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Statistical energy distribution model for the decay of hollow atoms formed in collisions
of slow „vË1 a.u.… highly charged ions and C60

J. Bernard, R. Bre´dy, L. Chen, S. Martin, and A. Salmoun
Laboratoire de Spectrome´trie Ionique et Mole´culaire, 43, Bd du 11-11-1918 69622, Villeurbanne cedex, France (UMR CNRS 557

~Received 16 July 2003; published 17 November 2003!

It is now well known that electron-capture processes in high impact parameter collisions between slow
highly charged ions and clusters~as C60 for instance! or surfaces populate high Rydberg levels of the projectile
forming a so-called ‘‘hollow atom.’’ We present in this paper a statistical energy distribution~SED! model for
the analysis of the decay of such hollow atoms. The overbarrier model is employed to estimate the initial
binding energy of captured electrons and total geometrical cross sections. We show that although the model
firstly derived by Russek was incomplete, a simple modification to it that accounts for hollow atom specifi-
cations leads to a better agreement with experimental cross sections over a wide range of projectile ions of
different atomic numbers~Ar, Kr, Xe! and different charge states (q516– 30). We present also a quantum-
mechanics-based formulation of a SED model that allows us to reproduce rather nicely experimental cross
sections too. The presented model applied better for high projectile charge states allowing the capture of a great
number of electrons that populate a quasicontinuum of Rydberg states for which we do not have to take into
account individual Auger transitions.

DOI: 10.1103/PhysRevA.68.053203 PACS number~s!: 61.48.1c, 32.80.Hd, 34.10.1x, 34.70.1e
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INTRODUCTION

In the past decade, a great interest came on hollow at
as they are formed in slow highly charged ions~SHCI!–
surface collision experiments in which they are respons
for a strong secondary electron emission@1#. Later collision
experiments of SHCI with clusters such as C60 turned out to
produce hollow atoms as well@2,3#. For large impact param
eter collisions, hollow atom states have sufficiently long li
times~.a few tens of fs! to consider that they decay freely i
the postcollisionnal part of the projectile trajectory, the int
action with the receding ionized target being completely n
ligible. This kind of process is referred to as ‘‘atomlike
collisions in previous works in opposition to ‘‘surfacelike
or ‘‘solidlike’’ collisions that occur at smaller impact param
eters.

For atomlike collisions, the initial population on ind
vidual shells due to resonantly captured electrons on the
jectile can be estimated by the overbarrier model~OBM!
@4–7#. Thus, projectile ionization processes could be
scribed by a cascade of Auger transitions between well id
tified shells. Some attempts to follow the complete Aug
cascade of multiply excited ions produced in SHCI-atom
surface collisions have been made for few active electr
@8,9#. Such a method requires a lot of atomic data, such
the binding energy and Auger lifetime of all possible inte
mediate states. A scaling law of Auger lifetime based onab
initio calculations for multiexcited configurations withn
electrons in the same shell has first been proposed@10#. This
evaluation of Auger relaxation of multiexcited states h
been later combined with the overbarrier capture model
a Monte Carlo sampling of ion trajectories in order to inve
tigate the dynamic neutralization and relaxation of SHCI
flected on metal surfaces@11#. Recently, more accurate den
sity functional theory~DFT! calculations of lifetimes of a
few hollow configurations of Pb201 and neutral Xe with 20
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electrons inn57, 10, or 14 shells have been completed@12#.
Nevertheless, when the number of captured electrons
comes too large, following the complete Auger cascade
quires a computational effort that is out of reach at t
present time.

In this work, we attempt to apply a statistical energy d
tribution ~SED! model to the relaxation of hollow atoms
originally designed by Russek@13# and Russek and Meli@14#
to describe the postcollisionnal electronic relaxation of
target in fast singly charged ion-atom collisions. Such
model has also been employed more recently to estim
target final ionization state cross sections in fast~;1 MeV/
amu! ion-atom@15#, ion-molecule@16#, and ion-C60 @17# col-
lisions. In this case the local density approximation~LDA ! is
employed to estimate the amount of energy deposited by
projectile into the target electronic cloud, relaxation of whi
occurs when the collision partners are completely separa
The transferred energy is then supposed to be statistic
distributed among all electrons of the most external shel
the target. We consider here that the decay of a free hol
atom produced in high impact parameter SHCI-C60 collisions
is a similar problem except that the excitation energy, wh
originates from electron capture, is distributed among
captured electrons and that the hollow atom may or may
be neutral when the relaxation processes start. The first
tion of the paper is dedicated to a rapid description of
Russek SED model and to the necessary modification
brought to it in order to take into account the specificity
Auger processes in hollow atom decay. We also recall in
section the basic relations of the Russek-Meli SED model
the discussion section, we compare theoretical results w
previous experimental data.

Model

We consider here the following collision processes a
sufficiently high impact parameter in order to consider th
capture and relaxation processes are separated in time,
©2003 The American Physical Society03-1
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Aq11C60→A~q2r !1* 1C60
r 1* →A~q2s!11ne21C60

r 1* .

Electronic or vibration relaxation of the excited target
beyond the scope of the present paper~for instance, see
@18,19#!. We only consider here the deexcitation of the p
jectile as an independent process from the capture proc
The binding energy of each captured electron,Ei

C , can be
estimated from the OBM@5–7#. Then the total excitation
energy forr captured electrons isEr5( i 51

r (I q2 i 11
P 2Ei

C),
where I k

P is the kth ionization potential of the projectile. I
can, however, be remarked that for HCI the summation o
the ionization potentials is much greater than the sum of
binding energies, so that in zeroth order of approximation
could writeEr'( i 51

r I q2 i 11
P , but we use in the first order o

approximationEr'( i 51
r (I q2 i 11

P 2I i
T), where I i

T is the i th
ionization potential of the target, which is estimated toI i

T

'3i 14 eV according to a fit from the data of paper@20#.
The OBM is also employed to estimate total cross secti
s r , i.e., the cross sections for havingr active electrons dur-
ing the collision. By determining the critical overbarrier di
tance,Rr , at which ther th electron can be transferred to th
projectile, we obtain geometrical cross sections:s r5p(Rr

2

2Rr 11
2 ).

Knowing the excitation energyEr , the probability
Pr

n(Er) that n electrons and onlyn can escape from the pro
jectile potential well can be estimated with the SED mod
Together withs r , a theoretical estimation ofs r

s can be ob-
tained for comparison with experimental data. The expr
sion of Pr

n(Er) can be derived in the three following differ
ent ways:~1! Appendix A of Russek’s paper of 1963@13#; ~2!
Appendix A of Ref.@13# together with an energy criterion o
the kinetic energy of ionized electrons; and~3! from the pa-
per of 1970 Russek and Meli@14#.

~1! Pr
n(Er) is defined as the probability that when excit

tion energyEr is distributed among ther active electrons,n
and onlyn have enough energy to escape. This is given
the limit as «→0 of the number of ways in whichm
5$Er /«% ~curly brackets mean integral part! units of energy
can be distributed amongr electrons such thatn and onlyn
electrons have more thanwr

n units of energy, divided by the
total number of ways to distributem units of energy among
the r electrons. In the staggered ionization case,

wr
n5H S (

i 51

n

I q2r 1 i
p D Y nJ

is the quantified mean energy needed to removen electrons
from the projectile. Now, it can be easily shown@Eq. ~A16!
of Ref. @13##:

Pr
n~m!5

1

Kr~m!
S r
nD (

j 50

m2nwr
n

Kn~ j !Qr 2n

wr
n11

~m2nwr
n2 j !,

~1!

where
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Ka~b!5S a1b21
b D

is the number of ways to distributeb units of energy on ‘‘a’’

electrons andQ
r 2n

wr
n11

(m2nwr
n2 j ) is the number of ways to

distribute them2nwr
n2 j units of remaining energy on th

(r 2n) remaining electrons such that each remaining el
tron has less thanwr

n11 units of energy. The functionQa
c(b)

is given by

Qa
c~b!5 (

i 50

$b/c%

~21! i S a
i DKa~b2 ic !.

Though it is possible to derive a simpler expression for E
~1! by going to the limit«→0, we chose to compute thos
discrete expressions keeping in mind that the relative erro
less than 1% when« is increased from 0.01 to 1.

~2! In this purely phenomenological model describ
above, all the kinetic energy cells are equiprobable for
ejected electron. In fact, it is well known that the Aug
process is a binary electron-electron interaction which o
allows for an electron to be ejected with a characteristic
netic energy that corresponds to the difference of bind
energy of final and initial atomic state of the remaining ele
tron, giving rise to well defined lines in the energy spectru
of autoionized electrons. Nevertheless, for hollow atoms
‘‘shake-off’’ process, i.e., the multielectron interaction b
tween the ejected electron and other bound electrons
lower the ejected electron kinetic energy and blur the sp
trum. In order to take into account the previous remarks
introduce in the statistical model a criterion for the kine
energy of ejected electrons: we consider that two electr
cannot exchange more than the mean excitation energyEr /r
so that the maximum kinetic energy for an ejected elect
cannot exceedEkr

max5pEr /r, wherep is a parameter such tha
0,p<1. Then, from Eq.~1! the K functions have to be
replaced by appropriateQ functions:

Pr
n~m!5

1

Qr
ur~m!

S r
nD (

j 50

m2nwr
n

Qn
ur~ j !Qr 2n

wr
n11

~m2nwr
n2 j !

~2!

with ur5$Ekr
max/«%.

~3! In Ref. @14# the previous model is criticized and qua
tum mechanics is introduced. It is pointed out that if som
energy remains on the residual ion, it must be stable aga
further autoionization processes. In consequence it is st
that the residual ion must be at most singly excited after
ionization process is over. However, in the case of hig
charged ions, the situation may be more complex in the w
that it has been previously demonstrated in studies of dou
and triply excited ions that when Rydberg states can be po
lated, the stabilization of all excited electrons is also poss
by photon emission@21,22#. Nevertheless, we are going t
apply, according to Ref.@14#, the restriction to the statistica
model that the final state of residual ion is at most mono
cited. A second assumption in the model is to suppose e
3-2
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probability per unit of volume in momentum phase spa
allowing us thus to derive the following quantum-mechan
based relation:

Pn
r ~Ek!5

S r
nDgnSnS Ek

I i
p D

(
i 51

r S r
i DgiSi S Ek

I i
p D . ~3!

The g factor contains the quantum mechanical part of
model and is related to mean square matrix elements o
teraction between the initial state and all final states in wh
n electrons are ionized. Asg is out of reach of any presen
calculation, it is considered as an adjustable parameter.Ek is
the total kinetic energy of ejected electrons determined
Ek5Er2( i 51

n I q2r 1 i
p 2Eres. Accordingly to @14# and @15#,

the excitation energy of residual ionEreshas been set to 0 fo
the results presented below. SettingEres to nonzero values
leads to the ejection of fewer electrons, which can be co
pensated for by increasing the value ofg. FunctionSn arises
with the derivation of the density of final states~see the
Appendix in Ref.@14#!:

Sn~Ek!5
2$~n21!/2%p$n/2%Ek

~3n22!/2

~3n22!!!
.

RESULTS AND DISCUSSION

Xe3012C60 collisions have been extensively studied
previous works@23–25# and have been chosen as a test s
tem for the models. Figure 1~a! shows fits of experimentals r

s

cross sections and Figs. 1~b! to 1~d! show theoretical results
obtained with Eqs.~1!, ~2!, and~3!, respectively. The agree
ment between model~1! and experiment is rather poor: th
theoreticals r

s curves are found to be too narrow and shift
towards low r values. For model~2!, the agreement with
experimental cross sections is already much better with
rameterp51 ~i.e., without an adjustable parameter!. How-
ever, the best agreement with experimental results has
found for p50.7 as shown in Fig. 1~c!. This is consistent
with the experimental finding that 80% of ejected electro
have energies less than 100 eV@24#. Nevertheless, the theo
retical curves are found narrower than the experime
curves but the centers of distributions are well reproduc
Figure 1~d! has been obtained with model~3! with g51; the
agreement is not as good as with model~2!, especially for
the width of the curves. As defined in the preceding sect
the factorg contains the matrix elements between initial a
final states. In fact, for each value ofr, different initial con-
figurations are populated and consequentlyg should take dif-
ferent values for differentr values. For Xe3012C60 with r
527, Fig. 2 demonstrates the effect of theg parameter onPn

r

curves. Increasingg leads to an increase of the mean numb
of ejected electrons and to narrower distributions. The b
agreement with experiment is obtained forg530. An opti-
mization procedure has been employed to determine thg
value that allows us to fit eachPn

r experimental curve. Figure
3~a! displays the results obtained for the theoreticals r

s cross
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FIG. 1. ~a! Experimental cross sectionss r
s for Xe301-C60 colli-

sions fors51 – 4 corresponding to outside C60 cage collisions.~b!,
~c!, and ~d! Theoreticals r

s cross sections calculated with origina
Russek’s SED, with modified Russek’s model~parameterp50.7)
and with the model of Russek and Meli model~parameterg5300
for all r values!, respectively. A better agreement between the
and experiment is obtained for models~2! and ~3!.

FIG. 2. Experimental~filled squares! and calculated probabili-
ties of the ejection ofn electrons fromr captured electrons (Pn

r ) for
Xe3012C60 collisions employingg50.1 ~empty squares!, g51
~circles!, g510 ~triangles!, g530 ~diamonds—same value as Fig
1!, andg5100 ~stars!. Lines are to guide the eyes.
3-3
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sections and the comparison with experimental data show
rather nice agreement. The variation ofg versusr @Fig. 3~b!#
is found to be dominantly an exponential increase, exc
two discontinuities atr 514 and r 520 that ‘‘technically’’
arise in the fitting process and for which no physical me
ing has been found yet. The overall increase ofg ~related to
mean square matrix elements! versusr shows that the prob
ability Pn

r is not simply given by the ratio of the density o
final states as in theg51 case. The OBM shows that ele
trons are captured in more and more bound levels asr in-
creases. Consequently, the mean excitation energyEr /r and
so the mean kinetic energy of ejected electrons decreas
r increases. So, the obtained mean square matrix elem
increasing versus decreasing kinetic energy of ejected e
trons is coherent with the well known fact that higher pro
abilities are expected for autoionization channels near thr
old.

Figure 4 shows experimental and theoretical values us
relations~1!, ~2!, and ~3! of the mean number of stabilize
electrons (̂s&5r 2^n&) as a function ofr for Ar161, Kr161,
Xe161, Xe201, Xe251, Xe301 projectiles. For a given value
of r, model ~1! always overestimates the number of sta
lized electrons. This is due to the fact that an electron can
ejected with a high kinetic energy leaving the remaining
with a low excitation energy that forbids the ejection of
sufficiently high number of electrons. Model~2! solves this
inconvenience and a good agreement with experimental
is obtained by setting the parameterp to 0.7 for Ar161 and
Xe301, and 0.8 for the other projectiles. On Fig. 4 are a
displayed thês& calculated with model~3! for g517, 17, 7,
7, 23, 15 for Ar161, Kr161, Xe161, Xe201, Xe251, respec-
tively. Those values ofg were chosen in order to obtain be
fits of theoretical curves with experimental curves. It can
remarked that both models~2! and~3! agree rather well with

FIG. 3. ~a! Experimentals r
s for Xe3012C60 ~squares:s51;

circles:s52; up triangles:s53; down triangles:s54) versus the
number of active electrons. Lines: theoreticals r

s for Xe3012C60

calculated with model~3! in which g has been adjusted for eachr
value in order to fit the experimentalPn

r distributions.~b! Corre-
spondingg values obtained in the fitting procedure.
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experiment for those six different collision systems thou
slight discrepancies can be noticed. Model~2! slightly over-
estimateŝs& for intermediater values and underestimate^s&
for high r values. Model~3! underestimateŝs& for small
active electron numbers, but the agreement is rather nice
r .5. Generally, Fig. 4 demonstrates the applicability of t
SED model over a wide range of projectile natures a
charges. Solid lines in Fig. 4 have been obtained by adjus
g parameters for each value ofr in order that theoretica
mean numbers of ejected electrons match with experime
ones. However, the fact that it is always possible to ma
mean values does not mean that experimental cross sec
s r

s are perfectly reproduced by the model as shown in Fig
We are generally led to setg to higher values than in paper
@13–16# where, for the study of target ionization at hig
velocities,g values are set in the range 0.01 to 1. Smalg
values indicate that ionization of two~or more! electrons is

FIG. 4. Filled squares: experimental mean value ofs obtained
from s r

s cross-section measurements. Dashed, dash-dotted, and
ted lines are theoretical means values calculated with models~1!,
~2!, and ~3!, respectively. For model~2!, the best agreement with
experimental data has been found for parameterp50.7 for Ar161

and Xe301 and p50.8 for the other ions. For model~3!, the same
value of theg parameter has been taken for allr values and the bes
agreement with experimental curves has been found forg517, 17,
7, 7, 23, 15 for Ar161, Kr161, Xe161, Xe201, Xe251, respectively.
Solid lines have been obtained using model~3! and adjusting theg
parameter for eachr value such that the theoretical mean number
ejected electrons matches with experiment~like in Figs. 2 and 3!.
3-4
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much less probable than single ionization. In our case,
potential depth of highly charged ions is much deeper
the total excitation energy is much higher so that we are
the opposite situation where multiple ionizations beco
more probable than single ionization.

It can be expected that theory overestimates the m
number of ejected electrons, since radiative transitions
completely neglected in the present models. Although au
ionization is the main decay process for low multiplici
multiexcited states, it has been demonstrated that doubly
triply excited states with a high multiplicity~quartet, sex-
tet,...! decay mainly by radiative transitions@21,22#. A fur-
ther improvement of the model could be to introduce
contribution of radiative transitions. A first attempt in th
direction can be easily made by setting nonzero value
Eres in the estimation of the total ejected electron kine
energyEk . For highr values a better agreement with expe
ment is always obtained withEres50, though for lowr val-
ues, it was possible to reproduce experimentalPr

n curves
with g51 and Eres.0 ~for instance, Xe301, r 54, and g
51 leads toEres51200 eV).

CONCLUSION

We have presented three formulations for the SED mo
and put it together with the OBM model in order to descri
.
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multielectron capture and projectile relaxation processes
SHCI-C60 collisions. Although an adjustable parameter is
ways needed to match the mean number of ejected electr
it is already remarkable that with such a crude model,
shape ofs r

s curves is rather well reproduced. Though t
original Russek SED model does not allow us to reprod
experimental data, the introduction of the energy criter
gives much better results. With the quantum-mechan
based Russek-Meli formulation we obtained also a n
agreement between theoretical and experimental cross
tions. Although a recent investigation on statistical propert
of hollow nitrogen employing the very demanding Hartre
Fock configuration-interaction method allowed us to det
mine the mean value and standard deviation of 237 in
vidual states with five electrons in then54 shell of nitrogen
@26#, the virtues of the present OBM-SED model is its gre
simplicity through whichs r

s cross sections can be easily e
timated and its applicability over a wide range of project
nature and charge.
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@17# A. Reinköster, U. Werner, N. M. Kabachnik, and H. O. Lutz

Phys. Rev. A64, 023201~2001!.
@18# S. Martin, L. Chen, A. Denis, R. Bredy, J. Bernard, and

Désesquelles, Phys. Rev. A62, 022707~2000!.
@19# S. Martin, L. Chen, R. Bre´dy, J. Bernard, M. C. Buchet-

Poulizac, A. Allouche, and J. De´sesquelles, Phys. Rev. A66,
063201~2002!.

@20# C. Yannouleas, U. Landmann, Chem. Phys. Lett.217, 175
~1994!.

@21# S. Martin, J. Bernard, L. Chen, A. Denis, and J. De´sesquelles,
Phys. Rev. Lett.77, 4306~1996!.

@22# S. Martin, J. Bernard, A. Denis, J. De´sesquelles, L. Chen, an
Y. Ouerdane, Phys. Rev. A50, 2322~1994!.

@23# S. Martin, L. Chen, A. Denis, R. Bredy, J. Bernard, and
Désesquelles, Phys. Rev. A62, 022707~2000!.
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