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Charge transfer and fragmentation in collisions of sodium cluster ions with caesium atoms have been
investigated theoretically within a microscopic framework called nonadiabatic quantum molecular dynamics.
To illustrate the complexity of nonadiabatic cluster collisions, in particular the interplay between charge
transfer and fragmentation, \N&(2.7 keV)+Cs collisions are studied in detail with special emphasis on
methodical aspects. It is shown that integral and exclusive charge transfer cross sections can be understood
only if all types of fragmentation processes including statistical decay are taken into account. The influence of
the cluster structuréisomers, temperature, sjzen measured and measurable cross sections is studied for
different charge transfer channels as well as for fragmentation. In particular, cross sections for the exotic
formation of caesium anions in such collisions are predicted.

PACS numbds): 34.70+e, 36.40.Qv, 31.15.Qg

I. INTRODUCTION multiple CT processes accompanied by fragmentation have

Charge transfer represents one of the most frequentlipeen observed. Very recently, CT in collisions of sodium-
studied phenomena in the field of ion-atom scattering. Theluster ions with laser-excited sodium atoms has been inves-
results of these numerous investigatigese Ref[1] for an  tigated[15].
overview improved our understanding of the fundamental In contrast to the rich experimental material the number
atomic interactions and provided microscopic “backgroundof theoretical investigations on CT in cluster collisions is
information” for applications in plasma physics and evenrather small. A two-state model ghea) resonant CT was
astrophysics. On the other hand, considerable progress hpeesented in Ref.4]. Classical barrier models6,17] have
also been achieved in the investigation of the complex ionbeen used to study distant collisions of,Gvith highly
surface interaction§2]. In order to close the gap between charged ions. Semimicroscopic descriptions of CT have been
these two limiting cases, charge transfer in cluster collisionsleveloped with the jellium model for sodium clusters
have been the subject of many recent activifi@s2Q]. (Nayo" +Na[18]) or with an “independent-electron” model

In general, the fundamental processes accompanying clugH* + Na, [19]). However, the simultaneous description of
ter collisions include electronic transitiongexcitation, CT and fragmentation or, in general, of electronand
charge transfer, ionizatiorand energy transfer in nuclear nuclear degrees of freedom in nonadiabatic cluster collisions
degrees of freedonfvibrations, rotations, fragmentatiprin  requires a fully microscopic theoretical approach. The re-
nonadiabatic cluster collisions these take place simulta-cently developed nonadiabatic quantum molecular dynamics
neously involving a moderate to largeut finite) number of  (NA-QMD [22]) allows to cope with such situations.
electronic and nuclear degrees of freedom. In particular, the Applications of the NA-QMD approach on cluster colli-
coupling of electronic and atomic degrees of freedomsions[23,15,21,20 opened insight into the reaction mecha-
(electron-vibration or “vibronic” coupling is of special in-  nism of nonadiabatic cluster collisions and revealed interest-
terest. E.g., collision-induced electronic excitation can being new phenomena. In collaboration with the experimental
transferred into vibrational motion resulting in fragmentationgroups the mechanism of collision-induced dissociation has
[21]. been investigated for N& + He[23]. A strong temperature

A considerable amount of experimental data on chargelependence of CT has been found in,Na- Na collisions
transfer(CT) in cluster collisions has been accumulated. Inwith electronically excited target atorfis5]. A general study
one of the first experiments with mass-selected cluster beams excitation and relaxation in sodium-cluster collisid24]
CT and fragmentation were investigated for,Na Cs[3,4]  provided insight into the mechanism of the vibronic cou-
and K + Cs[4] collisions. Subsequent experimental studiespling. In particular, a “transparency window” in the energy
included collisions of cluster cations with atonhiS—10], dependence of the fragmentation cross section for collisions
molecules[7], and clusterd9,11]. In collisions of highly of “closed shell” clusters was predicted. Indications for this
charged ions with fullerend4 2,13 and sodium clusterd.4] effect have recently been found experimentally in*He
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+Cqo collisions [24]. In a preceding papef20] CT in  The capitalR is used(here and later onas abbreviation for

Na, "+ Cs collisions has been studied. It has be shown thathe positionsR, ... Ry of all N, nuclei. The potential2)

an understanding of the measured CT cross secf®nsan  consists on the one hand of an external potenti@l,R),

only be achieved if the complete scenario of the collision, inwhich in our case is time-dependent owing to the atomic

particular the interplay between CT and fragmentation, isnotion R(t). On the other hand, there are electron-electron

properly described20]. interaction terms, namely the Hartree and the exchange-
In this paper we present a detailed analysis of CT anorrelation term, which depend both via the dengityn the

fragmentation in Na" + Cs collisions (4n<11) using the functions ¢!. The actual approximation for the exchange-

NA-QMD approach. Special emphasis is put on the discuscorrelation potentiaV,, will be specified below.

sion of methodical problems. Isomer, size and temperature For the description of collision processes it is favorably to

dependence of the cross sections are studied in detail. Therite the KS functions as linear combinations of atomic or-

theoretical framework is sketched in Sec. Il, whereby thepitals ¢, (r—R, ) which move along the classical trajecto-

equations of motion of the NA-QMD approach are presenteq;,q Ra (1) “

in Sec. Il A, and the calculation of CT probabilities is de- a

scribed in Sec. Il B. The methodical aspects, i.e., how to _ ,

obtain theoretical cross sections which are directly compa- z/;J(r,t)zE b (r—Ra ) al(t). 3)

rable with experimental data, are discussed exemplary for @ ‘

Na," (2.7 keV)+ Cs in Sec. lll A including temperature ef-

fects. The isomer and size dependence of CT and fragme

tation cross sections for Na(2.7 keV)+Cs collisions are

the subject of Sec. Il B. Calculated cross sections for th

Here, A, denotes the atom at which the functidr, is cen-
Rered. By inserting the LCAO ansat3) into the KS equa-
é[ions (1) one arrives at

“exotic” CT channel characterized by the formation of Cs B Nn .

which was predicted to have a finite probabil{t®0], are aJa(t)z—E (S‘l)ag[iHBy+E RARéy} ajy(t) (4)
presented in Sec. lll C closing with summary and outlook in By A

Sec. IV.

with the overlap matriﬁaﬁz(qsawﬁ}, the Hamilton matrix

Hos=(balt+Verldp), and the coupling matrixR},
Il. THEORETICAL E<¢a|ﬁ¢ﬁ/aRA>. Note that Eq(4) is highly nonlinear, ow-
ing to the density dependence of the effective poteigl
which enters the Hamilton matrid , ;.

Within the NA-QMD approach, electronigiuantum and The corresponding Newton equations for tRg nuclei
atomic (classical degrees of freedom are treated simulta-can be derived by using the conservation of the total energy
neously and self-consistently by combining time-dependenof the system leading t22]
density functional theory with molecular dynami@dD). N

The basic theorem of time-dependent density functional N

¥ 7.z
A<B

A. Equations of motion

theory[25,2€ states that for a system of interacting particles ) Ne — [dH 6\ .
the many-particle state and, thus, any observable are MaRa=— Wm—z [2 aja( 7R aj
uniquely determined by the time-dependent single-particle ACTTATE bolap A
densityp(r,t) which can be written identically as the density — d(Ve— V) A
of a non-interacting reference  systemp(r,t) —aEB aJa< ba 07—RA‘¢B> alg
=EjN‘*|</fj(r,t)|2 with N, the number of electrons. The
single-particle functionsy/) are obtained from the time- _ E [alH. (S 1) ,RA al
dependent Kohn-ShafiKS) equationgall formulas are writ- et By ty6%s
ten in atomic units
d . _ +al(RN44(S Y g,H y&aja]}- )
ial//J(r,t):{t+Veﬁ(r,t)}l/ll(r,t), (1)

The force on the right-hand side of E@) contains besides
the collective term of the nucleus-nucleus repulsidirst
which result from the minimization of the electronic action |ine) and expectation values of gradiemmcond and third
integral [26]. The single-particle Hamilton operator in Eq. |ine) further terms(fourth and fifth ling which guarantee that
(1) contains besides the kinetic energy operataa local  the total energy of the system is conserved even for finite,
effective potential local basis sets. These additional terms depend strongly on
the applied basis set.
The time-dependent KS equatiof4) and the Newton
Vei(r,1) =Ver[ p](r,1) equationg5) represent the equations of motiEOM) of the
(r' 1) NA-QMD approach. They are valid_ialnyb_asis for the func-
=V(f,R)+f d3r,p 4V, dpl(r,t). (2) tions ' In the current study atomic orbitals represented by
[r—r’] Slater type orbitals are used. They guarantee the correct
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asymptotic behavior of the density, which is essential for the
description of electron transfer processes well-known from
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1
U(REEEZ [Ra—Re|

——fds fds’ p°(r,R)p°(r',R)

[r=r’|

ion-atom scattering theorj27]. The exchange-correlation
potential V,. is defined within the so-called adiabatic local
density approximation28]. The core electrons are consid-
ered to be frozen, because they are energetically far below
the valence levelgat least for the alkali atoms considered in

this papey. - , exd p°1
For further approximations the entire electronic denpity d*r[p7(r.R t)] 0%(r,R) (10
is split

with Zg the valence charge of ato. Practically, U(R)
p(r,t)=po(r,R)+Ap(r,t). (6)  represents a short-range repulsive potential, because the two
large contributions in the first and second line of EfQ)
cancel each other to a large extent. This is used to approxi-
po corresponds to the adiabatic density of the neutral refermate U(R) by a sum over pairwise interaction$(Rag).
ence system, whereas the explicitly time-dependent fepm  These pair potentials are determined usatginitio calcula-
describes all nonadiabatic and charge effects. By means @bns for diatomic moleculeg29]. Both, HOB andU(R), de-
the ansat6) two simplifying approximations can be intro- termine the ground-state properties, in particular the geomet-
duced [22]. First, the full densityp in the exchange- ric structures and ionization potentials, of the clustemse
correlation terms is replaced by the adiabatic pgitSec-  Sec. Il B).
ond, the Hartree term in the total energy is decomposed with
Eq. (6) into three terms with the structuregpg, poAp, and
ApAp, where the first two are taken fully into account and
the last ongwhich should be small in weakly charged sys- The calculation of CT probabilities in cluster collisions
tems is neglected. This leads tmear KS equations which represents a complicated task because many electrons are
simplifies the numerical solution drastically. The resultinginvolved. Rigorous methods based on the time-dependent
approximate EOM can be written as density are currently not known. A practical way out consists
in the construction of many-particle probabilities based on
the single-particle KS orbitals. The following considerations
NP . 0 S oa | are specifically written for cluster—atom collisions, in which
a,(t)= _BE (S g 'HBW; RaRg,(a,(t) (7)) the target atom will be well separated from the clugtar
7 from cluster fragmenjsbefore and after the collision.

For the calculation of many-particle probabilities we use a
and statistical approach similar to a method used for the theoret-
ical study of multiple ionization of clustef81]. The actual
calculation is simplified by the local badisf. Eq.(3)] which
is also used to represent the stationary KS functions

B. Charge transfer probabilities and cross sections

Np

0

9 Je
MaRa=— 5 VR~ |EB a,

a
B
¢n<r;R>=§ ¢5(r =R)Cpn(R). (1D
- a;yﬁ [a‘JaHSzB(87 )B'yR'yﬁa‘J
These functions are the solution of the usual stationary KS
equations for the actual atomic positioRs where the coef-
Al T 1
+a,(RN);4(S ™) g, H yaaé]] ® ficients C g, result from the algebraic equation
with the Hamilton matrix % (Hap=&nSap)Cpn=0. (12)
H255<¢a|f+Veff[Po](f,t)|¢g>, (9 In the asymptotic regions— oo, where the target atom is

well separated, those,, “belonging” to the target can
uniquely be assigned.
where the density within the effective potential2) was The probabilities to find the electron described #y
replaced byp, and the external potential is to be understoodwithin the stationary states, can be defined by combining
as a sum of Coulomb and frozen-core potentials. This adiathe representation@®) and(11) leading to
batic Hamilton matrixH® ; is calculated in a two-center ap-
proximation[29] similar to the method described (130]. _ 2
The conservative potential (R) is defined by Wi, = 2{; [CaR(t))] tal(t™)| 13
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wheret==t— *< (i.e., before and after the collisioiWith  small system Ng +Cs. In the collision energy range of a
Eq. (13), the transfer probability with respect to the targetfew keV (in particular at 2.7 keV used in the experiment

atomA reads [3,4)) the following reaction channels have to be considered
[20]:
_ + A + +
Pi=IWia=Wia|, W, —kgA} Wik (14) Na,* +Cs—Na,+ Cs" (213
with {A} the set of indices of all atomic orbitals centered at —Na,_n+Na,+Cs" (21b)
the target atonA. From these probabilities we calculaz-
clusive many-particle probabilities which are given by the —Na,*+Cs (219
product
J —Nay_,"+Na,+Cs (210
P(ny, ...n)=1] <g;) PM(1-P)4 M. (15
=1 —Na,_n"+Na,"+Cs (21e

Here,d;=1,2 is the spin degeneracy;<d; the number of o ) . )
transfered electrons of the KS functigi, andJ the number ~ taking into account in channé21¢ that Na ™ is certainly

Ny, ...,n; of P corresponds to a certain final charge state determined by detecting the neutralized nonfragmented clus-
of the target. For specific channels one has to sum up alrs. i-e., channe(21a was measured exclusively. In this

contributing probabilitie15) to get the probabilityP, for ~ SEtup all other reactions, in particulglb), have to be con-

cluster, however, may result from secondary statistical decay
J B processes initiated by collision-induced excitation on time
F’q:E P(Nny, ... Ny dgs, s=2, n (—1)* Wia scales, which are for cluster-collision experiments typically
{nj} =1 16 in the range of microseconds. This represents a general and
(16) tough problem for the comparison of results from micro-
with the Kronecker symbab,s, where the sum goes over all scopic simulations with experimental data influenced by sta-
possible combinations of the;, i.e., all possible electron tistical decay processes, because the relevant time scales can-
transfers. not be covered by any molecular dynamics method.
Finally, one has to average the probabilitig over all Consequently, the influe_nce of the secondary fragmentation
N,(b) collision events with impact parameter processes has to be.e.stlmated based on the. results from the
simulation of the collision procegsovering typically a few
_ 1 up to ~100 fs for collision energies in the keV rang&
Pq(b)= No(b) > Pq- (17 method capable of such an estimation, which has been ap-
tot plied successfully for the determination of the CT cross sec-

The statistical uncertainty of this average is estimated by it§on corresponding t¢21a in Ref.[20], is described in the

- L= ; following.
tandard deviat b). Int tingP(b b yields th . . . . .
iSn?engrglr(orepvrli?n:r?bD(C% c?oigrgelggog( ) overbyields the For the simulations described in the following the,Na

projectile is prepared in its electronic and geometric ground
_ state(rhombicD,;; see Fig. 5 and related discussion in Sec.
UqZZWf db b Py(b). (18) 111 B). Analyzing the simulations of N& (2.7 keV)+ Cs col-
lisions event by event a strong dependence of the CT prob-
An error estimatiom\ o for the cross section is obtained as ability P, on the initial orientation of the cluster is observed,
which is shown in the upper panel of Fig. 1 as a function of

1w g the impact parametds (5300 events P, =P(Cs") repre-
Ao=z(aW=0™) 19 sents the integral CT probability to find €én the exit chan-
nel without regard to the evolution of the cluster correspond-
using the standard deviatiap (b) of the probability in ing to an “integral” over channelg213g and (21b (for
details of the probability calculations see Sec. )l Bhe
O.(hi,lo)zzﬂ.J db b[Eq(b)tZSD(b)]. (20) b-weighted integration of the mean probabiliB, (b) ac-
cording to Eq.(17) (thick line in the upper panel of Fig.)1
yields with Eq.(18) an integral CT cross section, = (38
[l. COLLISIONS OF SODIUM-CLUSTER IONS +2) A2 [20], which is considerably larger than the experi-
WITH CAESIUM ATOMS mental valueo2P'=(17=3) A? [3] due to the competing

fragmentation channd€R1b).
A typical fragmentation event observed on the simulated
The complexity of nonadiabatic cluster collisions can al-time scale(80 fs) is illustrated in Fig. 2. Due to the collision
ready be demonstrated by considering the comparativelgeometry a nearly binary collision between one sodium atom

A. Detailed analysis of tetramer collisions
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0.6 1 “ | - PFr,max .
o v
0.4 Vo
FPR FIG. 2. Snapshots from the time evolution of a typical event for
024 VA direct or “impulsive” fragmentation in Ng" (2.7 keV)+ Cs colli-
v N sions taken befor€30 fs after the start of the simulatigrduring
e e o —— (40 f9) and after the impad51 fs).
0 4 8 12 16
b (a.u.) ceeded the dissociation limit. This mechanism has been

called “electronic fragmentation'123,21. Both basically
different fragmentation processes have been verified and dis-
tinguished experimentallj23].

Depending on the actual excitation ener@nd on the
number of vibrational degrees of freedpithe cluster may
survive in a vibrationally excited state or may undergo sta-
tistical fragmentation on a larger time scale. The decay con-
stants can be estimated applying statistical models like RRK
or RRKM (see Ref[32] for an application to sodium clus-
ters. Within these models it can easily be seen that on the
experimental time scaleu(s) already a small excess energy
éi_.e., the energy above the dissociation linkads to a van-
ishing “survival probability” for a vibrationally excited
cluster. E.qg., the simple RRK expression for the decay time
as a function of the vibrational excitation energ§j, reads
[32]

FIG. 1. Calculated integral CT probabili®y, (upper panglfor
all simulated eventé+) and orientation-averagédthick line), mean
kinetic-energy los\E,;, and mean vibrational kinetic enerd,
(middle panel for “intact” clusters after the collisior(see tex}, as
well as upper and lower limit for the exclusive CT probability
Pct.max@nd Pcr min, respectively, obtained along with the limiting
fragmentation probabilitie® g, nin and P, sy (lower panel; see
text) as functions of the impact parameterfor Na,* (2.7 keV)
+Cs collisions. The length of the error bars is given bgp2
wheresp, is the standard deviation of the orientation average.

and the caesium atom occurs resulting in a momentum tran
fer to this sodium atom sufficient for direct fragmentation
(“impulsive fragmentation”[23,21]). Such direct fragmen-
tation events are rather likelfl4% of all eventsespecially
for small impact parameterd&5 a.u). The second frag-

mentation mechanism, which is important also for larger im- D \1°s
pact parametersb< 10 a.u), is illustrated in Fig. 3. In the mEx)=v 11— —" , (22
shown event, the cluster exhibitalmos} no excitation in vib

the nuclear degrees of freeddie., no vibration; see upper

row in Fig. 3. However, a considerable amount of electronicwherev, D,,, ands=3n—6 stand for the&mear mode fre-
excitation energy has been stored in the cluste (eV in  quency, the dissociation limit for cluster simeand the num-
this casg which can be transferred into nucldaibrationa) ber of vibrational degrees of freedom, respectively. Inserting
degrees of freedom via the electron-vibration coupfiag].  the bulk phonon frequency=3.1x10"s™*, s=6 for Na,,
Indeed, vibrations begin to develop in the clugtout 100 and D,=0.44 eV obtained for the favored decay channel
fs after the collision; middle row in Fig.)3Finally (after 2  Na,— Na,+ Na, with the NA-QMD approach, and an exci-
ps; lower row in Fig. 3, the cluster dissociates into two tation energyE},=0.49 eV one obtains=29 ns, which is
dimers showing that the transferred vibrational energy ex{at least two orders of magnitude smaller than the experi-
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30 fs 50 fs tation energy is transferred into vibrational degrees of free-
dom. On the other hand, if the actual value of the kinetic
energy of the vibrationg,;, is at the end of the simulation
already larger thab, this event will certainly exhibit frag-
mentation on a larger time scalgee discussion aboyeBe-

O O cause only the kinetic part of the vibrational excitation en-
ergy is taken into account, one obtaintowver limit for the
150 fs 300 fs fragmentation probabilityPr, nin(b) by counting the events

with E,,>D, as fragmentation events. The fragmentation
probability is estimated by the relative abundariee(b)
~Ng(b)/Ni(b) with Ng, and N, the number of fragmen-
tation events and the total number of simulated events, re-
spectively, at a given impact paramekefThe fragmentation
cross section can be calculated frdpg, analogue to Eg.
(18). The resulting probabilitieP g, max and Pg, min along

with the correspondin® cr min and Pt max for channel21a
] were drawn in the lower panel of Fig. 1. The “real” prob-
abilities have to be inbetween the limiting cases, which are
estimated simply by the average of the maximum and the
\ minimum probability P;= (P; maxt Pj min)/2 with i="Fr"

for the total fragmentation probability, i.e., channé&ib)
+(21d), andi="“CT" for the CT probability, i.e., channel

FIG. 3. Snapshots from the time evolution of a typical event for(21a)' Note that the_ limiting cross sections corresp(_)ndlng to
“electronic” fragmentation in Ng* (2.7 keV)+Cs collisions b P Frmax@nd P miq differ only by a factor of 1.5 in this case
=8 a.u): cluster and atom are passing each othesper row, 1.4 fqr CT). These averaged_ probabilities will be us_ed in the
electronic excitation in the cluster is transferred into vibrationalfollowing to calculate exclusive CT and fragmentation cross
excitation(middle row leading finally to the dissociation into two S€ctions.
dimers(after 2 ps. With the procedure described above a CT cross section

ocr=20 A% was obtained20], which is still slightly larger
mental time scale. Because of the exponential decay lawhan the experimental value. The calculations presented so
exd —t/7] it becomes obvious that practically all excited far have been carried out with zero initial temperature in the
clusters will decay if the vibrational excitation energy ex- cluster. Laser ionization of neutral sodium clusters as used in
ceeds the dissociation limit. the experimenf3,4] to produce the projectile ions, however,

In the middle part of Fig. 1 the mean value of the kineticis accompanied by a considerable “heating” of the cluster.
energy loss in the relative motioAE,;, and of the actual Although the actual temperature cannot be measured di-
kinetic energy of the vibrationg,;, calculated at the end of rectly, it could be demonstrated in other experimdr33]
the simulation (=80 fs) are shown as a function of the that laser ionization leads to “liquid” sodium cluster ions.
impact parameteb, where the average was taken over allThe term “liquid” means that the constituent atoms can
those events, in which the cluster has not yet fragmentednove throughout the cluster volunger within the accessible
AEy;, represents in a given event the total excitation energyphase spagawvithout a definite topology.
in the system, i.e., the reservoir of energy available for sec- In order to investigate the influence of an initial cluster
ondary processes. The shown mean values indicate that feemperature, long-time simulatiot800 p3$ of vibrationally
b<5 a.u. almost all clusters would certainly decay in a con-excited clusters have been performed with different excita-
tinued simulation. Up tdo=10 a.u. enough energy can be tion energies covering the range up to the dissociation limit.
available for fragmentation. However, at least a part of thelThe excitation energy has been controlled by distorting the
excitation energy is stored as electronic excitation dominatrthombus ground-state geometry, which guarantees zero total
ing in the range 5b=10 a.u. The amount of electronic linear and angular momentum of the cluster. From these tra-
energy, which will actually be transferred into vibrational jectories snapshots were stored on a coarse time grid to serve
energy, can hardly be estimated without further calculationas initial configurations for the simulation of the collisions.
(Note that even for NaNA-QMD simulations on a time The orientation average used in the calculations at zero ini-
scale of 1 ps would be unaffordably expensive if the samdial temperature is replaced by an average over randomly
level of event statistics as shown in the upper panel of Fig. Belected configurations from the time evolution of vibra-
should be reachey. tionally excited clusters with a given excitation energy.

The single values oAE,;, for every event are used to (Note that on the time scale of the collision with 2.7 keV
obtain an upper limit for the fragmentation probability incident energy the thermal motion appears to be frgzen.
Pema(P) by counting all those events as fragmentation The obtained CT and fragmentation cross sections are
events, in which this total excitation energy is larger than theshown in Fig. 4 as a function of the initial cluster tempera-
(theoretical value of thedissociation limitD,=0.44 eV. ture T, where the simple correspondengg,=(3n—6)kT
This corresponds to the extreme case, where the whole exdias been used to “translate” the vibrational energy into a

1ps 2ps
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FIG. 4. Calculated exclusive and integral CT cross section
[ocr=0(Na,) ando.=0o(Cs"), respectively as well as the total
fragmentation cross sectiomg, as functions of the initial cluster 0.0036 ."'{\:-:/f"
N . =t
temperaturel for Na,™ (2.7 keV)+ Cs collisions. 8 JM_\\\
\‘\\g//’/'

temperature scale. The integral CT cross section

=g (Cs"), i.e., for channelg213+(21b), exhibits a very
weak dependence on the temperature slightly enhanced i
the range of “liquid” clusters T=500 K), whereas the frag-
mentation cross sectioorg, increases considerably in this
temperature range, because less collision-induced excitatio
is needed for fragmentation. Consequently, the exclusive C1
cross sectiowrcr=o(Na,) for channel(21g decreases with
increasing temperature. At=700 K, i.e., about 0.1 eV be-
low the dissociation limitT(D,)~850 K (indicated by the
dashed vertical line in Fig.)4 the CT cross sectiowct
=16.8 A2 agrees perfectly with the experimental valire-
dicated by the dotted horizontal line in Fig).. &his “ener-
getic distance” of 0.1 eV below the dissociation limit has
been used20] as an estimation of the initial cluster tempera-  For all structures shown in Fig. 5 the CT cross section

ture in the experimer{3,4] and is applied for the other con- & corresponding to the analogue of chan(&la), i.e.,
sidered cluster sizes as well, which are investigated in the

following section. Na," (2.7 keV)+Cs—Na,+Cs", (23

o
AN
c,é//ﬂ)‘l'i\\éa

IRIAT

FIG. 5. Ground-state structurgieft column and first two iso-
mers (middle and right columnof sodium cluster ions obtained
within the NA-QMD approach for the considered cluster sizes. The
numbers in the boxes indicate the energetic differeficesV) with
respect to the structure lowest in energy.

has been calculated and plotted in the upper panel of Fig. 7

B. Structure dependence of the cross sections as a function of the cluster sizein comparison with the

In order to illustrate the variety of geometric structures of

sodium-cluster cations, the three most stable isomers ob- 3 SURLEL L B D S S B
o—e@ cxperiment

I -A ground state

tained in the NA-QMD approach are shown in Fig.(5he

geometric structures have been determined for the electronic

ground statg.Most of these isomers were also foundah

initio structure calculationg34—34. Comparing qualita- 45
tively, the same ground state is obtainedrier4,6,7,11 as in
ClI calculations[36], and for n=8,9 only the isomer se-
guence in energy differs. The only serious discrepancy con- 4
cerns the pentamer, because the planar trapezoidal structure
(second row, left column in Fig.)5was not found to be a

stable minimum on thab initio level [34—34.

The reproduction ofapproximately the correct ioniza- 3.5
tion potentials represents an essential precondition for the
calculation ofabsolute CT cross sections. The calculated
vertical ionization potentialk of the (neutra) clusters agree
remarkably well with the experimental dg7] as shown in FIG. 6. Calculated vertical ionization potentidjsfor the struc-
Fig. 6. The calculated ionization potential of the Cs atom fitStures lowest in energgcf. left column in Fig. 5 as a function of the
the experimental value of 3.9 eV. cluster sizen in comparison with experimental data7].

I, (eV)
(AL NLEL R BRI
[P B B
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FIG. 8. Calculated total fragmentation cross sectiofs in
. Na,* (2.7 keV)+Cs collisions with zero initial temperature in the
P 30t j cluster for the ground state isomers shown in Fig. 5 as well as for
vl “liquid” clusters as functions of the cluster sizecompared with
[&] .
(o) two geometrical modelésee texk
20 | .
n=7 is reproduced by the calculations. That this is not pe-
culiar to the particular collision energ®.7 keV) was dem-
10 , onstrated by investigating the collision-energy dependence

4 5 6 7 8 9 10 11 of the CT cross sectiorf20]. The statistical error bars of the

n calculated cross sections result from a conservative error es-
timation (see Sec. Il Band reflect the large variations of the
outcome of the collision with the initial configuration as il-
lustrated in the upper panel of Fig. 1. A considerable reduc-
tion of these uncertaintiegespecially forn=7) would re-
quire unaffordably high computational costs.

For the trapezoidal structure of the pentamer, which rep-
measured dafie8] (not available fon=10). Large variations resents the energetically favored structure in the NA-QMD
for different isomers at a given cluster size are found, whichapproach but found to be unstableah initio structure cal-
can be made plausible by considering the electronic singleculations(see discussion abojea comparatively large CT
particle levels in the stationary KS bagisf. Sec. I1B. An  cross section £45 A?; cf. upper panel of Fig. 7was ob-
inspection of the corresponding occupation numbers inditained as a consequence of the particular electronic structure
cates that thévalence electron of the Cs atom is transferred providing quasiresonant conditions for the CT with the Cs
preferably into an initially unoccupied orbital of the cluster atom. In the simulations with “liquid” cluster ions this
in the energetic vicinity of the Cs@) level. These(com-  structure and related similar structures contribute to the av-
paratively high-lying cluster levels reflect structural changes erage over randomly chosen configuratidisge previous
distinctly and, thus, vary the character of the CT processection leading to a larger CT cross section compared to the
inbetween off-resonant and quasiresonant resulting in theneasured value. This can be demonstrated by taking a
large differences found farct (cf., e.g9.,n=11 in the upper simple average over the cross sections for the first and sec-
panel of Fig. 7. With the theoretical cross sections for the ond isomer(indicated by the diamond in the lower panel of
ground-state structurésf. left column in Fig. 5, i.e., assum- Fig. 7), which agrees within the statistical errors with the
ing zero temperature in the projectile clusters, the variatiorexperimental value.
of the experimental CT cross sections with the cluster size The dependence of the total fragmentation cross section
cannot be reproduced. on the cluster size is shown in Fig. 8. The calculated cross

Calculations with “liquid” cluster ions in the initial state sections for the ground-state structutassumingl =0) are
have been performed applying the same procedure and tlw®nsiderably larger than the geometrical cross sectign
same temperature estimation as discussed for the tetramerwRﬁ corresponding to the “jellium” model radiuR,
case(see previous sectigni.e., the initial excitation energy =r n'® with the bulk Wigner-Seitz radius.=3.93 a.u.
was chosen (approximately 0.1 eV below the size- (dotted line in Fig. 8 This is interpreted as the result of an
dependent dissociation limit. The resulting CT cross sectiongffective “electronic fragmentation(discussed in the previ-
oct are compared with the measured data in the lower pangjus section because the “electronic cloud” occupies a
of Fig. 7. Except the case=5, which is discussed below, larger volume compared to the structure of the nuclei. The
the theoretical cross sections calculated orabsolutescale  general trend can be reasonably described by scaling the geo-
[20] are in agreement with the experimental data. In particumetrical cross section with a factor of 1.2 (&g dashed
lar, the maximum of the experimental CT cross section afine in Fig. 8. The deviations from this “average” are con-

FIG. 7. Calculated exclusive CT cross sectiong in Na," (2.7
keV)+ Cs collisions with zero initial temperature in the clustep-
per panel for all structures shown in Fig. 5 and for “liquid* cluster
ions (lower panel compared with the experimental ddt.
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sidered as particular structure effects. The enhanced cross A

sections fom=5 indicate the transition from planar to non- 4 &40 (T=0)

planar structures going from=5 to n=6 (cf. Fig. 5. The

slightly smaller calculated cross sectionrat 9 result from

the particular stability of the electronic “closed shell” struc-

ture (8 valence electrons The ground-state structure of

Nay,* (first column, last row in Fig. bexhibits a conspicu-

ous prolate shape leading to a somewhat enhanced cross sec-

tion. The fragmentation cross sections are considerably

larger in collisions with “liquid” cluster ions due to the

initial vibrational energy in the system. The size dependence  ~

follows about the same trend as for the ground-state struc- € 40 |

tures corresponding to the increasing geometrical cross sec-  °

tion with increasing cluster size. N
The calculated fragmentation cross sections plotted in Fig. X

8 include all relevant processes: direct or “impulsive” frag- -

mentation(cf. Fig. 2, “electronic fragmentation”(cf. Fig.

3), and(approximately also secondary statistical decay pro-

cesses. Although the measurement of absolute fragmentation

cross sections represents a very difficult experimental task, 20 r

such datanot available at presentould help to check not

only the discussed results, but also, more generally, the va-

lidity of the theoretical concepts behind, in particular the

=1 o ("liquid”)
AAG,(T=0) ]

&8 o ("liquid”)

60

procedure to take into account statistical decay procésges 4 5 6 7 8 9 1'0 11
Sec. Il A). n

FIG. 9. Calculated integral cross sections for the formation of
C. An exotic channel: Anion formation Cs anionso_ and cationso, in Na," (2.7 keV)+Cs collisions
An experimental setup detecting the formed target ioné"’ith zero init_ial t_emperature in the cI_ust_er for the ground st_ate iso-
C¢ after the collision with cluster ions could provide inte- mers shown in Fig. 5 as well as for “liquid” clusters as functions of
gral CT cross sections, i.e., without regard to the evolution off"® CluSter size.
the cluster. In Ref[20] a finite probability for the formation
of anions Cs in Na,* (2.7 keV)+Cs collisions was tions can be explained qualitatively by considering the elec-
predicted—an “exotic” channel, because it represents theronic single-particle levels in the stationary KS ba6i
inverse of the “normal” CT proces$23). The calculated Sec. 1l B. For an odd number of valence electrons in the
integral CT cross sections, =o(Cs") ando_=0(Cs™) in  cluster ion(i.e., evenn) the highest occupied KS orbital is
Na," (2.7 keV)+Cs are shown as a function of the cluster energetically closer to the Cs§plevel compared to a situa-
sizen in Fig. 9. Obviously, the cross sections for the “nor- tion with an even number of electrons. This provides more
mal” CT process with C% in the exit channel are consider- favorable conditions for the transfer of an electron from the
ably larger(at least a factor of twothan for the anion for-  cluster ion to the Cs atom in the case of everThis argu-
mation, and the size dependences show up completelyent is, of course, only appropriate in the small size range
different. 4<n<9. Already atn=11 (belonging to the next “elec-
The size dependence of, exhibits a strong similarity to  tronic shell” in a shell model pictudethe highest occupied
that of the exclusive CT cross sectiarcr=0(Na,) for  orbital is again quite close to the Cs level resulting in a
channel(23), which holds forT=0 as well as for “liquid”  relatively large cross sectiom_ . The weak temperature de-
projectile clusters. The absolute valuesoof , however, are  pendence ofr_ results from the “robustness” of the ini-
considerably larger than those @f 1, because the fragmen- tially occupied, low-lying levels in the clustgwhere the
tation channels deplete the integral CT cross section ( electron producing Cshas to come fromagainst structural
>oc7). In the special casa=8 this depletion is less pro- changes, whereas the orbitals involved in the “normal” CT
nounced because of the particular stabilityn&futral Nag,  process vyielding CSs reflect structural changes more dis-
which is indicated (for “liquid” clusters) by switching tinctly (cf. related discussion in the previous section
o, (n=8)<0,(n=9) (cf. Fig. 9 into oc1(N=8)>0c1(n Cs anions have been the subject of investigation in atomic
=9) (cf. Fig. 7. physics(for a review se¢38]) as well as in chemistry, where
In the size dependence ef  a conspicuous odd-even they have been found to exist in solution and in the solid
alternation(for n=<9) with enhanced cross sections for odd state (e.g., as so-called alkalides Qsomplexant)X Cs
numbers of valence electrons in the projectile ion can bg39]). The ground state of Cs(6s?1S) is expected to be
observed(lower region of Fig. 9. Surprisingly, a weak bound[40,38. Moreover, the stability issue of excited states
(partly negligible temperature dependence is found éor is under current investigatiopt1]. Thus, our prediction of
in contrast to the findings fos, (and o¢1). Both observa- anion formation in cluster—atom collisions leaves room for
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further investigations, especially if an experimental verifica-for different isomers as well as for different cluster sizes

tion could be achieved in the future. have been attributed to the resonance character of the CT
process(Sec. Il B) ranging from off-resonant to quasi-
IV. SUMMARY resonant conditions. The experimental CT cross sections for

. ) ) o Na, (2.7 keV)+ Cs collisions[3] are reproduced on an ab-

The complexity of nonadiabatic cluster collisions hasso|yte scale by the calculations assuming “liquid” cluster
been illustrated by a detailed analysis of NE2.7 keV)  jons in the projectile beam. The size dependence of the pre-
+Cs collisions. Thereby, the interplay between CT and fraguicted total fragmentation cross section follows the trend of a
mentation or, more generally, the essential couplings begroplet or “jellium” model (n¥3) with overlaid structure
tween nuclear and electronic degrees of freedom have beghfects.
investigated with special emphasis on methodical aspects. our recent prediction of anion formation in cluster-atom
After the theoretical part describing the NA-QMD approachc|jisions[20] has been elaborated in more det&iec. 11l O
(Sec. Il A) and the statistical method used for the calculationyregicting integral cross sections for this exotic process. The
of CT probabilities(Sec. Il B tetramer collisions have been gj;e dependence of this cross sectiodd-even alternation
studied in detailSec. Il A) considering all relevant reaction gpows entirely different from that of the “normal” CT pro-
channels. For the determination of exclusive CT cross seGess, which has been explained considering the behavior of
tions (i.e., corresponding to a particular channell frag-  gjectronic states against structural changes. An experimental
mentation processes have to be taken into account. The thrggrification of this anion formation in cluster collisions,
different mechanisms—direct or “impulsive” fragmenta- \yhich will hopefully be available in the near future, could
tion, “electronic” fragmentation and statistical decay—have gpen an interesting new field of investigation.
been discussed. It was shown how the abundance of statisti-
cal decay processes can be estimated based on calculated
excitation energies after the collision.

For a quantitative comparison with experimental cross
sections the initial cluster temperature has to be taken into This work was supported by the Office of Basic Energy
account, in particular if the clusters are expected to be in &ciences, Division of Chemical Sciences, U.S. DOE under
liquid state. In order to obtain a proper description of CTContract No. W-31-109-ENG-380.K., J.J), by the DFG
probabilities in collisions with liquid clusters the orientation through SPP “Zeitabhagige Phaomene und Methoden in
average used for zero-temperature clusters is replaced by &uantensystemen in der Physik und Chem{®'K., U.S.,
average over randomly selected configurations from the tim&.S), and by the EU through the HCM network CMRX-
evolution of vibrationally excited clusters. CT94-0614(0.K., R.S). One of us(U.S) acknowledges a

The considerable variance of the CT cross section foungrant by the German Academic Exchange SeryizdAD).
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