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Cluster-size dependence of electron capture and excitation cross sections in proton-Nan collisions
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We have evaluated electron capture and excitation cross sections for H11Nan collisions (n58,20,40,92) in
the impact energy range 40–500 eV. The theoretical method includes the many-electron aspect of the problem
and makes use of realistic cluster potentials obtained with density-functional theory and a spherical jellium
model. Both electron capture and excitation cross sections increase monotonically with cluster size, but the rate
of this increase is much more pronounced than expected from purely geometrical considerations. Also, capture
cross sections are between one and two orders of magnitude larger than the geometrical cross sections. For the
larger systems, our results differ from recent theoretical estimates obtained at higher impact energies.
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I. INTRODUCTION

Recent experimental works have shown that low ene
collisions of highly charged ions with metal clusters are
ficient ways to produce positively charged clusters@1,2#. An
interesting application is the formation of clusters with cri
cal charge-size ratios that may be difficult to produce us
standard photoionization techniques. This has been spu
during this decade by the important progress in the prod
tion of mass-selected clusters with a well defined numbe
alkali-metal atoms@3#. Despite these experimental effort
the basic mechanisms leading to electron capture are no
well understood. This is due in part to the large number
active electrons, which may lead to multiple processes@4–6#
that cannot be described in terms of a single electron pict
To better understand electron capture processes, recen
oretical attempts have mainly concentrated on collisions
metal clusters withone-electronatoms~mostly alkali metals!
@7–9# or singly charged ions~mostly protons! @10–12#. In
the first case, some experimental information is also av
able @13#.

An important aspect of the problem is the cluster-s
dependence of the capture cross sections~see, e.g., the ex
periments of Ref.@13#!. Such a study has been perform
theoretically by Bo”rve and Hansen@10# for the case of H1

1Nan collisions at 1–16 KeV impact energies fromn51 to
75. Apart from statistical factors, these authors have use
single electron model in which the cluster potential is rep
sented by a spherical box modified by a Coulomb tail.
fully microscopic description including all the active ele
trons of the problem as well as all nuclear degrees of fr
dom is only possible for small metal clusters~typically con-
taining fewer than 10 atoms@8,9#!. However, recent
theoretical developments@11,12# have shown that, for
medium-size closed-shell metal clusters, it is still possible
account for the many-electron aspect of the problem
freezing the cluster nuclear degrees of freedom during
PRA 601050-2947/99/60~6!/4701~5!/$15.00
y
-

g
ed
c-
f

et
f

e.
he-
f

il-

e

a
-

-

o
y
e

collision. A necessary condition for the validity of this ap
proximation is that the collision time is much shorter th
the vibrational period of the cluster ionic cores.

The simplest way to implement such an idea is using
spherical jellium model@14# to represent the cluster ioni
background. This model leads to an accurate descriptio
the shell structure and ionization potential of closed-sh
metal clusters, and has been used by several authors in
context of ion~atom!-cluster collisions @4,7,15#. In Refs.
@11,12# we have used this approximation to study electr
capture and excitation for the H11Na20→H1Na20

1 reac-
tion. Here, we extend the study to Na8, Na40, and Na92
closed-shell clusters and analyze the behavior of neutra
tion and excitation cross sections as functions of cluster s
The theoretical method is inspired by the molecular appro
of ion-atom collisions and, therefore, it is aimed at inves
gating collisions at impact velocities smaller than that
cluster electrons~see below!. For this reason, in this work we
have restricted ourselves to impact energies smaller that
KeV.

The paper is organized as follows. In Sec.II, we brie
outline the theoretical method. We present in Sec. III
calculated cross sections and the potential energy curves
are relevant for the collision study. We end the paper w
some conclusions in Sec. IV. Atomic units are used throu
out unless otherwise stated.

II. THEORETICAL METHOD

The electrons are described as moving in both the ef
tive potential representing the cluster and the projectile
tential ~this is also the case for themolecular method in
ion-atom collisions!. Closed-shell Na clusters, such as tho
considered in this work, are accurately described by
spherical jellium model@14#, which consists in replacing the
real ionic core potential by a constant positive background
radiusRC . In this context, we apply the Kohn-Sham form
lation of density-functional theory and describe the clus
4701 ©1999 The American Physical Society
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electron density in terms of single-particle orbitals. The c
responding one-electron potentials,VC , have been obtained
using a local-density approximation with exchange, corre
tion, and a self-interaction correction~see Ref.@11# for de-
tails!. The latter correction ensures the correct asympt
behavior 21/r of the potential, which is crucial in the
present study because capture and excitation processes
mainly at large distances. An important consequence of
quasiseparability of the cluster Hamiltonian is that the to
N-electron HamiltonianĤ can be written as a sum of one
electron effective Hamiltonians,Ĥ5( i 51

N ĥ( i ), with

ĥ52
1

2
¹21VP~ ur2Ru!1VC~r !, ~1!

whereVP is the proton Coulomb potential,VP521/ur2Ru,
andVC is the cluster potential. Notice that the origin of ele
tronic coordinates has been placed on the cluster center;R is
the proton position vector. Thus, theN-body dynamical treat-
ment reduces to the study ofN single-particle problems. This
is equivalent to the independent electron model~IEM! of
atomic collisions.

We treat the collision in the framework of the impa
parameter method, i.e., the projectile follows a straight l
trajectory whereas the electrons are described quantum
chanically. Assuming that each electroni is initially in a
f i(r ) spin orbital of energye i , then one has to solve a set
N time-dependent Schro¨dinger equations

ĥc i~r ,t !5 i
d

dt
c i~r ,t !, i 51, . . . ,N, ~2!

where eachc i(r ,t) is subject to the initial condition

lim
t→t0

c i~r ,t !5f i~r !exp@2 i e i t0#. ~3!

The transition probability to a specific final configuratio
( f 1 , . . . ,f N)5if f 1

•••f f N
i is given by the (N3N) determi-

nant @16#:

Pf 1 , . . . ,f N
5det~gnn8!; n,n851, . . . ,N, ~4!

where gnn8 is the one-particle density matrix,gnn8
5^ f nur̂u f n8&, and r̂ is the density operator which accoun
for the time evolution of the spin orbitals. Since all proces
leading to the same final state of the projectile contribute
the measured cross section, one has to evaluateinclusive
cross sections@16#. The inclusive probabilityPf 1 , . . . ,f q

of
finding q of the N electrons in the subconfiguratio
( f 1 , . . . ,f q) while the remainingN2q ones occupy any
other states is given by an ordered sum over all exclus
probabilities, which include that subconfiguration. This pro
ability is given by the (q3q) determinant@16#

Pf 1 , . . . ,f q
5det~gnn8!; n,n851, . . . ,q; q,N. ~5!

The inclusive probability of findingq occupancies andL
2q holes,Pf 1 , . . . ,f q

f q11 , . . . ,f L, can be written in terms of probabili

ties~5! related only to occupancies~see Ref.@16#!. As shown
in @11#, the latter probabilities can be used to evaluate
energy deposit after the collision. Since we are dealing w
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neutral clusters and the impact energy is rather low, the
ergy deposit is not large enough to induce significant clus
fragmentation~Ref. @11# shows in fact that, for N20, only a
monomer may be evaporated, but with an extremely lo
lifetime!. For this reason, we have not computed the ene
deposits in the present work.

III. CALCULATIONS AND RESULTS

The calculated one-electron potentials f
Na8, Na20, Na40, and Na92 are shown in Fig. 1. We have
included in the same figure the potential used by Bo”rve and
Hansen for Na30. As can be seen in the figure, the calculat
VC potentials do not exhibit a steplike behavior aroundr
5RC . More interestingly, the classical Coulomb behavior
only observed at very large values ofr. We will see below
that this has important consequences on the values of
calculated cross sections. The calculated ionization poten
are 4.7, 4.1, 3.8, and 3.8 eV, respectively, to be compa
with the experimental values 4.2, 3.8, 3.6, and 3.5 eV@3#.

Now, in order to solve the time-dependent Schro¨dinger
equations associated with the single-particle Hamiltonian
Eq. ~1!, one has to expand the one-electron wave function
a basis of Born-Oppenheimer~BO! molecular states
$xk(r ,R)%. These states have been obtained by diagonaliz
ĥ in a two-centeratomicbasis built from spherical Gaussian
type orbitals~GTO! with angular momentum up tol 56. In
Fig. 2 we show the BO potential energy curves for thes
states of the (Na8-H)1, (Na20-H)1, (Na40-H)1, and
~Na92-H!1 quasimolecules. The occupied orbitals are, re
spectively, 1s and 1p for Na8 , 1s, 1p, 1d, and 2s for
Na20, 1s, 1p, 1d, 2s, 1f , and 2p for Na40, and
1s, 1p, 1d, 2s, 1f , 2p, 1g, 2d, 3s, and 1h for Na92
~for simplicity, we use the ‘‘separate atom’’ notation to ref
to molecular orbitals!. The highest occupied molecular o
bital ~HOMO! is, respectively, 1p, 2s, 2p, and 1h.
Asymptotically occupied cluster orbitals mainly interact wi
the n52 orbitals of H. The latter are in fact Stark hybrid
produced by the cluster electric field. It can be seen in
four cases that the energy curves associated with the HO
present avoided crossings with the lowest Stark hybrid. T
corresponding radial couplings have been evaluated a
Ref. @11# and present sharp maxima at aroundR.16, 20, 25,

FIG. 1. Calculated cluster potentialsVC for Na8, Na20, Na40,
and Na92 using the theory described in Sec. II. The chain line sho
the potential used by Bo”rve and Hansen@10# for Na30.
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and 30 a.u., respectively. As radial couplings betweenp
states are only important at smallerR, they do not play an
important role in the collision dynamics. Thus, we have li
ited the expansion ofc i to molecularstates ofs symmetry.
In all cases we have included the two states dissociating
H(n52) ~the Stark hybridsj1,H andj2,H) and all the states
dissociating into occupied cluster orbitals. In addition,
have included several states dissociating into unoccu
cluster orbitals, namely 1d, 2s, 2p, 1f 3s, and 2d for
Na8 , 1f and 2p for Na20, 1g, 2d, 3s, 1h, 3p, 1i ,
4s, and 3d for Na40, and 2f , 3p, 1i , 2g, 3f , 4s, and
2h for Na92. This amounts to 10, 8, 16, and 19 states,
spectively. These minimal sets of molecular states have
lowed us to describe the capture reactions as well as clu
excitations.

We have evaluated the inclusive probabilitiesPj1,H
and

Pj2,H
. As capture of more than one electron is very unlike

~it leads at most to the formation of H2, which is a weakly
bound anion!, Pj1,H

andPj2,H
can be interpreted as probabil

ties of findingone electron in the projectile. However, th
solution of the one-electron time-dependent equations d
not guarantee that theq-electron inclusive capture probabil
ties are negligible~as they should be physically!. In that
case, one would overestimate the neutralization probab

FIG. 2. Potential energy curves for thes adiabatic states of the
(Nan-H!1 systems. Full lines: H-correlated states~capture chan-
nels!; full lines with circles: occupied cluster states; dashed lin
empty cluster states. For the sake of clarity we have not inclu
the labels of the occupied cluster orbitals in Na40 and Na92. These
labels are given in the text. Notice that, in the case of Na401H1, the
lowest unoccupied cluster channel exhibits a sharp avoided cros
with the dominant capture channel atR.35 a.u. Thus, from the
point of view of the collision dynamics, the dashed and continu
lines should be better exchanged beyond that value ofR. However,
for the sake of consistency we have prefered to use an adia
notation in all cases.
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by overcounting the artificial many-electron capture pro
abilities. To check this particular point we have evaluated
two-electron capture probabilityPj1,Hj2,H

for the Na401H1

collision. For all impact energies investigated here, the c
responding cross sections are less than 1% of the total
tralization cross sections reported below. This supports
interpretation thatPj1,H

and Pj2,H
mainly represent one

electron capture probabilities.
The probabilitiesPj1,H

and Pj2,H
do not correspond to

pure single capture reactions, but to a sum of reacti
whose common feature is to yield neutral H atoms. Th
include, in particular, single capture1 excitation processes
The importance of this many-particle process has been
cussed in detail in Ref.@11# for the case of the Na201H1

collision. Similar conclusions have been obtained in t
work for the other three systems, namely that capture e
tation has an increasing non-negligible contribution to
capture cross section when the collision velocity increase

The totalcapture ~i.e., neutralization! probability is de-
fined asP̂n52,H52(Pj1,H

1Pj2,H
). Addition of Pj1,H

andPj2,H

does not lead to overcounting because the only config
tions included in both inclusive probabilities are those w
two or more electrons on the projectile, which, as discus
above, barely contribute to the total probability. The factor
2 appears because the captured electron can have eithera or
b spin components. In all cases we have found that the la
est contribution to the total capture probabilities comes fr
the region of large impact parameters (b;20230 a.u. for
Na20). Similarly, we define the totalexcitationprobabilities
P̂ex5( i@2Pi2(Pi)

2#, wherei stands for cluster orbitals tha
are empty at the beginning of the collision. The (Pi)

2 term
corrects for overcounting of double excitations to the sa
orbital i. Similar terms should be included in order to corre
for overcounting of double excitations to different orbita
however they have been neglected because these term
expected to be small.

The neutralization and excitation cross sections are sh
in Fig. 3 as functions of impact energy. In all cases, the to
excitation cross sections are smaller than the neutraliza
cross sections. We can observe that the latter increase
impact energy for the smaller systems, Na8 and Na20, and
are practically flat for the larger ones, Na40 and Na92. In
contrast, excitation cross sections are increasing function
impact energy in all cases. It can be also observed that b

:
d

ing

tic

FIG. 3. Electron capture and excitation cross sections for H11
Nan collisions. Numbers indicate values ofn.
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capture and excitation cross sections increase with clu
size; in contrast, the rate of this increase decreases with
This is more clearly shown in Fig. 4, where we have plot
the calculated capture cross section as functions of clu
size for impact energies of 62.5 and 360 eV. In the la
figure we have included for comparison the value of the c
responding geometrical cross sections,sgeom5pRC

2 , using
the values ofRC given in Fig. 2. We conclude from thi
comparison that the value of the neutralization cross sec
is not only much larger than that of the geometrical cro
section, but also that the rate of increase is not due to pu
geometrical effects. The observed behavior is related to
position of the avoided crossings between capture chan
and the states dissociating into occupied orbitals of the c
ter.

Finally, we have compared in Fig. 5 our results for t
neutralization cross sections with those of Bo”rve and Hansen
@10#. Although we have explored a different region of impa
energies, several conclusions can be extracted from this c
parison. The first one is that our results for Na8 and Na20
match reasonably well those of Ref.@10#. Hence, the maxi-
mum of the neutralization cross sections seems to be aro
1 KeV, which corresponds to an impact velocity of 0.2 a.
well below the Fermi velocity,vF , of the cluster electrons
This result confirms that inner cluster electrons, withv
,vF , play a significant role in the collision dynamics~this
point has been already shown in@11# for the case of Na20). It
is also a consequence of the important role of excitation
many-electron processes. For Na40 and Na92, our results and
those of Ref.@10# differ by an order of magnitude. There a
several possible explanations for this discrepancy. F
many-electron processes not included in@10# become in-
creasingly important when the cluster size increases,
leading to larger cross sections. Second, in contrast with
@10# where onlyl 50 orbitals were included, the dominan
capture channels do not involvel 50 orbitals for the larger
clusters. Furthermore, the relative number ofl 50 electrons
reduces dramatically for the latter clusters~see Fig. 1 and the
discussion above!. Third, the steplike behavior of the cluste
potential used in@10# becomes a much poorer representat
of the real potential because it is not able to reproduce
increasing electron spill out~see Fig. 1!. Again, the latter

FIG. 4. Capture cross sections as functions of the numbe
cluster sodium atoms for two different values of the impact ener
The dashed line is the geometrical cross section obtained with
formula pRC
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effect goes in the direction of increasing the values of
calculated cross sections. In any case, additional theore
calculations and experiments would be desirable in orde
better understand the origin of the discrepancy.

IV. CONCLUSION

In this paper we have investigated the cluster-size dep
dence of electron capture and excitation cross sections
collisions of protons with closed-shell sodium clusters in t
impact energy range 40–500 eV. The theoretical meth
@11# treats the collision semiclassically and makes use of
independent electron model. The clusters are described in
jellium approximation using a Kohn-Sham formalism with
local-density approximation which includes exchange, cor
lation, and a self-interaction correction. The theory allows
to account for many-electron processes such as multiple
citations, simultaneous capture, and excitation, etc., wh
cannot be neglected in these kinds of collisions. We h
found that both electron capture and excitation cross sect
increase monotonically with cluster size, but the rate of t
increase is much more pronounced than expected f
purely geometrical considerations. Also, capture cross s
tions are much larger than the geometrical cross secti
Although these conclusions are in qualitative agreement w
those previously reported by Bo”rve and Hansen@10#, we
have found significant discrepancies for the larger syste
investigated here. We hope the present results will stimu
experimental work in order to clarify the situation.
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