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Charge-transfer-induced evaporation in collisions of Li,?* clusters with Cs atoms
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We present a combined theoretical and experimental study of dissociative charge transfer in collisions of
slow Li312+ clusters with Cs atoms. We provide a direct quantitative comparison between theory and experi-
ment and show that good agreement is only found when the experimental time-of-flight and initial cluster
temperature are taken into account in the theoretical modeling. This model explains evaporation as resulting
from a collisional energy deposit due to cluster electronic excitation during charge transfer. We discuss in detail
the basic mechanisms that are responsible for the charge-transfer reaction and different approximations to
evaluate the energy deposit.
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I. INTRODUCTION flight (TOF) window 7. While the TOF can be accurately
determined in most experiments, the initial temperature of
Charge transfefCT) occurs in numerous physical and the cluster is only known indirectly. In fact, temperature is
chemical processes involving atomic, molecular, or biologi-evenly distributed in a finite interv@l 3,14 which, for small
cal species and surfaces. The fundamental aspects of QT and Na clusters, may be as large as 200—1200 K.
have been thoroughly investigated in atomic and molecular In a recent papelrl5], we have reported a combined ex-
systems since the early days of quantum mechanics, whilgerimental and theoretical study of collisions of slovgllz_f
surfaces have been considered more recently in connectigiysters with Cs atoms. Y, * clusters lie slightly above the
with technological applications. The study of CT with clus- gppearance size of doubly charged clusters, which implies
ters has received much less attention. that the fission channel is barely important and clusters dis-
The available experimental techniques allow one to selecsociate by evaporating neutral fragmeritaonomers and
tively prepare metal clusters of almost any size. Thus metakaces of dimers For this collision system, the experimental
clusters are the ideal tool to bridge the gap between molconditions can be strictly controlled. In the first place be-
ecules and surfaces. A singular aspect of CT in cluster-atorsause lithium clusters are among the best known clusters.
collisions is that it competes with electron excitation andpgre importantly, CT products resulting from the collision
dissociation even at low impact energids-3]. This makes  are singly charged cluster ions, which can be easily detected
experiments difficult to analyze and it is also a challenge forand mass analyzed by TOF spectrometry. This is in contrast
theoretical models which, among the large number of elecwith Na,* + Cs collisions for which CT leads to neutral spe-
tronic and nuclear degrees of freedom, have to uncover thgies that are difficult to analyz@ctually mass spectrometry
most relevant ones for the physics of the probks®e, e.g., of laser photoionized neutral fragments has been performed
Refs.[2,4—7] and references thergirAs a consequence, rig- [1], but even when threshold ionization conditions are satis-
orous attempts to confront theory and experiment at a quarfied, fragmentation due to ionization itself cannot be totally
titative level are very scarce. Among them, the study of CTruled ou}. In addition, Lgf* clusters can be produced quite
in Nag"+Cs collisions has played a very important role abundantlyf16] and, as other doubly charged cluster contain-
[8—12] because this is the first system for which the theorying an odd number of atoms, can be unambiguously mass
[11] has been able to provide absolute CT cross sections iselected. This implies higher peak intensities in the measured
good agreement with experimefi@]. spectrum. Finally, '12+ clusters are produced as an
Nevertheless, the sole study of CT is not enough for &evaporative ensemble” with a relatively narrow tempera-
complete description of the collision dynamics. To under-ture distribution, 426 50— 660+ 50 K, which allows one to
stand the complexity of the latter, one must consider thatpetter analyze the role played by the initial internal energy of
after CT, most clusters evaporate one or several fragmentghe cluster in the evaporation process.
This fact must be taken into account for a direct comparison This has allowed us to obtain a much deeper insight on
between theory and the experimental observables, nametjie relation between CT and evaporation than previously re-
the relative intensities of the cluster fragments. As recenported. In particular, we have provtls] the validity of the
theoretical work on Ng + Cs[12] has shown, this compari- simple physical image that consists in explaining evaporation
son is not straightforward. The latter work has shown thags resulting from a collisional energy deposit due to cluster
evaporation cross sections critically depend on the initiaklectronic excitation during the CT process. This is justified
temperature of the clustéry and the experimental time-of- by the different time scales associated with CT and evapora-
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tion. Our results have shown that theory only agrees with ACCELERATION RETARDING POTENTIAL
experiment when the experimental time of flightr( oveN Yo Y 0 cowsion © 'R

=4.5 us) and initial cluster temperature are used in the the-

CELL
oretical modeling. When the evaporation process is treatec L ﬂ
separately from the collision dynamics, accounting for the ﬂ \

TOF is a very simple matter. However, when CT and evapO- o\ ation st

ration are treated on an equal footing, as in molecular dy- Laser . 7 -  SELECTOR. . DETECTOR
namics simulation§2], integration of the resulting equations 0t 1t 1 t TIME

is so time consuming that it is practically impossible to reach a b ¢ d

the values of the TOF in a typical experiment. In Raf5] FIG. 1. Experimental setup. L4f" clusters are mass selected,

we have also analyzed the influence of initial cluster teM+hen interact with a gas of Cs atoms. The collision products are
perature by assuming that all clusters have the same value gf,arge and mass analyzedtaby a retarding potential method.
To. Nevertheless, as we will see belowgfi clusters are
produced as an evaporative ensemble, which means that ofgn. Under these conditions, clusters entering the TOF con-
has to use a temperature distribution instead of a single valugityte an evaporative ensemipliet] with a temperature dis-
of To. tribution that depends on the experimental time windows.
In this paper we discuss several aspects that have beqthe jon kinetic energy is determined by the accelerating
omitted in Ref.[15]. The first one is the mechanism that yoltageV,, which is varied from 2 to 8 kV. In the first drift
leads to CT in Lj,*" +Cs collisions. This will be done with  tube of the TOF the clusters are selected by an electrostatic
the help of energy correlation diagrams and inclusive probgate according to their mass/charge ratio, and then cross a
abilities similar to those used to analyze CT in ion-atom20-cm-long collision cell containingor nob the target. The
collisions. We also analyze in detail the origin of the energyactive part of the cell is- 10 cm(from now on we will refer
deposit that is responsible for the observed fragmentatiofy the latter value of the distance whenever the collision cell
pattern. The energy deposit is the link between CT ands mentionedl The cell pressure is maintained low enough to
evaporation. It arises naturally as an intermediate step in thensure single-collision conditions. Downstream the cell, but
theoretical model and, although it is not an observable in thepstream the second drift tube, a retarding electrostatic po-
experiment, we will also discuss an approximate method teential V allows to separate in time charged products and
estimate its average value from the observed fragmentatiofeutral packets.
ratios. This procedure can be very useful to obtain informa- Cjlusters produced as an evaporative ensemble contain a
tion about the primary CT process when a complete theorefcertain amount of internal energy. Thus, they partially un-
ical description is not possible. Finally, we analyze the roledergo unimolecular dissociatioyD) during their propaga-
of initial temperature by using an initial energy distribution tion in the TOF. Under our experimental conditions and for
compatible with the evaporative ensemble produced in theéhe relevant cluster sizes, UD is dominated by evaporation of

experiment. a neutral monomer:
In Sec. Il, we describe the experimental apparatus. From
the measurements, we deduce the expected temperature dis- Li312+eLi302++ Li. (8]

tribution of the cluster projectileSec. Il)). In Sec. IV, we
present the energy correlation diagrams and calculated C¥he dissociation ratio £ /Li3; depends on the two time
probabilities. Comparison between measured and calculatggindows of the experiment: the residence time in the accel-

eyaporation Cross .secti_ons is presenteq in Sec. V. We ‘?r\é’rating region {,~2 us) and the propagation time in the
with some conclusions in Sec. VI. Atomic units are used infirst drift tube ¢y—t,~ 19+ 0.4 us). The products from the

the theoretical sections, unless otherwise stated. UD process propagate in the first drift tube with the center-
of-mass velocity of the parent. They are spatially resolved
Il. EXPERIMENT into individual mass packets in the second drift tube thanks

to the retarding potential. They are observed even when the

cesium pressure in the collision cell is extremely low
We start by briefly describing the experimental apparatugsmaller than 10° torr). When the cell is activated, the

(a detailed presentation can be found in Ré1s13,16). A structure displayed by the retarding field images the com-

distribution of lithium neutral clusters is generated by a gadined effects of the UD and Charge_exchange processes.

aggregation source. They are ionized within the multigridThus, by comparing the spectra obtained cell on and cell off,

acceleration device of a tandem Wiley-Mc-Laren TOF masgne identifies the signals that are exclusively due to CT.
spectrometer by a 10 ns pulsed KrF eximer laser at a photon

energy of 5 eMFig. 1). The laser intensity is large enough to
(multi)ionize, photoexcite, and warm the clusters during the
10 ns pulse duration. Rapid sequential evaporation occurs Figure 2 shows mass spectra corresponding to three val-
during the residence time in the ionizing regihe resi- ues of the retarding potentiglz=0, 1250, and 2500 V. The
dence time is the propagation time of ionized clusters intatomic density in the cell is=2x 10'* atoms/cm. When the

the multigrid ionization/acceleration device and=d us).  potential is switched off the ion peak contains the residual
This shifts down to lower masses the initial cluster distribu-parent and all the collision products. At the intermedidte

A. Experimental setup

B. Measurements
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both the parent and its UD products entering the collision
cell [see Eq(1)]:
(a) oy -
Litt Li,;" "+ Cs—Liy " +Cs 2
.D. 31 31 31 )
u.D. U +\UD’ Lit+ V_=1250V
and C.T. 30 +/-1 30 R P - +
o) A Lizg +Cs—Lizy +Cs; 3
X2 .
\ ' Ligo V = 2500 V (i) evaporation of excited singly charged produgttee ab-
Lid, Lidg R sence of L;;; clusters gives a limit to the sequenges
(c)

X10 s Ligy " —Ligy" +Li—Liy +2Li, 4
TIME OF FLIGHT
Ligy" —Liyg" +Li. (5)
FIG. 2. Liy*" clusters are isolated in the first part of a time-of-
flight spectrometer, then collide with a gas of Cs atofsisgle-
collision condition$. With no applied retarding potential, all the
unimolecular decay and collisional products form a single TOF  As shown in Ref[8], CT cross sections for medium-size
mass peaka). In parts(b) and(c), a retarding potential of 1250 and singly charged Li clusters barely depend on cluster size.
2500 V, respectively, disperse UD and collisional products follow-Therefore, it is reasonable to assume that the cross sections
ing their charge/mass ratio. associated with Eq$2) and (3) are identical. Thus, we can
easily deduce the absolute value of the CT cross seetion
value, one distinguishes, for increasing values of the TOF, #om Beer’s law:
shouldered peak whose center of mass corresponds to the - - -
singly charged species J¢i , and a twinned structure which 1— [Ligy J+[Ligp 1+[Lize ] —exp—ong) (6)
includes the residual kj** parent and the Lj?" fragment. [Lig® 104 [Lig?™1° o
The intensity of the shouldered peak varies with the cell
pressure and, therefore, it is associated with the singlyvhere the denominator contains the area of the parent ion
charged species that are directly produced by CT. In contrastignal before the collision and the numerator the area of the
the relative intensity of the twinned peaks is not sensitive tg'gnal associated with the charge-exchange produgtss
the cell pressure and so remains for vanishingly low valued€ atomic vapor density arlds the length of the collision

of the cell pressure. Thus &?* clusters are the products of cell. In order to overcpme.the. uncertainty on g value,

the Li,2* unimolecular decay that oceurs betwdgrandt we have also used Li projectiles and have compared our
31 i 6! d  values with the absolute cross sections of Perel and Daley for

and, consequently, the twinned peaks are unambiguously

. . gt 3He same collisional system and collision enefjy]. From
sociated with the UD procedd) and not to a collisional-

this comparison, we have renormalized our results for the

induced dissociation process which should lead to a signa}_|i312++CS collision. We have found for the latter= 250

proportional to the atomic vapor density. This is further con- 54 A2 for an impact energy of 3 keV. The main part of the
firmed by the fact that the kj**/Lis,*" ratio observed in  yncertainty comes from the differences in the focusing con-
Fig. 2 is practically the same as when the collision cell isgitions of singly doubly charged species and of the various
Inactive. sizes of the fragments. We have minimized these effects by
The increase o¥/g increases the mass discrimination andysing appropriate values of the retarding potential. The final
reveals a structure within the singly charged mass peak. Hincertainty is essentially the sum of this contribution and the
appears now as a distribution of three components identifiedncertainty due to the calibration procedure. We have
as Lig", Ligy" and Liy; ", Ligy" being the dominant struc- checked that, within the experimental uncertainty, the CT
ture. Li;;* clusters can only arise from CT, whiledi clus-  cross section barely changes in the energy range 1-8 keV
ters can arise either from monomer evaporation following(laboratory framg Similar results have been found for the
CT to Lis,?" or directly from CT to Li,>" ; similarly, Li,s"  magnitude and the variation of the CT cross section with
clusters can arise from evaporation following CT to eithercollision energy in the case of K targets. Previous measure-
Lis,?" or Li,¢ " . Since there is more fragmentation for the ments with doubly charged Na clusters led to comparable
singly charged species than for the doubly charged Specie@@SLﬂtS, with a slow decrease of the cross section with the
the evaporation rate associated with the former must bgollision energy[18]. These values are remarkably larger
much larger than for the lattdsee Eq.(1)]. Moreover, the than those found for singly charged species with the same
former involves a relatively short propagating time, from thenumber of atoms and at the same collisional engg}.
collision cell up to the retarding potential plate, which leads
us to conclude that CT is accompanied by a significant Ill. MODELING THE EXPERIMENTAL CONDITIONS
amount of energy deposit in the cluster ion. As we will see
later, this energy deposit involves cluster excited states.
Summarizing the observations, the following channels are  When the collision cell is off, one only observes ke
relevant to deduce the cross sectio(ig:CT occurring for  Eq. (1)], hence it is possible to deduce the internal energy

C. CT cross sections

A. Initial energy distribution
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(temperaturg distribution of Liy;*" and Li,2* projectiles time t

before CT occurs. This can be done by using the evaporative b
ensemble model in the framework of the statistical
Weisskopf theorysee Ref[16] and Sec. IV B. In this work

we have improved this model by including anharmonic ef- a o
fects for the evaluation of the evaporation rate constants. L|

guence of evaporation events following the large neutral
cluster photoionization and photofragmentatids=0). As
the last evaporation step is much longer than the previous 3 4 5 6 7 8
ones, this evaporation chain can be written as ENERGY (aV)

Li\ 2" clusters accelerated &f result from a long se- 31

5 Kn+1 5 Kn
= Line® (BXy 1 t=0) — LI (B t=ty)—- -+,

@) -\ time tC

whereEy . ;, EN, kn+1, andky are the internal energies and / \

the evaporation rate constants, respectively, fqf;Liand b

Liﬁ+, respectively. The evaporation rates have been evalu( )

ated as explained in Sec. IV B below. \
For a cluster Lj ;%" containing an internal enerds;,. 31

att=0, the probability to form L,i,2+ att=t, by evapora- : : AN )

tion is
3 4 5 6 7 8
exfl — Ky 1tal N eXﬂ:_tha]> ENERGY (eV)

kN_kN-%—l kN+1_kN

\ 4
Li

N+1

The experimental conditions are such that all value&pf, time tc
are equally probable in the energy domain of interest. Con-
sequently, the distribution of internal energy for an ensemble

of clusters Li>" mass dispersed att, is given by (C) +4

Li
. ® 30

To simplify the notation, the dependence lgf, ; and ky

exd —knyatal exd —kyta]
Kn—Kn1 Kn+1—Kn

D(E*) =kn+1

with the cluster internal energy has not been indicated. The 3 4 5 6 7 8
clusters appearing in the TOF mass spectra peaks are thot ENERGY (eV)
that do not evaporate during the acceleration tiget,.
For a packet of Lj>" clusters accelerated gtand surviving FIG. 3. Internal energy distribution for a packet @) Lig,*"
until t,,, the internal energy distribution is clusters dispersed at tintg (entrance of the field-free part of the
TOP), (b) intact Li312+ clusters entering the collision cell &t, and
Dijb)(E*):D(Na)(E*)exF[—kN(tb—ta)]- (9) (0) Lig®" clusters entering the collision cell that were formed by

evaporation betweety andt..

This distribution is shown in Fig.(8). If the collision cell is
kept inactive, the mass-selecteq\lﬁ packet evolves only i.e., of those clusters for which there is no unimolecular de-
by unimolecular decay. As only one evaporation step is obcay between, andt., is given by

served, the evaporation fraction for the unimolecular decay
taking place in the field-free part of the TOF mass spectrom-

(c) —7(b) _ _

eter (time interval[ty,t4]) can be written as DN(E*) =Dy (E*)exf —kn(tc—tp)]. (11)
f D E*){1—ex —ky(tg—ty) J}dE* The latter enhergy d|str|but|otr)1 |fs shovx(/jn in E!gﬁbg;jh_l?se

= (10 Warm enoug to evaporate befdgeproduce Lj,_,“" . The

F
N energy balance i&{_,=E\—Dy— €, whereDy is the par-

ent cluster dissociation energy aadhe kinetic energy re-
leased in the evaporation reaction. For all thg L*"
The value calculated foN=31 is in good agreement with evaporation products obtained in the experimental condi-
the measured one. The internal energy q@zl’:i ions att., tions, the internal energy distribution is then

fD(Nb)(E*)dE*
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DIG(E*)=DP(E* +Dy+ e){1—exi] —kn(te—to) 1} |
(12 p 31

1

This distribution is given in Fig. @). Equations(11) and > 3
(12) define the mass and internal energy distributions for the5

packet of doubly charged lithium clusters interacting with ea
cesium atoms in the experimental conditions. 0,5 7

AB

PRO
N
(=]

B. Collisional energy deposit

From the fragmentation patterns observed when the cell is
on, we can also estimate the internal energy of the singly
charged clusters formed in the collision. Due to unimolecular 0
decay, the 2cIuster packet er;tering the collision cell contains 4 5 6 7 8
~58% Lig;"" and 42% Li,"" [see Figs. @), 3(b), and
3(c)]. As will be discussed in Sec. IV, the collision of these INTERNAL ENERGY (eV)
two species with the Cs target leads to singly charged clus- FIG 4. ProbabiliiesP\ _(E*,7,) to obtain Li, ,* from
ters in an electronic excited state. This excitation enéogy Liy2* after an evaporation tlr%ee—t 4—te=4.5 us. Thepevapora-
energy depositis responsible for the sequence of evaporaion time is fixed by the experimental setup.
tion events that take place in the time interyal,ty] be-
tween the collision and the electrostatic analysis of the col]_I
lision fragments:

" and L, " clusters entering the collision cell are cen-
tered around 5.0 and 4.2 eV, respectivedge Figs. &,0],

Ky Ko Kag one infers that the collision energy deposit must be smaller
Lig?" 4+ Cs—(Lig " )* —Ligy —Lisg —--- than 2.4 eV for Li;" and smaller than 1.9 eV for 4" .
This leads to an upper bound of 1.9 eV. This value is com-
LUD (13 patible with the average value of :@.1 estimated in Ref.
[15].
k3o k29
Lizy "+ Cs—(Li Li .
% (Ligg ) =Lz —- IV. THEORY
We defineP3;_ p(E* Te) andP30 o(E*,7e) the probabilities In addition to the experiment described in the previous

to form Lig;_,, " (Ligo- P ") clusters after an evaporation time sections, we have carried out theoretical calculations using
Te=tq—t. from a Liy; " (Lis,") parent with internal energy the method of Refd.7,12]. This method has been previously
E* after the collision. These probabilities are obtained fol-used to study CT and fragmentation indNa- Cs collisions.
lowing a procedure similar to that explained in the precedingrhe method benefits from the different time scales associated
section. Thus, for example, we can write3(E*,7,)  with the collision and the internal motion of the cluster nu-
=ex{d —ks17.] and clei. In the first place, because the collision time.
~10 1 s) is much shorter than the cluster vibrational period

S Pt P exd —Ksi— ¢ 7ol (7-_l,~10*12 s) in the range of impact velocities considered in
P31, (E 7o) =11 ka1 2 5 : this work (v~0.01-0.03 a.u. or 1-4 keVIn the second
=0 -0 H (Kap—i—Kay_¢) place, because clusters that are electronically excited during
j=0j=¢ . the collision relax their excess energy once the collision is

(14 over (the electron-phonon coupling responsible for the ob-
served dissociation has a characteristic lifetime f

Figure 4 shows the probabilitig®3; and P33 as functions of  _1g-13_1g-12 5 and, therefore, can be ignored during the
the internal energfe* contained in the parent clusters im- collision). As a consequence, the only nuclear degree of free-
mediately after the collisiofnotice thatE* contains both the dom that is relevant in the CT dynamics is the relative dis-
initial cluster energy and the collision energy deposihe  tanceR between the impinging cluster and the atomic target.
results of Fig. 2 show that no 4" fragments are observed Furthermore, evaporation is a postcollisional effect that can
in the experimentstrictly speaking, these fragments cannotpe described separately provided that the collisional energy
be observed when they represent typically less than 5% afeposit SE and the initial cluster temperature are known.
the total fragmentation signalNow, we can combine this = Still, dissociation may be induced in frontal collisions with
result with the probabilities shown in Fig. 4 to estimate anthe target, but this will not be taken into account because the
experimental upper bound to the collisional energy depositpresent experimental results show that it is a minor dissocia-
The latter figure shows that, within the 5% uncertainty,tion channel(a similar situation can be found in Refs.
Li,g" fragments are not observed when[iand Li," clus-  [10,16). This is consistent with the fact that evaporation
ters resulting from CT contain, respectively, an internal eninduced by CT occurs at long distances and, therefore, is the
ergy smaller than 7.4 and 6.1 eV after the collision. Takingdominant process.
into account that the initial internal energy distributions of  According to the above discussion, the collision and the
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subsequent evaporation process have been treated separatgi}tR is the Cs position vector. The cluster potenigl has

being SE the connection between these two problems. been obtained from the orbital-dependent LDAXC-SIC po-
tentials using the global average scheme proposed in Ref.
A. Collision dynamics [7]. This has been shown to be accurate enough for the de-

The collision is studied using a fully quantum-mechanicalScription of static and dynamic properties, even in a strong

description of the relevant electronic degrees of freedom ir?xc'tf‘t'odn reg|?1e[23]:[;fhus, th?Net'bOdy dglnamlc_l":_lL trﬁt’
the framework of the independent electron model. Since, thigen tre ,?Cdes_ 0 ?hse ¢ e one-efc r;)nﬂ?ro X ems.t ela etr
part of the theory has been described in detail in Ref, are treated in the framework O € Impact-parameter
here we only summarize the basic ingredients. We represemethOd' where the projectile follows a straight-line trajectory

the Cs atom as a one-electron system in which the xenonlikﬁnd the electron is described quantum mechanically. Assum-

core is replaced by a local model potential that approxi-mg that each electronis initially in a ¢;(r) spin orbital of

mately reproduces the Hartree-Fock potential felt by the 6 energy €, one has to solve a set dl. time-dependent
valence electronl9]. A major simplification is the use of the Schralinger equations
spherical jellium model to represent the ionic core potential A d
of the cluster. In this model, the real potential is replaced by hyi(r,t)=i ml//i(r,t), i=1,... Ng, (16
a constant positive background of radiRg=10.2 a.u. This
is known to be a good approximation for large closed-shel
metal clusterg20] but requires a more careful justification
for an open-shell metal cluster such asyfi. To our lim i(r,t)— ¢i(r)exd —iet]. (17
knowledge, the geometry of lithium clusters containing more t——o
than 20 atoms is not known. In contrast, sodium clusters are o - ) o
much better known and one can expect them to behave in a The collision veloc!tles consydered in this work are much
similar way. In this respect, Calvo and Spiegelmé2h,22] smaller than the orbital velocme_s of the _cluster electrons
have predicted that sodium clustegith more than 20 at- near the Fermi level and the orbital velocity of the Cs_va-
oms undergo permutational isomerization between topologi/€nce electron. Thus, E416) has been solved by expanding
cally identical forms at relatively low temperaturésf the  the one-electron wave functions in a basis of Born-
order of 200 K. This spontaneous isomerization is due to theOPPenheime(BO) molecularstates{ x,(r,R)}. These states
great mobility of the sodium atoms and implies that the clushave been obtained by diagonalizifg in a two-center
ters are in a liquid phase. Thus, above 200 K, the sphericatomicbasis built from spherical Gaussian-type orbitals with
jellium approximation provides, on average, a more realistiangular momentum up tb=6. Figure 5 shows the BO
picture of the cluster than that corresponding to the lowestpotential-energy curves for the states of the (lg-Csy"
energy geometry. Since in the present experimental condguasimolecule The initially occupied orbitals aresl 1p,
tions the cluster temperature lies in the interval 420-660 K1d, 2s, and 1f for Li5*" and 6 for Cs (for simplicity, we
the spherical jellium model is expected to provide a correcuse the “separate atom” notation to refer to molecular orbit-
average description of L?" . als). The asymptotically occupieds6orbital of Cs mainly
In this context, we have applied the Kohn-Sham formula-interacts with the 2, 3p, 1h, and 3 orbitals of L'bl“,
tion of density-functional theory to describe the cluster elecwhich are initially empty. The corresponding radial cou-
tron density in terms of single-particle orbitals. Then, fromplings are shown in Fig. 6. It can be seen that the €5(6
these orbitals, we have obtained the corresponding onstate presents avoided crossings with the3p, 1h, and 3
electron potentials using a local-density approximation withgnes of |_512+ at R=30 a.u. and, consequently, the corre-
exchange, correlation, and a self-interaction correctiorsponding radial couplings exhibit sharp maxima in that re-
(LDAXC-SIC, see Ref[7] for detail. Introduction of the  gion. Since the 6 orbital of Cs hasn=0 (it is a o orbital),
self-interaction correction leads to orbital-dependent potenglectron transfer to cluster orbitals with#0 is only pos-
tials with the correct asymptotic behavior, which is crucial insjple through rotational couplings. As the latter are only rel-
the present study because capture and excitation process@gant at smalR, they do not play a significant role in the
occur mainly at large distances. N charge-transfer reaction. Thus, we have limited the expan-
As a consequence of the quasiseparability of the clustesion of ¢, to molecular states ofr symmetry. More pre-
Hamiltonian, the totaN-electron Hamiltoniari{ (whereN,  cisely, we have expandeg in the basis of 20 states shown
includes the 29 valence electrons of£i" and the valence in Fig. 5, which includes the$and & states of Cs, thes,
electron of C$ has been written as a sum of one-electronlp, 1d, 2s, and If states dissociating into occupied cluster
effective Hamiltoniansﬂ=2:\‘jlﬁ(i), with orbitals, and 14 states dissociating into unoccupied cluster
orbitals, namely B, 19, 3s, 2d, 1h, 3p, 2f, etc. This set of

\Nhere eachy;(r,t) is subject to the initial condition

- 1, states allows one to describe charge transfer as well as clus-
h=-35V +VesH([r=R[) +Vc(r), (19  ter excitations.
The inclusive probabilit}Pfl ,,,,, fq of finding g of the N
whereV+ is the model potential representing the'dsn,  electrons in the subconfiguratior,(, . . . fq) while the re-

andV¢ is the cluster potential; notice that the origin of elec- mainingN.—qg ones occupy any other states after the colli-
tronic coordinates has been placed on the cluster center amibn is given by the < q) determinan{24]
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P, fqzde(ynn,), nn'=1...4 q<Ng,
(18

where vy, is the one-particle density matrix built from the
one-electron transition amplitudes. The inclusive probability

of finding g occupancies and —q holes, P fas 1 "f"fL, can

be written in terms of probabilitie&l8) related only to oc-
cupancies. The explicit equations can be found in R&].
In this work we have evaluated the inclusive probabilities:

posBsopBh- - gng PPSoERSP: (19

E(a.u.)

which represent, respectively, the probability of finding no
electrons in the Cs valence orbitalss(6p,---) and the
probability that, simultaneously, an electron is in {hex-
cited orbital of the Lj, " cluster. In this work runs over the
following cluster orbitals: p, 1g, 3s, 2d, 1h, 3p, 2f, 4s,
3d, 1i, 2g, etc.(remember that L is the highest occupied
orbital of Liz, ™). P8S6PeP -~ js therefore, the probability of
finding Cs" ions after the collision. The Csions can be

. 2
Lig,”" + Cs formed through charge transfer or ionization, but since Cs
06 ‘ ‘ . . . ionization is negligible at the impact energies considered in
“10 20 30 40 50 60 70 this work, P8s6s6PP - can pe interpreted as a charge-transfer
Rau) probability. P8s8%P8P - myst be evaluated by including all

FIG. 5. Energy correlation diagram for tlleemolecularorbitals the Cs orbitals used in the close-coupling expansion, is., 6

(MOs) of the (Lis;-Cs¥ " quasimoleculeR denotes the distance of 6s, 6p, and6p in the present case.

the Cs atom to the cluster center. Labelsandnl s denote, respec- The excitation energy of the 44" clusters produced by
tively, the cluster and the Cs orbitals to which the MOs correlate aiCT, E e is given by

R=o0. Full lines, initially occupied orbitals; dashed lines, initially

unoccupied orbitals. Notice that the avoided crossings between the *

Cs(6s) state and the ¢ 3d, and higher states have been replaced +(b)=6Ey;, +(b)+Eg, (20)
by crossings because they occurRat 70 a.u. and, therefore, are

transversed diabatically at the collision energies considered in thigshereEf is the initial vibrational energy of the H clus-
work. ter before the collision antﬂELI3l is its electronic excitation

energy due to CT. The latter is given by

SELi(0)= 2 (E—Eg)Py, ., (b), (2D

where the sum ork runs over all possible configurations
built by including all 30 active electrons in Li orbitals
(i.e., no valence electron in the Cs nuclgus; is the energy
of the Liy;* cluster in thek configuration:

E €, (22

i=

Radial couplings

andEg is the ground-state energy of ki . The sum in Eq.
(21) includes, in general, a huge number of exclusive prob-
abilities that are difficult to evaluate in practice. For this
reason, we have used two approximate formulas. The first
one is given by

25 30 35
R (a.u.)

()= p6sBS6p6p - - -
FIG. 6. Radial couplings between theMOs of the (Li-Cs)?* %1, (D) ; AeiP; (b), @3
quasimolecule. Only couplings between th&-§ 2f, 3p, 1h and
2d states are showfsee Fig. 5. R denotes the distance of the Cs WhereA €;=€;— €, . This formula is obtained from E¢21)
atom to the cluster center. by assuming that all cluster configurations containing an
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electron in an exciteg orbital are associated with the same 2000 . . r
excitation energy¢; , i.e., they are associated with a single- — Buk ., 114
electron process in which the cluster has captured the_Cf - - -~ Harmonic approximation ’/T
electron in thg orbital and the other cluster electrons remain ot 412
as spectators. Thus E@®3) does not include information on 1500 | J ]
all those multiple processes in which charge-transfer and Il 410
inner-shell vacancies are produced simultaneously. There 7
fore, it is a lower bound to the exact collisional excitation . A S Jg z
energy. = 1000 ” PSS | &

The second formula is given by ,,/ /,/” 16?

OBy, (b)=(W¥¢, .., fNe|H_Eg|‘I’fl ..... ) (24 500 | //" 14
where¥ i is the Ng-electron wave function that re- ,/' 1o
sults from solving the time-dependent Satirmer equation g
up tot=+o, i.e., it is the Slater determinank; o L w w w w 0
. v Ne 0 0.1 0.2 0.3 0.4 0.5

=, - waell att=+. Equation(24) can be written in E (eVIN)

terms of inclusive probabilities )
FIG. 7. Temperature and entropy vs internal enekjy for

Li5, %" clusters. Solid lines, curves obtained from the specific heat
5ELi3l+(b): ; PjAe;= ; YjiAej. (25 of bulk lithium [25]; dashed lines, harmonic approximation.

It can be seen that, besides configurations related to CT, the T

mean value of\Iff1 N also contains contributions from e(T)=h(T)—ho= fo cp(TH)dT', (27)

configurations in which a valence electron is still attached to
the Cs nucleustherefore, they correspond to pure excitationwhereh0 is the enthalpy aT=0. The thermodynamic rela-
of the clustey. Therefore, it is strictly an upper bound to the tion h=¢ + Pv, wherev denotes the specific volume, allows
exact energy deposit given in EQ1). Both equation$23)  ys to identify the specific internal energywith h, since the
and(24) are very easy to evaluate and the exact value of thgarm Py up to the boiling point is very small.
energy deposit should be in between. At the low collision e have used the experimental specific heat measured at
energies considered in this work, one can expect that CT of g constant pressure of 1 atm given by Alcagtkal. [25] in
single electron will dominate over all other processes. Therethe temperature range fro0 K up to thenormal boiling
fore, the results obtained with these formulas should not b@emperatureTU= 1600 K. With the help of Eqgs(26) and
very different. As we will see below, this is the case in the(27) the specific entropy and the temperature may be ex-
present study. pressed as functions of the specific energy.

The energ)E:i31+ is the crucial quantity that is needed to  In the microcanonical ensemble, the number of states per

evaluate the evaporation rates of different fragments. FrorHNit €nergy, the level density{(EY), is related to the en-
these rates one can write master equations that describe tH8PY S(EX) =Ns(e) through the usual formula
time evolution of the system after the collisigpostcolli-
sional evaporation By solving these rate equations, one can kg IN[pR(EN)1=Ns(e), (28
predict the amount and size of the various evaporation frag-
ments and evaluate the corresponding evaporation probabiliyheres(¢) is the specific entropy. The variation of the en-
ties. tropy S=Ns and the temperaturBwith Ej, is shown in Fig.
7. The figure also includes the curves obtained in the har-
B. Evaporation rates and sequential evaporation model monic approximation. In this approximation the bulk is rep-

The evaporation rates have been evaluated in the framéesented by a set d¢f quantum-mechanical harmonic oscil-
work of the microscopic and microcanonical statistical lators. Thus, the difference with the experimental curves is

model of Weisskopf. In this model, we evaluate the levelthe signature of anharmonic effects in bulk lithium. Notice
density pn(E%) of an N-particle cluster for a given internal that the latter effects are visible even at very low tempera-

o : . ture.
excitation energyey, . This level density has been evaluated - .
from the specific entropy and internal energer ator of Within the Weisskopf theory26,27,, the rate of evapora-

bulk lithium. These properties can be easily derived from the}ion of a monomeky,, is given by
known specific heat,(T) at atmospheric pressure:

g(l),u,leﬁ_DNi ph-1(EN—€—Dyp)

1 ky (EX)=—— d
s [ 2 e ED  oeee
0

——dT, (26) 9
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whereg™® is the spin degeneracy of the emitted monomer Time integration is performed up to= 7., the value of
(g'M=2 for a lithium atom, e and ., are the kinetic energy the experimental TOF. This leads to branching ratios for the
and the reduced mass of the monomer, respectivelyDand  different fragments and, hence, to partial cross sections. The
is the separation energy of a monomer from the parent clugpartial evaporation probabilities are given by

ter. o is the fusion cross section for the product cluster and
the monomer, and is taken to keR2 (classical approxima-
tion, i.e., an atom sticks when it hits a clustewhere R

=r N3 is the radius of the parent clustar & 3.25 a.u. for
lithium). Equation(29) has been used to evaluate the ratewhereN(® is the number of clusters of si2¢ att—t,=0,
constants in Sec. Ill. For dimer evaporation, the rate constarnte., just after the collision, andy_;(7e) is the number of

Pev,j ( b) = —nNNj((())TE) , (31)

Kn 2 IS given by clusters that have logtatoms at —t.= .. The probabilities
that are directly related to the experimental measurements
Ky o EX) = 9@, 1 J’“dXJ'EE—DN’Z—x are obtained by multiplying the charge-transfer probability
NEENTT 5802 hoglo o posbsbrép--- hy the evaporation probabilities. Thus, the prob-
ability of finding a specific singly charged fragmenafter
v * i 1
_(Ef—Dyno—e—X) charge transfer is defined as
N2 N2 o(e)ede (30 o
P(EN) Pu +(b)=PS (b)p,,(b).  (32)
where . . .
In all cases, the cross sections are evaluated by integration of
EX—Dns. Ef—Dy,<Dys the corresponding probabilities over impact parameter:
a=
D,,, EX—Dpn2>Dyy. o
2hr TN N2 R o.=2m| bP,(b)db. (33
Re

g® is the spin degeneracy of the emitted dimgf*{=1 for

Li2), po is its reduced mass, andl; is the angular frequency The choice of the lower integration limit is consistent with
of the dimer L in a classical harmonic approximation the yse of a jellium approximation which prevents from de-
(hwg=0.0435 eV, see Ref28]). As in Eq.(29), we have  scribing the collision dynamics below the cluster surface.
usedo=7RZ. The average kinetic energy of the ejectedThis means that the calculated cross sections will be affected
monomer and the kinetic and vibrational energies of thepy an error that is proportional to the geometrical cross sec-

ejected dimer are obtained using a similar procedse® tion of the cluster. As a rule of thumb, the error is approxi-
Ref.[12]). The above formulas do not include contributions mately given by

from the rotational degrees of freedom.
Integration of Eqs(29) and(30) has been performed nu- Aaa:%wRéPayc, (39

merically using the level density obtained from the bulk en-

tropy as given in Eq(28). Recent experimental work with WhereP,, ¢ is the mean value of the transition probability

mass-selected free Naclusters N=70-200) at constant in the neighborhood of the cluster surface. As discussed in

temperatur¢29] has shown that the use of bulk quantities is Ref.[12], this is a good approximation when electronic tran-

a reasonable approximation. Indeed these experiments shdfions occur well outside the jellium surface.

that, with the exception of the region where the phase tran-

sition occurs(melting), the specific heat is almost indepen- V. COMPARISON BETWEEN THEORY AND EXPERIMENT

dent of cluster size and close to its bulk value. Dissociation

energies of the different i~ fragments have been taken

from experimen{30].

Figure 8 shows the charge-transfer probability as a func-
tion of impact parameter for an impact velocity of 0.024 a.u.
When the energy deposit is larger than the dissociatiorlnt can be seen that the relevaljt transitions occur fa}r beyond
energy of Li,", the cluster can evaporate one or severalth.e pluster surface, in th_e regidn=30 a.u. AS ment|oned_,
atoms. Our rrllo;jel for evaporation has been described in dtr_us is a necessary condition for the validity of the theoretical
tail in I.?ef [12]. The model is based on the assumption that .Qdel' We hgye checke_d th_at the general trends.of _the tran-

' : sition probability shown in Fig. 8 barely change with impact

in a single event, aclustgr of arbitrary sid&an only evapo- velocity; only a slight decrease in the absolute value has
rate a monomer or a dimer. Therefore, fragments with les%een observed

thanN—2 atoms can only be produced by sequential emis- " - *

sion of monomers or dirr):ers. IC\)/Ve have s}l]owg in R&g] Figure 9 shows the collisional energy depaﬁu31+ asa

that this is a reasonable approximation because evaporatidonction of impact parameter. This energy deposit has been
of large fragments is slower and requires more energy thaavaluated using the approximate equati@@8) and (24),
evaporation of a small fragment. This is also confirmed bywhich are, respectively, lower and upper bounds to the exact
our results of Sec. V, which show that dimer production ratesnergy deposit. It can be seen that the results obtained with
are much smaller than monomer production rates. Thereforéoth formulas are very similar, which supports the approxi-
one can reasonably expect that the rates for production ohations that have been used to evaluate the energy deposit.
trimers will be even smaller. The energy deposit exhibits strong oscillations as a function
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FIG. 8. Calculated charge-transfer probabilty; times impact
parameter as a function of impact parameterifer0.024 a.u. FIG. 10. CT and evaporation cross sections. Symbols with error
bars, experimengvalid in the range 1-4 ke)¥ lines, theory. CT,
. R . ; o
of impact parameter. This is the result of the oscillatory be-f.UII line an_d C'rCI_e’ L§1 , dotted line .and diamond; 44", dashed
havior of the transition probabiliti€see Fig. 8 This behav- line and triangle; L ", dot-dashed line and square.
ior is quite predictable, since the efficiency of the CT process
(measured by the CT probabilitiesmposes severe con- We have also checked that, for the largest values of the
straints on the energy that can be deposited. As for transitioanergy deposit given in Fig. 9, the evaporation time is never
probabilities, the collisional energy deposit barely changesmaller than 10'° s. Therefore it is never smaller than the
with impact energy: only a small decrease in absolute valugypical vibrational periods of the cluster=(10"*? s), which
is obtained when impact velocity increases. Now, experimenis consistent with the use of a statistical model to evaluate
tally, it is impossible to have access to the impact-parametesvaporation rates.
dependence of the energy deposit. Instead, as explained in In view of the similarity of the two curves shown in Fig.
Sec. Il B, it has been possible to estimate an upper limit o®, we have only used the energy deposit obtained from Eq.
around 1.9 eV. One can see in Fig. 9 that this value is com(23) to evaluate fragmentation cross sections. As explained
patible with the calculated energy deposit. in Sec. lll (see also Ref.15]), for a meaningful comparison
between theory and experiment, one has to include the effect
B -t : of the initial cluster energy. In Fig. 10 we compare the total
e and partial CT cross sections obtained from the theoretical
W model described in Sec. IV with those determined experi-
4 | 4 mentally. The theoretical partial cross sections have been
evaluated for an initial cluster energy Bf =4.1 eV, which
is within the evaporative ensemble energy distributions
1 shown in Figs. &) and 3c), and 7.=3 us (approximately
the TOF in the present experimenFigure 10 shows a rea-
sonable agreement between theory and experiment. In par-
R ticular, the theoretical results confirm that the dominant frag-
ment is Li,", followed by Li,y" and Li;," in almost similar
proportions. The results shown in Fig. 10 slightly improve on
1 those reported in Refl5] because in this work the energy
deposit has been evaluated using a larger number of excited
cluster states.

Obviously, the choice of different values Bf; and 7, is
irrelevant for the total CT cross section. However it has dra-
matic consequences on the fragmentation ratios. In[REf.

FIG. 9. Energy deposit as a function of impact parameter. FullVeé have shown a few examples of how these ratios change
line: results from Eq(23). Dashed line: results from Eq24). The ~ WhenEg and 7, are varied. These examples have led us to
horizontal dotted line represents the experimental upper boungonclude that good agreement between theory and experi-
value. ment is only possible by using the experimental value of the

. (eV)

Ligy

SE, .
no

0
10 40

063202-10



CHARGE-TRANSFER-INDUCED EVAPORATION IN . .. PHYSICAL REVIEW A8, 063202 (2003

300 , observed experimentally. This cannot be considered as a sig-
nificant discrepancy between theory and experiment because
fragmentation rate constants are extremely sensitive to the
internal energy of the cluster. For example, Fig. 11 shows
that a small variation of 0.2—0.3 eV may lead to significant
variations in these ratios. In fact, we have checked that by
3 Liga+ only shifting 0.8 eV down in energy the cross sections shown
in Fig. 11, convolution with the energy distribution given in
Fig. 3b) leads to cross sections of 44.4 Kor Liy",
144.0 & for Lig,", 86.7 & for Li,y", and 18.8 & for
Li,g" and smaller fragments, which agree reasonably well
with the experimental valuggven better than those obtained
by using a single value of the initial cluster energy; see Fig.
0 o 4 8 10). Errors of this size indSE may come from the region of
E, (V) impact parameters near or below the cluster surface, where
the use of the spherical jellium approximation prevents one
FIG. 11. Evaporation cross sections as functions of initial en-to obtain any quantitative information. As we have seen, this
ergy forv=0.024 a.u. error barely affects the calculated CT cross sections because
CT occurs at large impact parameters and this is the region
TOF and a cluster temperature consistent with the experithat contributes most to the cross section. However it is dif-
mental distribution. Small deviations from this choice lead toficult to know its effect on the energy deposit because the
enormous differences in fragmentation ratios and, therefordatter oscillates with almost constant amplitude for all impact
to very different physical interpretations. Similarly, any de- parameters.
ficiency in the theoretical treatment may lead to results in Another aspect that remains uncertain is the accuracy of a
complete disagreement with experiment. For instance, wéynamical approach that makes use of virtiatoccupied
have checked that exclusion of the collisional energy deposRrbitals arising from density-functional theory. This approxi-
always leads to Ly~ as the dominant species, in strong dis-Mation IS common usage in many areas of cluster physu_:s
agreement with experiment. and solid-state physics, especially in the context of dynaml-_
Now, as mentioned in Sec. Ill, cluster projectiles pro_cal treatments. The good agreement found between experi-
duced in the experiment constitute an evaporative ensemblg1€nt and theory for the absolute value of the CT cross sec-
Furthermore, as explained in Secs. Il and Ill, besideg?ti  tion (not only in this case, but also in the case ofgNa
clusters, there is a significant proportion ofgd?ﬁ clusters tCs _CoII|S|0n$ clearly_ supports the use of virtual orbitals
that enter the collision cell dt=t.. Although the CT cross [oF this purpose, but it remains to be proved that they are
sections for both clusters are expected to be the $amg in ~ 900d €nough to provide energy deposits within a 0.2-0.3 eV
fact, this has been used to deduce the experimental value 8fCUracy: o , ,
the CT cross section from E¢g)], this is not the case for the  Finally, one has to keep in mind that, in the experiment,
initial energy distributions shown in Fig. 3. This figure shows e 2‘?”'5'0” 982"+'5 reached by two doubly charged species,
that Liy?" clusters are produced with less initial energy thantis”  and Lig . while tgf theoretical simulations have
Li, 2" clusters, because the former are the result of a UrP"Y Peen performed for Li”" projectiles. Although the ab-
process that absorbs part of the initial energy. All these fac_-SOIU_te C_T cross section Is pracuca_lly identical for both pro-
tors must be taken into account for a more rigorous compari€ctiles, it is not clear that the collisional energy deposit is
son between theory and experiment. also identical. To kn_oz\iv this, one _should_pgrform a theoretical
To this aim, we have evaluated the partial cross sectiongatment of the ';b +Cs collision similar to that pre-
for different values of the initial energy at an impact velocity Sented for the Lj;°" +Cs collision, which is beyond the
of 0.024 a.u. £3 keV). The results are shown in Fig. 11. scope of the present work.
We must note that the energy in abscissas is just the initial
cluster energy, while the cross sections have been evaluated
by including both this initial energy and the collision energy VI. CONCLUSION
deposit shown in Fig. &he latter depends on impact param-

etep. It can be seen in Fig. 11 that4yi is the dominant ta) study of charge transfer and evaporation in collisions of
species when the initial internal energy of thg,E7 cluster  gjow Li,2* clusters with Cs atoms. The measured absolute
lies approximately around 4 eV. In order to compare withcharge-transfer cross sections are in excellent agreement
experiment one should convolute these cross sectiang  ith the theoretical values. We have shown the importance
those corresponding to CT fromgf ) with the energy dis-  of including the experimental TOF and initial cluster energy
tributions given in Fig. 3. The latter figure shows that the(temperaturgin the theoretical modeling. Indeed, the calcu-
energy distribution of Lj,*" clusters peaks around 5 éMe.,  lated fragmentation ratios are only in good agreement with
~1 eV higher in energy than in Fig. 1lwhich would lead experiment wherta) time integration of the rate equations is

to Li,g" as the dominant fragment instead of to,{ii as  performed up to the experimental TOF, a(g the initial

m2)

200

—_
[=)
(=)

Cross section (1 0"¢c

We have presented a combined theoretical and experimen-
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cluster energy is compatible with the energy distribution ofbiguously that the observed fragmentation patterns can only
the evaporative ensemble produced in the experiment. Thise reproduced if CT is accompanied by an energy deposit
agreement supports the physical assumptions of our modehat does not exceed 1.9 eV.

in particular, the separation between CT and evaporation,
which is justified by the different time scales associated with
these processes. Although some discrepancies between
theory and experiment still remain when the calculated We thank the CCC-UAM for allocation of computer time.
evaporation cross sections are convoluted with the initial enThis work was partially supported by the DGBpain,
ergy distribution of Li,?" clusters, we can conclude unam- Project Nos. BFM2000-0033 and BQU2001-0147.
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