charge instabilities in low ACKNOWLEDGMENTS
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