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Hollow ion formation and decay in slow BF®*-Cg, collisions
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The interaction of slow highly charged ions with many-electron targets leads to the formation of unstable,
multiply excited projectiles. We simulated the formation of such hollow ions for slow incidéfit Birojec-
tiles and G targets. Our semiclassical overbarrier simulation includes resonant exchange and Auger emission
of electrons. It models the dynamical variation of level occupations and charge states during the collision and
predicts highly unstable hollow ions immediately after the collision. With respect to the subsequent down-
stream relaxation of the hollow ions, we propose a simple relaxation scheme that includes autoionizing and
radiative transitions. As a consequence of this downstream relaxation, almost all of the resonantly captured
electrons are emittedlS1050-294{®7)09201-9

PACS numbgs): 34.50.Bw, 34.70te, 82.30.Fi, 61.46-w

[. INTRODUCTION capture, may resemble a large atomic target. In this work, we
consider neutral g targets. By measuring both target and
Within the past few years, the interaction of highly projectile charge states in coincidence, it has recdrit8}
charged ions with metdll—13] and insulatind14-18 sur- become possible to separate soft and hard collisions. Soft
faces and clusteffsl9—29 has been a subject of rapidly in- collisions occur at relatively large impact parameters, result
creasing experimental and theoretical interest. For grazingn the capture of a relatively small number of electrons, and
incidence collisions with surfaces, recent experiments havdo not lead to fragmentation of the target. For collisions of
measured the final charge-state distribution of the surfacdiighly charged ions with surfaces, the image charge accel-
scattered projectilg13], the deflection anglg26,18, and the  eration[26] imposes an upper limit for the closest approach
emission of electron$,7,11,1% and photon$1,5,14 during  of the projectile to the target, and complicates the distinction
and after the projectile surface interaction. More recentlypetween above-, near-, and below-surface interactions
insulating surfaces have been added to the list of target m&5,7,9. In contrast, soft collisions with fullerendghat to
terials, and interesting phenomena have been seen, asdme extent may be viewed as spherically shaped monolay-
traced to distinctly different electronic properties of insulatorers of graphite surfacgat large impact parameters allow for
as compared with metal surfacgib,17. The most obvious the undistorted investigation of above-surface effects. The
differences between insulating and conducting targets are r@lectronic structure of neutralggis well understood from
lated to different conductivities that lead to the local accu-first-principles calculation§23,27—-32. In applications to
mulation of charges on insulators. These localized chargesharge exchange and electron emission in soft igneGlli-
in turn, influence the subsequent charge-transfer dynamicgons, we have previously used two different models to rep-
and the projectile trajectory. In general, an approaching proresent the target electronic structure. We fi&t,22 used
jectile first captures electrons from the highest occupied tarthe local-density approximatiofi. DA) description of Puska
get levels, i.e., from levels that are energetically close to th@nd Nieminen[33], which models the behavior of the 240
Fermi level. This means that the location of the Fermi levelvalence electrons based on a smeared out, attractive back-
i.e., the work function, becomes an important substrateground potential of all 60 carbon cores. N¢28], we em-
dependent parameter in the description of the chargeployed a more accurate molecular self-consistent Dirac-
exchange process. The charge-transfer dynamics on insuldeck-Slater(DFS) calculation[27] to obtain ground-state
ing and metal surfaces also differs with respect to theelectronic structures of neutralgCand its positive ions
availability of unoccupied surface states above the FermCgo *, i=0...6. Incomparison with the LDA calculation
level of a metal, allowing for the recapture of an electronof Puska and Nieminef83], the DFS calculation shows no-
after a previously captured electron is energetically shiftediceable differences in the calculated valence spectra of neu-
accross the Fermi level and into resonance with the unoccural Cy,. However, the comparison of scattering calculations
pied part of the conduction band. For insulators this resonartiased on the two different descriptions of the target-
loss channel is closed, since a broadband gap is locatezlectronic structurd23] shows that cross sections for the
above the Fermi level. production of specific target-charge states in soft collisions,
Cluster targets, in particular fullerenes, combine severatharge-state evolutions of target and projectile, and projectile
of the above-mentioned features of charge transfer on metagcattering angles agree at the 10% level. With respect to
and insulators. For clusters, electron capture leads to eross sections for charge-state-changing 80-keV AE€s,
charged target, as in the case of an insulating surface. Largmllisions, our scattering simulations based on the LDA and
metallic clusters have a band structure similar to metal surbFS target electronic structure calculations agree within the
faces with regard to a large portion of unoccupied statesverall accuracy of our model, and are in fair agreement with
above the Fermi level. Smaller clusters tend to form narexperimentg19].
rowly spaced levels, rather than bands, and, with regard to A number of attempts to model the relaxation of multiply
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excited ions have been made in the past. Benoit-Cattad.  Sec. Ill. Once a hollow ion has been generated in an ion-
[34] investigated the relaxation of doubly, triply, and quadru-cluster collision, it will start to decay on its way to the pro-
ply excited projectile states formed in collisions of 70-keV jectile detector. In Sec. IV we present a simple scheme that
N’* ions with Ar. Their discussion of possible relaxation models this downstream decay as a sequence of autoionizing
paths is based on measured electron spectra in conjuncti@d radiative relaxation steps. Section V contains our nu-
with predictions of the classical overbarrier model of Nie- merical results and their discussion, and our conclusions fol-
haus[35] for the formation of the hollow ion. The emitted 0W in Sec. VI. Unless otherwise specified, we use atomic
electron spectra are dominated by doubly excited lines whickNits throughout this work.

are traced to excited states formed by either direct double

capture or autoionizing cascades. As the authors admit, the |I. SUMMARY OF THE DYNAMICAL CLASSICAL
assessment of particular decay paths is very difficult, even OVERBARRIER MODEL

for the case of a bare incident ion presumably leading to, at

the very most, quadruply excited states. Radiative stabiliza- During the interaction with the projectile, energy levels,
tion following double-electron capture of 10 keV/amu level occupations, transition rates, and total charges of target

Ard*, q=17, and Kf*, q=34, ions colliding with Ar was (a0 and projectile §p) vary as a function oR, the internu-
discussed by Aliet al. [36]. Radiative stabilization was Cléar distance between the target center of mass and the pro-
found to be of importance for the case of asymmetric doublyeCt'le- For the slow collisions considered in this work, an

excited states, where the two excited electrons populat@diabatic approximation is justified, and it can be assumed
shells of different principal quantum numbersgn’. These that R does not change on the time scale of resonant elec-

states may be the result of double capture into shells of conffONIC transitions. o ,
parable principal quantum numbens~tn’) followed by an We describe the projectile within an independent-electron

Auger transition, as suggested by Roncin, Gaboriaud, an@iPProach based on hydrogenic sheilsvith energy levels,
Barat[37]. The radiative relaxation cascade is then assume@ccupations numbers, and degeneracies denoteef (53),
to proceed along the “Yrast” line of maximal angular mo- @n(R), andA,=2n? We do not resolve angular momentum
mentum of the active electron. This is supported by the staSublevels. During the collision, the projectile energy levels
tistical dominance of high angular momentum states, the dishift due to image-charge effects, Stark shifts induced by a
pole selection rule {1=1), and the resonant population of charged target, and the dynamical change in screening in-
high angular momentum states at large impact parameterduced by varying level populations. Target energy levels
For multiply charged argon ion@r9*, q=5---17) collid- e(R) are Stark shifted downward in the electric field of the
ing with neutral argon at 10 keV/amu, a relaxation schemdositive projectile. After the capture of target electrons, posi-
based on Auger transitions has been suggested bgtAll.  tive charge accumulates on the target, which results in an
[38]. Many assumptions in this scheme are similar to theadditional downward shift of the target spectrum.
discussions of Benoit—Cattiet al. [34] and Posthumus and  In order to be capturebr recapture] the active electron
Morgenstern/39]. However, the relaxation was assumed toiS required to overcome the potential barriég between
proceed along one particular decay path determined as ttiarget and projectile that is formed by the total electronic
sequence of most likely relaxation steps, whereas differerpotential
paths were taken into consideration in R¢84] and[39].

On the theoretical side, Vaeck and Han$d0,41], van q
der Hart and Hansef%2], and Hansen, Schraa, and Vaeck V(@.Q.R2)=~ IR—7] ;J“Vim(q’R'Z)’ 2.3)
[43] recently calculated radiative and Auger decay rates for

multiply excited ions. Thes@b initio calculations predict \hereq andQ are the charges of projectile and target acting
that, for increasing asymmetry of a doubly excited stategn the electron in transition. The electron coordinate along
autoionization becomes less important, and radiative transine internuclear axis is denoted ly The image potential
tions possible. Close-coupling calculations by Chen and Lir\/im includes the active electron’s self-image and the image
[44] suggest a noticeable amount of radiative transiti@es,  potential of the effective projectile charge As the projec-
relatively large fluorescence yieldm certain quasisymmet- e anproaches the target, the first resonant transfer of an
ric configurations of high-lying doubly excited A" states.  gjactron becomes possible wheg energetically moves be-

" In this paper],c we foctl?ls 0: reson?nttelectrgn.exchar&geﬁar]gw the highest occupied target levébr Fermi leve),

e emission of projectile Auger electrons during and after ; * : ; ; )
the collision. In Sec. Il we give a brief overview of the dy- teaFi(nlzzj. rT:riedrlizfllnC?r?)rﬁ f:]te\/\ggﬁgi;zlﬁ may happen, is ob
namical classical overbarrier model for collisions of slow y
ions with spherical clusters. Details of this approach have
been published elsewhe21]. Being an essentially classical
model, our approach requires a relatively small amount of o )
information on the target-electronic structure, such that th&vhereq=gp(t=—c) andQ=1. The generalization of this
target is sufficiently represented by its sequence of ionizatiogondition leads to decreasing critical radR} >R3>
potentials and its spectrum of bound states, including leveR3 - for the sequential capture of electrons on the incoming
degeneracies and occupations. More detailed informatiorifajectory.

e.g., given by electronic wave functions, is not required. For The critical distance® for sequential overbarrier cap-
the target—electronic structure, we use results of the DF8ire are related to geometrical cross sections for the produc-
calculation[23,27), a brief summary of which is given in tion of specific charge states,i, of Cg, by

er(RT)=Vg(q,Q.RY), 2.2
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critical overbarrier distances can easily be extracted from the 5 _ |
calculated impact-parameter-dependent final charge states of%j

the target.
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tile, a2 and b2, the time evolution of the occupations L 10 Z% Z
a,(t) andb,(t) of projectile levelsn and target levelsn, & o /%/éé Z
and the emitted electron yield are obtained by integrating 2 Z ] ZZ?Z |
classical rate equations of the form oL W i
-30 -25 -20 -15 -10 -5 0
d binding enerqgy in eV
gran=TrvTrant 2 Ton=22 Top, (24 g energy
n’>n n’'<n

FIG. 1. Binding energies, degeneracies, and occupancies for the
valence levels of g,. All energy levels are binned in 1-eV inter-
abm:FRL_FRN- (2.5 vals. Results of the Dirac-Fock-Slater calculat{@3,27.

Analytical expressions for the resonant-capture rdtgs, pations of then=10 shella;;=2, 4, and 6 yield 1, 5, and
resonant-loss ratdsg, , and Auger-transition rates are given 25, respectively, in fair agreement with the statistical weights
in Ref. [21]. All rates and occupation numbers implicitly (2.7). A detailed comparison of our Auger rat&s9) with ab
depend orR(t), and the above equations are solved simul-initio calculations is impossible, since such calculation have
taneously with Newton’s equation for the projectile motion. not yet been performed for the highly charged ions in mul-
Fast Auger transitions may partly relax a multiply excitedtiply excited states of relevance in this paper. However,
projectile while competing resonant electron transfer occursthe lower limits for the Auger decay ofshp? configura-
With respect to Auger processes and during the collision, wéions in Ar'* jons given by Vaeck and Hanseifig. 5
therefore include fast transitions, for which the two activein Ref. [41]) are of the same order of magnitude as our
electrons start in the same shell. The basic Auger transitiorates given by Eq.(2.9. For example, for then=10
ratesyn, n, for the transition of an electron from initial shell shell, Vaeck and Hansen find the lower limits

n; to final shelln, accompanied by the emission of an elec-vi(1s 10p°)=5.6x 10" s™*, whereas Eq.(2.9 gives

tron out of shelin; are given in Ref[2]. In this reference the '10n,=1.4X10" and 4.5¢10"* s™* for n;=8 and 7, re-

Cowan codd45] has been applied to the decay of highly spectively.

excited Isns? initial configurations to final configurations So far, slow Auger relaxation channels are not included as

1sn;ses with kinetic energies of the ejected electrenc4  they can be neglecteduring the collision. Further down-

eV, and the numerical results were found to obey the scalingtream, however, when resonant transfer processes are clas-

rule sically forbidden, Auger processes determine the final charge

state of the projectile. For the highly charged projectile stud-

ied in this paper, downstream Auger and radiative relaxation

steps are accounted for by enhancing our dynamical simula-

tion with a simple relaxation scheni8ec. I\).

We describe the dependence of Auger rates on the number of projectile Auger electrons, emitted at tirhevith energy

eleptrons in the initial and final active shells by statisticaIEA(t), are collected in energy birfs, ]=[(k—1)Ae,kA€],

weights k=1,2,...,with widths A  of the order of the experimental

i 1,2 energy resolution. The numberg(t) of electrons emitted in

ni— E(ani_a”i)' (2.7 each energy bin before tinteand for a particular projectile
trajectory are given by

5.06<10°° 2.09<10"'s™* 0t
(m—np™® (n-npee @9

Yoy ong ™

w

and, as given in Ref2],

1 ifep(t) ele]

f_ -1 d
ol =(1+15,) %, 2.9 _ "
f f dt % % ngnf Foin®10  otherwise.

(2.10
such that the Auger rates in E.4) are given by

The overbarrier model is limited to impact parameters
larger than a certain minimal valilsg,,. For relatively small
o ) i ) charge states of the incident projectile, e.g., fot"N this
The statistical Welghh)ni was previously found to param- \5jue is given by the geometrical extension of the tafgat
etrize (within limits) the dependence of Auger rates on theFor higher initial projectile charges, e.g., for & [21] and
number of electrons in the initial active shdl6,41]. certainly for Bf®*, multiple-electron capture at impact pa-
Vaeck and Hansen provided lower limits for total Auger rameters larger than the target radius may lead to fragmen-
decay rated"\y, of 1snpfn configurations in N®~2" jons  tation of the target. The overbarrier model can be applied to
(Fig. 1 in Ref.[41]), based on Cowan-code calculatid4s]. impact parameters that result in capture-induced fragmenta-
Their ratiosT'yy(1s 10p?)/T'(1s 10p?) for initial occu-  tion if the corresponding fragmentation time-scale is large

Fni,nfzwiniw;fyni g (2.9
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compared with the collision time. A conservative estimate TABLE |. lonization potentials of gl "9+,
for by, is given by the onset of the production of target- :
charge states that lead to fragmentation during the collision. DFS (Theory (eV) Experiment(eV) Reference
Recin_t experimenf{®5] suggest that fog=<8 the lifetime of 1 717 7 580.04 [48]
Ceo'" is at least aus. However, for larger charge statgs 5 1059 122505 [47]
fragmentation will be faster and might occur during the col- ' ' '
. . L . . 3 13.98 17.&¢0.7 [47]
lision. In this case, the projectile might strongly interact with 1737
fragments, requiring the extension of the overbarrier mode5 20'73
towards the inclusion of fast fragmentation channels. .

Our version of the classical overbarrier mofi2l,22 ap- ;;"22

proximates the target dielectic response to the externdl
charges of active electrons and projectile ion by classicat
image potentials that are limited to the range of applicability i

of linear-response theory. The onset of nonlinear respongs#ith occupation numbers;, the total energy of the many-
imposes an upper limit for the projectile charge and a loweflectron molecular system can be written[28,27]

limit for the impact parameter. The distanRg, of a charge

g, from a metal surface at which linear response theory starts
t0 fail has been given bg] E=2i (diltlg+ | pVIdr+3 | pVodn
Ru.=1.13 Vqp(Ry), (213 i3 f JRVETE e 33
p>q |Rp_ Rq|

wherer ¢ is the Wigner-Seitz radius of the target electron gas.

For spherical conducting targets of sufficiently large radius, S _ .
: . . : Application of the usual variational procedure to this energy
we may use this relation to obtain an estimate for the onseft

g . - . unctional leads to the single-particle DFS equations for the
of nonlinear effects. The corresponding minimal dlstancewave functions; and energy eigenvalu
from the target center of ma$y,, is then : gy €19 &

RnL= Riarger™ 1.13 s V0p(Ryy)- 212 [t+V+Ve+ V) g)=sild), i=1,...N. (34
This leads to the critical charge for the onset of nonlinear
response These equations can be solved within a molecular-orbital
5 linear combination of atomic orbitaldVO-LCAO) scheme,
Go(RyL) = Rni— Riarge 2.13 i.e., by expanding the molecular-orbital wave functions in
pLUNL 1.13 ' symmetry—adapted wave functiogs, which themselves are

expanded in four—component Dirac spindis,, at lattice
In our application to g, (which for the purpose of this esti- pointsF with coefficientsw!
mate is regarded as a spherical shell of radiusnd thick- Y vnkm:
nessAa) we find [33] rg=1.2 andRg=a+Aa/2=9.5.
By plotting the right hand side of E¢2.13 as a function of ,
R together with the simulated charge state evolutig(R), Gi(N=2 Cixi=2 Cj 2 Whoéman: (39
L. . L . j j vnkm
the critical impact parametdn\., for the onset of nonlinear
response is given by the intersection of the two curigts

Sec. V. The symmetry orbitals are created using the icosahedral
point group. For the 4, 2s, 2p,,, and 23, atomic states,
lIl. ON THE ELECTRONIC STRUCTURE OF C 4 the atomic basis functiong,,, used for the construction of
In terms of single-electron wave functiogs for all elec- the symmetry orbltals_ are numerically _obtamed by soIvmg
the atomic DFS equations. The calculations were done using

trons in the cluster, the Dirac kinetic-energy operdatathe .
potential energy of the interaction of the electrons with thethe bond distances 2.772 and 2.561 between the C atoms,

nuclei V", the direct Coulomb-interaction potential bet\NeenCO”eSpOndlng to the radius=6.681 of the Buckminster-

.. fullerene.
the electrond/®, the electron-electron exchange potential in . . .
the local approximation, The DFS single-particle energies of neutrg),@ the

ground state are represented in Fig. 1 in bins of 1 eV width.
13 The DFS has also been appli¢@3,27 to Cy,"' ions for

Ve(r)=—3a ip(r) , (3.2 i<6. Theith ionization potentia(Table ) is obtained as the
87 difference of the total energies of the systemg'€ 1) and
o ) ] Ceo''. For the scattering part of our calculatiéef. Sec. I,
with fixed parameterr=0.7, and the electronic density we used the DFS ionization potentials fe£6 and approxi-
mated higher ionization potentials, i>6 by taking into
p(r)= EI ni(ﬁ?(r)cﬁi(f), (3.2 account the work necessary to remove a seventh, eighth, etc.,

electron from the surface of a uniformly charged sphere of
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radiusa, I;=1,+(i—1)/a [21]. Table | also shows mea- (Ra) Radiative transitions may continue to relax the ex-
sured ionization potentialg!7,48. cited ion. For hydrogenic states, radiative transition prob-
abilities are largest for the lowest-lying final states and,
among those, for the lowest emitted photon ener{/s.
We designate the lowest shell with at least one vacancy by
For extremely inverted projectile populations, such ashmin @and the highest occupied shell by,,,. We try to radia-
generated in the case of incident'®i, a very large number tively fill vacancies in shellny;,, by increasingn; from
of possible autoionizing transitions leads to an even largePminT1 t0 Npay.
number of possible relaxation cascades. In principle, once (Rb) Once shelin.,, is full, we determine the new value
the hollow ion energy levels for various charge states and aflor ny,;,, and repeatRa) until all inner vacancies are filled.
transition rates are known, all possible cascades could be Our version of the classical overbarrier mod8kc. 1)
sampled in a Monte Carlo approach. Alternatively, in a lessllows for noninteger occupations of projectile shells. For
elaborate approach, the relaxation path could be selected uwery large charge states of the incoming projectile, the relax-
der the assumption that the largest rate determines the neation scheme just described leads to projectiles that are re-
relaxation sted38]. In view of uncertainties and technical laxed only with respect to transitions of integer elementary
difficulties in accurately describing the relaxation of evencharges. This may result in an accumulation of fractions of
doubly excited statef84,36—40,42—4% it is evident that for ~ an elementary charge in many higher shells. Consistent with
the more extreme cases of multiply excited projectiles, a rigour mainly classical approach to the generation of hollow
orous theoretical treatment of autoionizing and radiative deatoms, and in order to fully depopulate high-lying shells, we
cay cascades is presently not accessible. We therefore eitfierefore removed the restriction of charge quantization in
ploy a simple relaxation scheme that is based on intuitionthe relaxation process in the following way: The scheme
basic features of emitted electron spectra, and wave-functiotfa) to (Rb) is first applied while enforcing charge quanti-
overlap arguments. Our scheme is closely related to the ideg&tion. In our applications to incident #i" ions, this “first
of Benoit-Cattin et al. [34], Posthumus and Morgenstern round” left the projectiles in multiply excited states with
[39], and Ali et al.[38]. We do not resolve angular momen- noninteger occupations in many Rydberg shells. The same
tum states within a shell of principle quantum numlper relaxation scheme is subsequently applied a second time
Two electrons participating in an Auger transition are ini-without enforcing charge quantization. The removal of
tially in shellsn;; andn; ,, with én;=n; ;—n;,. For non-  charge quantization means that we allow for transitions of
equivalent electrons we may assumg>n; ,. An autoion-  fractions of elementary charges, corresponding to classical
izing transiton may occur into shelln;, with  currents. In view of configuration interactiok&l), we may
Sn;=n; ,—n;. With these definitions our relaxation scheme interpret noninteger occupations as shell occupations that are
can be summarized as follows. averaged over Cl—coupled configurations. In the same sense,
(Aa) Since Auger transitions are driven by electron-the charge and photon fractions emitted during the relaxation
electron correlation in the initial state, the relaxation cascad@f these states have a statistical interpretation. After each
is assumed to start with the smallest possibie. For a transition populations have changed, and we go ba¢R&p
given on;, highest priority is given to Auger transitions that to (first) allow for transitions that obey charge quantization.
depopulate the highest possible shell. Next, for given valuel this way, we eventually obtain ions with, at the most,
of n; and én;, we minimizeén; . This agrees with the gen- noninteger shell occupations in the outermost shell. These
eral observation of very strongly enhanced emitted electrofPns are now stable with respect to autoionizing and radiative
energy spectra close to the continuum threshold, as well d§ansitions, and their potential energy has been carried away
with relatively large wave-function overlap between initial by €ither electrons or photons.
and final states. The relaxation cascade may now start in the With respect to Auger transitions, we maximize the cur-

IV. RELAXATION SCHEME FOR HOLLOW IONS

highest shell withén;=0 and the smallest possiblén; . rent of emitted electrons, as explained by the following ex-
This pattern is repeated until the ion is stable with respect t@mple. Suppose shef, has an average occupation of 0.7.
Auger decay of equivalent electrons. Suppose further that autoionization occurs by filling shell

(Ab) The relaxation now proceeds with autoionizing tran-N¢, Which had an average population of 1.5. The emitted
sitions of nonequivalent electrons. Highest priority is givenelectron current is now maximized by depleting shel|
to the smallest possibkén,>0 (saysn;=1). Second highest Which results in the(averagedl emission of 0.35 negative
priority is given to the largest; ;. Next on the priority list ~charge units and an average population in shelbf 1.85.
are the smallest possiblén; . If transitions for a particular Similarly, for radiative transitions, we allow for the largest
set of values éni N, '5nf) are Saturatecb‘nf is Successive|y pOSSibIe photon current, as the fOIlOWing example illustrates.
increased until no more transitions for the specified values opuppose th& shell has an average population of 1.8, and is
sn; andn; are possible. Next; is successively decreased, 0 be filled by aK« transition. If the average-shell popu-
while, as beforegn; is minimized until autoionizing transi- lation is 0.3, 0.2 negative charge units radiatively fill e
tions for the given value ofn; are saturated. At this point shell, leaving thel shell with an average population of 0.1.
on; is increased by one, amg and n; are selected and Simultaneously and in the average, 0.2 photons are emitted.
prioritized as before. This pattern is repeated until further
i_ncrease ofén; doe_s not enable further autoio_nizing transi- V. NUMERICAL RESULTS AND DISCUSSION
tions. As occupations have changed, possibly leading to
highly excited states with two equivalent electrons, after In Fig. 2 we show the evolution of projectile and target
each transition ifAb) we go back to the beginning ¢Aa). charge states, and of the total number of Auger electrons
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FIG. 2. Charge-state evolution for projectile and target and
number of emitted Auger electrons for 830-k&brresponding to a
speedy =0.40 a.u) Bi*®" ions colliding with Gy, at impact param- (b
eterb=25 a.u.R is the component along the direction of the inci-
dent projectile of the projectile position vector with respect to the
target center of mass. The point of closest approach corresponds to

Rj=0. ° °
S
7
emitted during the collision of 830-keV #i" ions with neu- A
tral Cg, for trajectories with impact parametér=25. The § t “ =
distanceR, is the projection of the target-projectile distance ; A\ 7?/

onto the incident-beam direction. The point of closest ap-
proach is given byR=0. Charge exchange mainly occurs
on the incident trajectoryR;<0), starting atR=—51.2,
which corresponds to the first critical overbarrier distance
RI =57.0. For the considered impact parameter, about 14 ' o .
electrons are resonantly captured. Resonant charge exchangeF!G: 3. Evolution of projectile and target level occupation
ceases close to the distance of closest approgh ). For changes Wlth _respect to the |n_|t|al occupations. Sy_ste_m and param-
the displayed part of the trajectory, the charge-state evolutiofif€"s @S in Fig. 2(a) Occupation changes of projectile levets
of the projectile is insensitive to projectile Auger transitions, Main quantum numbgas a function oR, . (b) Target occupation
as indicated by the very small current of emitted projectile”™Per changes. The guantum numberiabels target levels as
electrons. This small current also indicates that the projectil%'ven by the Dirac-Fock-Slater CaICUIaF"ﬁaS’Z.ﬂ' Quantum num-
) ) . . Bersm=<17 represent several levels binned in small energy inter-
is not relaxed at a distance of 100 downstream or, equiva;, o
lently, 6 fs after its closest approach to the target. Our nu-
merical studies show that, with respect to the fast Auger
transitions included in Eq(2.4), the projectile is relaxed at further approaches the target, eventually lead to the popula-
distances of about T0a.u. downstream, or 600 fs after the tion of shells with principal quantum numbers between 19
closest approach. This time is an order of magnitude largeand 31, thus providing a rather extreme case of population
than the relaxation time found in grazing incidence collisionsinversion.
of 3.75 keV/amu G %" collisions with Au110) surfaces Target energy levels are labeled with the quantum number
[50]. The difference in time scales may be attributed to them (not to be confused with a magnetic quantum numbks
comparatively long interaction time in the grazing ion- shown in Fig. 8b), electrons are first captured out of the
surface collisions, where relatively small impact parameter¢arget Fermi level (labeled with the quantum number
lead to the rapid direct filling of inner shells. This situation is m=42), and next out of nearby levels below the Fermi level.
very different from the large impact-parameter collisionsEventually, a large range of target levels becomes resonantly
considered in this work which resonantly populate high pro-depopulated. In view of the large number of closely spaced
jectile shells(see subsequent discussiaand therefore re- valence levels of Gy and for computational convenience, we
quire a multistegiand thus slowtransition cascade to relax have introduced smalll eV wide energy bins that may
the projectile. contain several DFS target lev¢R3]. All quantum numbers

A more detailed picture of the electronic transitions ism=17 (corresponding to levels bound by more than 10.23
given by the evolution of projectil¢Fig. 3(@)] and target eV) in Fig. 3(b) represent bins that contain more than two
[Fig. 3(b)] level occupations. The impact parameter is theelectrons. For example, the energy bms-16 and 17 are
same as in Fig. 2. Figurg® shows that resonant transitions 24-fold and 20-fold degenerate, respectively. All numbers
first populate projectile sheih=31 and, as the projectile m=17, with the exception ofm=30, designate individual

=)
7S
=0

=25 v=0.4 Fo IES
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(@ Charges (b Auger Yield TABLE IlI. Critical overbarrier radiiR (in a.u), geometrical
cross sectiongin a.u) for the production of final target charge
states+i in 830 keV Bi*®" on Cg, collisionso; (in a.u), and target
charge fractionsf;, for impact parameter®>21 a.u. The total
cross section for charge-state changing collisions s
=1.02X10" a.u=2.86x10"1 cn?.

30 )
—— projectile
e target

20 25 30 35 40 45 50 55 60 00 1500 2000 2500 3[)(-)0

binau energy ineV i I:e|* g /100 fi

© Auger Yield (d) Onset of Nonlinear Response
025 o : 1 57.0 17.1 0.17
E 0.2 :‘; 2 52.0 10.4 0.10
%0,15 %i‘; 3 48.7 10.0 0.098
E 01 s x 4 45.3 7.19 0.071
Soos o - projetle ;hgﬂerge 5 42.7 6.51 0.064
00 20 25 30 SbS 40 45 50 55 60 010"”’1‘2 14 16 1;_20 22 24 26 28 30 6 402 493 0048
e e 7 38.2 5.13 0.050
) ) 8 36.0 4.82 0.047
FIG. 4. (@—(c) Results without downstream relaxation at g 33.8 3.92 0.038
Rj=100 a.u. downstreanta) Projectile and target charge statés. 10 31.9 313 0.031

Auger-electron yield, normalized, integrated over impact param-
eters, and binned in 234 eV energy interv@se text (c) Emitted 11 30.3 242 0.024
projectile Auger electron yield per projectile as function of impact 12 29.0 2.49 0.024
parameter(d) Simulated projectile charge state on the incident tra-
jectory for head-on collisions as a function of the distance to the . _ .
target center-of-masgsolid line). Critical charge for the onset of reached the dlstan®|—100 (downstreamaccording to the

nonlinear responsglotted line, cf(2.13). expression for the yield,

2 *
DFS levels. The quantum number=30 marks an energy y= —WJRl dbbg(b). (5.7
bin that includes two almost degenerate levels, and contains A Jopin

four electrons. The striking population changesat 16 and ) ) ) o
30 appear to be related to the relatively high degeneracy ofve have normalized this energy differential yield to the area

the associated bins in theggvalence spectrum and are, to fun through by projectiles on charge-state changing trajecto-
some extent, an artifact of our particular energy binning. €S
Figures 2 and 3 allow for a simple estimate of the colli- w2 2
sion time, i.e., the time interval during which resonant tran- A=m(Ry“—bp,,) =8492.0. (5.2
sitions occur. The speed of=0.4 and a typical path length ) ) i i
for resonant interactiony R~ 100, yield a collision time of ~We note that there is some uncertainty in the choice of
about 256-6 fs. We have assumed that fragmentation ofbmin. However, f_orvery_ hlg_hly charged incident ions the first
highly charged G, ions does not change the charge eX_cr|t|2cal overbarrier radius is large compared wih,;, and
change dynamics as simulated in the overbarrier model. Thigbmin Small compared té. Figure 4c) shows the number of
assumption becomes invalid should fragmentation happen ofmitted projectile Auger electrons per projectile as a function
a time scale that is comparable or faster than the collisio®f impact parameter when the projectile reaches the distance
time. R|= 100 (downstream
Figure 4a) shows charge states and emitted electron From the target charge versus impact parameter depen-
yields as a function of impact parameter and at a distance dfence[Fig. 4@] the sequence of critical radR;" for the
R;= 100 downstream. At this distance resonant transfer is neapture of one, two, etc., electrons can be extracted. The
longer possible. On the other hand, this distance is suffiexact values of our simulation are listed in Table II, together
ciently small such that the projectile did not yet start to relaxwith the corresponding geometrical cross sectiong Eq.
in any significant way, as is seen in the very small Auger(2.3)], for the production of a specific target charge siate
yields in Figs. 4b) and 4c). and the fractionf,= o;/o; of produced fullerene ions with
Figure 4d) shows the simulated projectile charge-statecharge+i. The total cross section for charge-state changing
evolutiong,(R) for head-on collisions and distances of the collisions is o= 1.02x 10°=2.86x 10" ** cn?* and is sig-
ion to the target center of ma$®<10, together with the nificantly larger than the calculated total cross sections for
critical charge for the onset of nonlinear respoftbe right-  Ar8" (6.2x10 ** cm?) [21] and N°* (4.3x10 ** cn)
hand side of Eq(2.13]. The curves intersect &=16.5, and  [22] projectiles. Figure 5 shows the fractiofis for i <20,
we found it appropriate to choo$g,i,=b\- =17 in order to  corresponding to distant collisions with>21. These frac-
avoid nonlinear effects. Our simulation is therefore restrictedions represent 87% of all recoil ion charge states
to collisions withb=17, and all simulated spectra and yields (22%,=0.87). The remaining 13% represent recoil ions that
shown below only include such distant collisions. are generated at impact parameters smaller than 21. Interest-
The spectrum of Auger electrons in Figb#is given by  ingly, our simulated fullerene ion charge-state distribution
the numbers, [Eq. (2.10] of projectile electrons emitted in does not have the binomial shape proposed bytal. [25].
234 eV wide energy bins by the time the projectile hasAt this point the reason for this discrepancy is not known,
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FIG. 5. Distribution of target charge states immediately after

resonant charge exchange has cease®atl00 a.u. downstream
for impact parameters>21 a.u.

FIG. 6. Results including downstream relaxati¢®. Projectile

and target charge statdb) Auger-electron yield, normalized, inte-

grated over impact parameters, and binned in 234-eV energy inter-

vals (see texk (c) Emitted projectile Auger-electron yield and pho-

and might by assigned to deficiencies in our simulation. Wet(.)n yields per proj(.ecme as funCtions of impact paramdtérx'r?‘y .
) - . L . yield, normalized, integrated over impact parameters, and binned in

note, however, that Jiet al. applied a binomial fit to their 234-eV energy intervals

measured charge state distribution which is based on the as- '

sumptions tha{1) multiple electron capture proceeds as a

sequence of independent capture events wdémtical cap-  While resonant exchange channels are open. In contrast to

ture probabilities, and2) only a small fraction of all delo- previous ir}erstigation&S] that predict a binomial distrib'u-
calized electrons in g are available for capture. tion of collisionally produced target charge states, we find a
In Fig. 6 we present our results including downstreamcharge-state distribution which, in trend, decreases with in-

projectile relaxation as described in Sec. IV. As a conse€réasing charge of the target. .
quence of the downstream relaxation process, most of the We further investigated the downstream relaxation of col-

captured electrons are autoionized, as is easily seen by cofigionally produced hollow ions, and proposed a simple re-
paring Fig. a) with 4(a). Due to this long-range relaxation laxation scheme that includes both autoionizing and radiative
process, the incident projectile charge effectively changes dfansitions. This scheme allows for the simulation of energy
the most by a few units, for the closest considered collisionsdifferential and total yields of Auger electrons and photons,
In comparison with Figs. @) and 4c), Figs. b) and &c) emitted while the projectile relaxes. As a result of this down-
show that autoionization is practically restricted to down-Stréam relaxation, we find that almost all of the resonantly
stream deexcitations that happen after the collision, as gaptured electrons are emitted due to autoionization, while
simple order-of-magnitude comparison of the collision timeth® Projectile moves away from the interaction region.

and typical Auger transition times suggests. The same is true Future investigations, both experimental and theoretical,
for the in general slower radiative transitions. Radiative tran&r€ necessary to improve our understanding of many-electron

sitions only contribute to the relaxation, while the projectile transfer processes and emitted electron and x-ray spectra in

moves a macroscopic distance between the collision regiofP!lisions between highly charge ions and clusters. Due to
and detector. We note that our emitted electron yields andhe complexity of the collision system, nonperturbatale

more so, our radiative yields are temptative, due to the cominitio calculations, based on quantum-mechanical matrix el-
plicated nature of both, the primary capture events and th8Ments, are currently out of reach. On the other hand, the

relaxation process. For the considered range of impact pdt@ny-electron nature of the hollow ion formation and decay
rameters = 17), we find a total branching rati¢otal x-ray leads us to believe that not all the detailed information pro-
yield divided by total Auger yieldof 0.03. vided by f|rst-pr|nC|_pIes calcul_atlons is needed to describe
the processes considered in this paper. Much of the quantum-
mechanical details will be averaged over and out. In this
sense, simple models, successively refined and fine tuned to
VI. SUMMARY AND CONCLUSIONS future experiments, will contribute to a better understanding

Within the dynamical classical overbarrier model for col- %fntge complex nature of the formation and decay of hollow

lisions of slow ions with spherical clusters, we simulated the
formation of hollow ions during the interaction of very
highly charged bismuth ions withgg. In the description of ACKNOWLEDGMENTS

the target electronic structure, we relied on a recently per-
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