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Cluster-size dependence of electron capture and excitation cross sections in proton;Neollisions
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We have evaluated electron capture and excitation cross sections feN#, collisions (1= 8,20,40,92) 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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PACS numbd(s): 36.40.Sx, 34.70-e

[. INTRODUCTION collision. A necessary condition for the validity of this ap-
proximation is that the collision time is much shorter than
Recent experimental works have shown that low energyhe vibrational period of the cluster ionic cores.

collisions of highly charged ions with metal clusters are ef- The simplest way to implement such an idea is using the
ficient ways to produce positive|y Charged C|us[[ar§]_ An spherical Jelllum mode[l4] to represent the cluster ionic
interesting application is the formation of clusters with criti- Packground. This model leads to an accurate description of
cal charge-size ratios that may be difficult to produce usinéhe shell structure and ionization potential of closed-s_hell
standard photoionization techniques. This has been spurréfetal clusters, and has been used by several authors in the
during this decade by the important progress in the produccontext of iorfatom-cluster collisions[4,7,15. In Refs.
tion of mass-selected clusters with a well defined number of11,14 we have used this approximation to study electron
alkali-metal atomg3]. Despite these experimental efforts, Capture and excitation for the 'H-Nagy—H+Nay," reac-
the basic mechanisms leading to electron capture are not yéen. Here, we extend the study to MaNa,, and Na,
well understood. This is due in part to the large number oftlosed-shell clusters and analyze the behavior of neutraliza-
active electrons, which may lead to multiple procegdess) tion and excitation cross sections as functions of cluster size.
that cannot be described in terms of a single electron picturel.he theoretical method is inspired by the molecular approach
To better understand electron capture processes, recent th-ion-atom collisions and, therefore, it is aimed at investi-
oretical attempts have mainly concentrated on collisions ofjlating collisions at impact velocities smaller than that of
metal clusters witlone-electroratoms(mostly alkali metals  cluster electrongsee below For this reason, in this work we
[7-9] or singly charged iongmostly protong [10—14. In have restricted ourselves to impact energies smaller that 0.5

the first case, some experimental information is also availKeV.
able[13]. The paper is organized as follows. In Sec.Il, we briefly
An important aspect of the problem is the cluster-sizeoutline the theoretical method. We present in Sec. Il the
dependence of the capture cross secti@e®, e.g., the ex- calculated cross sections and the potential energy curves that
periments of Ref[13]). Such a study has been performedare relevant for the collision study. We end the paper with
theoretically by Bove and Hansefi10] for the case of H some conclusions in Sec. IV. Atomic units are used through-
+Na, collisions at 1-16 KeV impact energies fram=1 to  Out unless otherwise stated.
7_5. Apart from statistiqal fagtors, these authors hav_e used a Il THEORETICAL METHOD
single electron model in which the cluster potential is repre-
sented by a spherical box modified by a Coulomb tail. A The electrons are described as moving in both the effec-
fully microscopic description including all the active elec- tive potential representing the cluster and the projectile po-
trons of the problem as well as all nuclear degrees of freetential (this is also the case for theolecular method in
dom is only possible for small metal clustdtgpically con-  ion-atom collisions Closed-shell Na clusters, such as those
taining fewer than 10 atomg8,9]). However, recent considered in this work, are accurately described by the
theoretical development$11,12 have shown that, for spherical jellium mode[14], which consists in replacing the
medium-size closed-shell metal clusters, it is still possible taeal ionic core potential by a constant positive background of
account for the many-electron aspect of the problem byadiusR¢. In this context, we apply the Kohn-Sham formu-
freezing the cluster nuclear degrees of freedom during thé&tion of density-functional theory and describe the cluster
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electron density in terms of single-particle orbitals. The cor- 0 . .
responding one-electron potential; , have been obtained
using a local-density approximation with exchange, correla-
tion, and a self-interaction correctigqeee Ref[11] for de-

tails). The latter correction ensures the correct asymptotic
behavior —1/r of the potential, which is crucial in the
present study because capture and excitation processes occur
mainly at large distances. An important consequence of the
guasiseparability of the cluster Hamiltonian is that the total

N-electron Hamiltoniarf{ can be written as a sum of one-
electron effective Hamiltoniangz==N_,h(i), with

V, (a.u.)

R 1 0 10 20 30
h=—§V2+Vp(|r—R|)+VC(r), ) r(a.u.)

FIG. 1. Calculated cluster potential4. for Nag, Nayy, Naug,

whereVp is the proton Coulomb potential/p=—1/r—R|, ;4 Na, using the theory described in Sec. II. The chain line shows
andV¢ is the cluster potential. Notice that the origin of elec- yhe potential used by Boe and HansefiL0] for Nag,.

tronic coordinates has been placed on the cluster ceRtisr;
the proton position vector. Thus, thebody dynamical treat-
ment reduces to the study Nfsingle-particle problems. This

s eq_uivale_m to the independent electron mod&M) of fragmentation(Ref. [11] shows in fact that, for b}, only a
atomic collisions. monomer may be evaporated, but with an extremely long

We ftreat the coII_|5|0n in the_ fra_lmework of the Impact lifetime). For this reason, we have not computed the energy
parameter method, i.e., the projectile follows a straight line

. _ deposits in the present work.
trajectory whereas the electrons are described quantum me-

neutral clusters and the impact energy is rather low, the en-
ergy deposit is not large enough to induce significant cluster

chanical'ly. A;suming that each electroris initially in a Ill. CALCULATIONS AND RESULTS
¢i(r) spin orbital of energy; , then one has to solve a set of
N time-dependent Schdinger equations The calculated one-electron potentials for
d Nag, Nayy, Nayy, and Na, are shown in Fig. 1. We have
hs(rt)=i g i, i=1.N, (2)  included in the same figure the potential used biyvgcand

Hansen for Ng. As can be seen in the figure, the calculated
V¢ potentials do not exhibit a steplike behavior around
=Rc. More interestingly, the classical Coulomb behavior is
lim o (r,t) = ¢i(r)exd —i eito]. (3) only observed at very large values nfWe will see below
t-ty that this has important consequences on the values of the
calculated cross sections. The calculated ionization potentials
The transition probability to a specific final configuration are 4.7, 4.1, 3.8, and 3.8 eV, respectively, to be compared
(f1,... ,fN)=||¢fl~ ~'¢fN|| is given by the N>XN) determi-  with the experimental values 4.2, 3.8, 3.6, and 3.5[8V
nant[16]: Now, in order to solve the time-dependent Salinger
) , equations associated with the single-particle Hamiltonian in
fy=det(yan);  mn'=1... N, ) Eq. (1), one has to expand the one-electron wave functions in
a basis of Born-OppenheimefBO) molecular states

where y,, is the one-particle density matrix;y, {x«(r,R)}. These states have been obtained by diagonalizing

=(falp|fo), andp is the density operator which accounts p i, 5 yyo-centemtomicbasis built from spherical Gaussian-
for the time evolution of the spin orbitals. Since all processe

leading to th final state of th oct tribut tﬁype orbitals(GTO) with angular momentum up tb=6. In
eading to the same final state ot the projectiie contribute ig. 2 we show the BO potential energy curves for the

the measured cross section, one has to evalimaiesive + + +
. ) . o states of the (NaH)", (Na&gH)", (NagH)", and
cross section$l6]. The inclusive probabilityPs, .. of (o 1+ quasimoleculesThe occupied orbitals are, re-
finding q of the N electrons in the subconfiguration gpectively, 5 and Ip for Nag, 1s, 1p, 1d, and 2 for
(f1,....fg) while the remainingN—q ones occupy any Ng,,, 1s, 1p, 1d, 2s, 1f, and 2 for Na,, and
other states is given by an ordered sum over all exclusivgg 1p, 1d, 2s, 1f, 2p, 1g, 2d, 3s, and Th for Nag,
pqu_)apilitigs, which include that sub_configuration. This prob—(for simplicity, we use the “separate atom” notation to refer
ability is given by the < q) determinan{16] to molecular orbitals The highest occupied molecular or-
= bital (HOMO) is, respectively, b, 2s, 2p, and 1.
f1 Asymptotically occupied cluster orbitals mainly interact with
The inclusive probability of findingy occupancies and the n=2 orbitals of H. The latter are in fact Stark hybrids
fors- .o N ) i .. produced by the cluster electric field. It can be seen in the
—q holes,P i7" g v can be written in terms of probabili- ¢4, cases that the energy curves associated with the HOMO
ties(5) related only to occupancig¢see Ref[16]). As shown present avoided crossings with the lowest Stark hybrid. The
in [11], the latter probabilities can be used to evaluate thecorresponding radial couplings have been evaluated as in
energy deposit after the collision. Since we are dealing wittRef.[11] and present sharp maxima at arol 16, 20, 25,

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

r,=det(ynn); nn'=1,...9; g<N. (5
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FIG. 3. Electron capture and excitation cross sections fo#H

-0.1 ¢ Na, collisions. Numbers indicate values of
3
8 02 ¢ by overcounting the artificial many-electron capture prob-
- abilities. To check this particular point we have evaluated the
03 - two-electron capture probabilitl}glyngyH for the Nag+H"
R.=18.0 collision. For all impact energies investigated here, the cor-
o4 0 responding cross sections are less than 1% of the total neu-

1 1 1 1 1 1 1 1 -04 I R K )
10 20 30 40 50 60 10 20 30 40 50 60 tralization cross sections reported below. This supports the
Ru) Rau) interpretation thatP§1H and Pe, mainly represent one-

FIG. 2. Potential energy curves for theadiabatic states of the €lectron capture probabilities.
(Na,-H)* systems. Full lines: H-correlated staté@sapture chan- The prObab”lt'esngH and sz,H do not correspond to
nels; full lines with circles: occupied cluster states; dashed lines;pure single capture reactions, but to a sum of reactions
empty cluster states. For the sake of clarity we have not includegvhose common feature is to yield neutral H atoms. They
the labels of the occupied cluster orbitals injand Na,. Ihese include, in particular, single capture excitation processes.
labels are given in the text. Notice that, in the case ofM&l™, the  The importance of this many-particle process has been dis-
lowest unoccupied cluster channel exhibits a sharp avoided crossing,ssed in detail in Ref.11] for the case of the Ng+H*
with the dominant capture channel Bt=35 a.u. Thus, from the .|jision. Similar conclusions have been obtained in this
point of view of the collision dynamics, the dashed and continuum, o1 tor the other three systems, namely that capture exci-
lines should be better exchanged beyond that vali@ éfowever,  yaiian has an increasing non-negligible contribution to the
for th_e S?"‘e of consistency we have prefered to use an ad'abathcapture cross section when the collision velocity increases.
notation in all cases. The total capture (i.e., neutralizatior) probability is de-
fined asP,_, 4= 2(P§1’H+ P§2’H). Addition of Pél,H and sz’H

does not lead to overcounting because the only configura-
tions included in both inclusive probabilities are those with
ited the expansion of; to molecularstates oo symmetr two or more electrons on the projectile, which, as discussed
In all casesf)we have ilncluded the two statesgdigsociatir?/' intabove, barely contribute to the total probability. The factor of
. g1ng appears because the captured electron can have eithrer
H(n=2) (the Stark hybridst; y and &, ) and all the states .
. N . ' H > B spin components. In all cases we have found that the larg-
dissociating into occupied cluster orbitals. In addition, we Lo
. . T .“est contribution to the total capture probabilities comes from
have included several states dissociating into unoccupie : .
. e region of large impact parametets~20—30 a.u. for
cluster orbitals, namely d, 2s, 2p, 1f 3s, and A for o ! s
. Nayg). Similarly, we define the totatxcitationprobabilities
Nag, 1f and 2 for Nayy, 1g, 2d, 3s, 1h, 3p, 1i, R ) ) )
4s, and 3 for Nayo, and %, 3p, li, 2g, 3f, 4s, and Pex=2i[2P;— (Pi)“1, \{vhgrel stands for'c'luster orb|2tals that
2h for Nag,. This amounts to 10, 8, 16, and 19 states, re-2'€ €mpty at the beginning of the collision. THe;X" term
spectively. These minimal sets of molecular states have afOrTects for overcounting of double excitations to the same
lowed us to describe the capture reactions as well as clust@fPitali. Similar terms should be included in order to correct
excitations. for overcounting of double excitations to different orbitals,
We have evaluated the inclusive probabilities = and however they have been neglected because these terms are
P A i f th lectron i LH likel expected to be small.
GoH S capture o more an. one elec rgn '? Very Unlik€ly " The neutralization and excitation cross sections are shown
(it leads at most to the formation of Hwhich is a weakly in Fig. 3 as functions of impact energy. In all cases, the total
bound aniol, P, andP., can be interpreted as probabili- excitation cross sections are smaller than the neutralization
ties of findingone electron in the projectile. However, the cross sections. We can observe that the latter increase with
solution of the one-electron time-dependent equations doempact energy for the smaller systems,gNend Naj, and
not guarantee that thegelectron inclusive capture probabili- are practically flat for the larger ones, Neand Na,. In
ties are negligible(as they should be physicallyln that contrast, excitation cross sections are increasing functions of
case, one would overestimate the neutralization probabilitympact energy in all cases. It can be also observed that both

and 30 a.u., respectively. As radial couplings between
states are only important at smalley they do not play an
important role in the collision dynamics. Thus, we have lim-
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FIG. 4. Capture cross sections as functions of the number of . . .

cluster sodium atoms for two different values of the impact energy. +F|G' 5. Capture cross sections as functions of impact energy for
The dashed line is the geometrical cross section obtained with thg +Nén collisions. Numbers indicate values of Full lines:
formula wR2 . present results. Dashed lines: results frofm@oand Hansefl0].

¢ The latter cross sections have been obtained from interpolation of
capture and excitation cross sections increase with clustéli]e calculated values in Refl0]. The Na, results h‘"‘.‘ve not been
size; in contrast, the rate of this increase decreases with Sizlg_terpolated because the largest valuenofeported in[10] is n
This is more clearly shown in Fig. 4, where we have plotted
the calculated capture cross section as functions of cluster ) ) ) . )
size for impact energies of 62.5 and 360 eV. In the lattereffect goes in the direction of increasing the values of the
figure we have included for comparison the value of the Cc)r_calculated cross sections. In any case, additional theoretical
responding geometrical cross sectiong =77Ré using calculations and experiments would be desirable in order to

eom ] . .

the values ofR: given in Fig. 2. We conclude from this better understand the origin of the discrepancy.
comparison that the value of the neutralization cross section
is not only much larger than that of the geometrical cross IV. CONCLUSION

section, but also that the rate of increase is not due to purely |, thjg paper we have investigated the cluster-size depen-
geometrical effects. The observed behavior is related t0 thgence of electron capture and excitation cross sections for
position of the avoided crossings between capture channelg)jiisions of protons with closed-shell sodium clusters in the

and the states dissociating into occupied orbitals of the Clusﬁnpact energy range 40-500 eV. The theoretical method

ter. [11] treats the collision semiclassically and makes use of the

Finally, we have compared in Fig. 5 our results for thej,jependent electron model. The clusters are described in the
neutralization cross sections with those ofr@mand Hansen jellium approximation using a Kohn-Sham formalism with a

[10). Although we have explored a different region of impact|qc4|.density approximation which includes exchange, corre-

energies, several conclusions can be extracted from this CONigion and a self-interaction correction. The theory allows us

parison. The first one is that our results forg\Nand Nao (g account for many-electron processes such as multiple ex-
match reasonably well those of R¢L0]. Hence, the maxi-  itations, simultaneous capture, and excitation, etc., which

mum of the neutralization cross sections seems to be around,not be neglected in these kinds of collisions. We have
1 KeV, which corresponds to an impact velocity of 0.2 a.u..found that both electron capture and excitation cross sections
well below the Fermi velocityyg, of the cluster electrons. increase monotonically with cluster size, but the rate of this
This result confirms that inner cluster electrons, with  jhcrease is much more pronounced than expected from
<V, play a significant role in the collision dynamiéis  pyrely geometrical considerations. Also, capture cross sec-
point has been already shown(ihl] for the case of N&). It tions are much larger than the geometrical cross sections.
is also a consequence of the important role of excitation ang\jthough these conclusions are in qualitative agreement with
many-electron processes. Forland Na,, our results and  those previously reported by /Be and Hanseri10], we
those of Ref[10] differ by an order of magnitude. There are have found significant discrepancies for the larger systems
several possible explanations for this discrepancy. Firstnyestigated here. We hope the present results will stimulate

many-electron processes not included[k0] become in-  experimental work in order to clarify the situation.
creasingly important when the cluster size increases, thus

leading to larger cross sections. Second, in contrast with Ref.
[10] where onlyl =0 orbitals were included, the dominant
capture channels do not involve=0 orbitals for the larger The authors gratefully acknowledge Dr. [.r8aez for his
clusters. Furthermore, the relative numbeid of0 electrons invaluable computational assistance. This work has been par-
reduces dramatically for the latter clustésse Fig. 1 and the tially supported by the DGICYT project No. PB96-0056. We
discussion above Third, the steplike behavior of the cluster would like to thank the CNUSCCenter National Universi-
potential used ih10] becomes a much poorer representationtaire Sud de Calciland the CCCFGCentro de Computa-

of the real potential because it is not able to reproduce theion Cientfica de la Facultad de Ciencias de la UAKbr
increasing electron spill outsee Fig. 1L Again, the latter their generous allocation of computer time.
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