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We discuss hollow atom formation and stabilization of electrons ofi* Afollowing Ar%* +Cg
—Ar@=9* 4 ... collisions at 3.8 keV (q=4-18). The experimental information consists of the final pro-
jectile charge-state distributiorié, i.e., the relative distributions of the number of stabilized electrenand
the corresponding mean valugs =>J_;sfj as functions of). We use the classical over-the-barrier model to
deduce sequences of effective principal quantum numbers and find that the hollow atom formation is com-
pleted 3—4, above the surface of theggcage for allg. For q=<8 (filled L shellg, the last electrons are
transferred from delocalized outegd®rbitals directly to the projectil® shell (side-feeding, while several
intermediate shells are left open for larggteading to further electron transfer at intermediate distances and
simultaneous electron emission from higher projectile shells. At still closer distances, localized iKesbelh
electrons are transferred directly to the argofg= 10 and 1) andM shells @=12). The direct transfer to the
L shell of A% and A" is manifested as significant enhancementgspffor q=10 andg=11.
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[. INTRODUCTION importance of related processes and possible time-bottleneck
limitations for electron transfer and stabilization in 9Ar
The interactions between slow highly charged ions and- Cgg collisions. Right from the onset we would like to stress
atoms, molecules, clusters, microcapillaries, and solid surthough that interactions between highly charged ions ajpd C
faces have been studied extensively during the past few dére dominated by processes at large impact parameters in
cades(for reviews, sed1,2]). One of the common main Which the molecule may be viewed as a pointlil@omio
characteristics of such interactions is electron transfer frontarget[20].
the target to highly excited projectile states. Hollow atoms We have thus investigated electron transfer and the sub-
and ions are thus formed with features that depend on thgequent stabilization of electrons on the projectile in
impact parameter, the projectile chamyeand the electronic
properties of the target. Clusters, microcapillaries, and sur- Ard* + Cgo— Arl4™9% 4 Cof "+ (r—s)e” 1)
faces have large amounts of loosely bound electrons yielding
efficient population of such exotic states, but it is only thecollisions at 3.§ keV with q=4, 6, and 8—18. We define
former two[3—-7] that offer possibilities to study free hollow the final projectile charge-state distributiorﬂg, as
atoms at longer times after their creations.
Hollow atoms formed along trajectories towards flat sur-

S
g,
faces are destroyed in close interactions with surface and =3 a 2
bulk atoms. The number of electrons leaving the surface may 2 s
be very large and is often greater thgr8,9], especially & %a

when there are strong contributions from below-surface pro-
cesseg10]. A further important feature of the inevitable \yhere o is the absolute cross section for stabilizationsof

close collisions is the efficieng-independent, neutralization gjectrons. The mean numbers of stabilized electrons are then
in grazing interactions with metdl11,12 and insulator given by

[13,14] surfaces. This means that inner-shell vacancies ar
filled during the very short collision time of typically 10 fs. q
For years this seemed to be hard to reconcile with the antici- (s)= z sfs. 3
pated much longer Auger and radiative relaxation times for =

hollow atoms, often referred to as the time-bottleneck prob-

lem (see, e.g.[15]). However, Wineckiet al. [16—18 have  Most of the collisiong1) occur at large distances and only a
shown that very fast above-the-surface neutralization ofimited amount of electrons are removed from the target and
Ard* on graphite may be accounted for through direct transenly one or a few are stabilized on the projectile. A smaller
fer to the projectileM-shell and following fast MM Auger  part, however, shows surfacelike features such as, for ex-
transitions. Such over-the-barrier transfers at close distancesnple, strong electron emission. This very astonishing
bypass time-consuming relaxation cascades, and in the fieleffect—there is nothing below the surface igz&-was first

of ion-surface collisions they are often referred to as sidereported by Martiret al.[21] and so far no fully convincing
feeding processefl9]. In this work, we will discuss the explanation has been offered.

1050-2947/2001/68)/06272%7)/$20.00 63 062725-1 ©2001 The American Physical Society



A. LANGEREIS et al. PHYSICAL REVIEW A 63 062725

In Sec. ll, we give a brief description of the experimental Ardt
technique and we present the results in Sec. Ill. Thdata SN (. -,
fall in two main groups,fg high and fg oy, within each of Co cell
which theq dependences are very weak. This finding is dis- 60
cussed in Sec. IV and may be traced back to the relaxation of
multiply excited states and the weakdependence for the
relative target ionization cross sections, Ar(@o)+
; DetectorlE--
g,
fo=o—— (4)
2 r FIG. 1. A schematic of the experimental setup used to measure
oy R o
=1 absolute cross sections,, final charge-state dlstrlbutlonﬁ, and

mean numbers of stabilized electrofs)cgo, in 3.3 keV Ard*
where ot is the cross section for removingelectrons from —Ceo—Arl™97 + ... collisions.
the target.

Electron transfer is described as sequences of classicals) were selected by means of a 180° cylindrical energy
over-the-barrier processes yielding corresponding sequencggalyzer as shown in Fig. 1. Alternatively, short deflector
of effective pr|n0|pal_ quantum numbers for the prOJchIepmes were used to disperse the different €) beams on a
capture states. We find that the last transferred electrons Bosition-sensitive detector. This second setup also allowed

the hollow atom formation populate states close to the progor measuring the cross sections for projectile neutralization
jectile core for lowerqg, while the higherg projectiles may be

fully neutralized leaving several intermediate shells empty. :I'he f
TheM shell is thus populated directly from outegd@rbitals

in over-the-barrier processes fg= 8. For highem, resonant
transfers between the carb&nand the argor. (q=10 and
11) are very effective in analogy with the reverse proces
(argonL-shell vacancy production in atomic®C-Ar colli-
siong reported by deNijst al. [22]. For g=12, the carbon

K-shell electrons appear to be transferred to the projeltile , \\all-defined target densititemperaturg [20]. We deter-

shell. . . . . mined the absolute cross-section scale using the vapor pres-
The inner-shell transfer distances are well within the dis-g ;¢ by Abrefahet al. [23]. This choice has recently been

tance from the & surface (3—4do) where the hollow atom  qivated in detail by Schwartt al.[20] and Larssoret al.
formation is completed. The possibility of filling vacant in- [24].

termediate shells after forming the hollow atom suggests a

mechanism for dissipating many electrons during the close

part of the collision. This interaction time is too shéstib-

femtosecondsto allow for filling of the innermost open pro-

jectile shells via inner-shell Auger processes as in ion- The measured absolute cross sections for stabilizing

surface collisions. electrons in A#* — Cg, collisions are shown in Fig. 2. We
note that the cross section'% increase withg for s=1,2,3,

Il. EXPERIMENT are roughly independent af for s=4, and are strongly re-

. . . duced above)=10 for s=5 and 6.
The experimental procedure has been discussed in detall The experimentaf® distributions, deduced from Eq2)

earlier[5,20]. Briefly, the argon ions were produced by the are shown in Fig. 3_q|:0r lowes, they both decrease mono-

cryogenic electron beam ion source at the Manne Sie.gba'}’anicany with s. For s=5, the distributions fall in the two
Laboratory, Stockholm University. The ions had energies OﬁFOUpSfa,low (0=10) andfg 1;;n (9=12) (left and right side

3.3 keV and their mass-to-charge ratios were selected wit f Fig. 3 " The fe  fracti I
a double focusing analyzing magnet. Behind the magnet, th ig. 3, respectively The g, high ra;: lons are very sma
beam was collimated before it entered a cylinder containingMOStly <0.1%) fors>5 while thefg fr?Ct'O”S h?ve a
a vapor of G, from a 99.9% pure powdeiHoechs}. The  Se€cond maximum fos=5. We note that thég o, andfy hign
cylinder was temperature-stabilized within1° and set to distributions are almost mdependentopw_lthln each group.
values (in the interval 410-420°C) such that the total Further, fors<4 there are only small differences even be-
charge-exchange yields were below 10% forcaihen the ~ tween the two groups. _

charge-state fraction$? , were recorded. This made correc- _ 1N Fig. 4, we show in detail the parts of tHg,,, and
tions for double and background collisions small but not neg g.nign distributions that lie below 10% in order to clearly
ligible [20]. The charge exchange with the background gagXxpose the differences fee=5

was measured at cell temperatures of 300 and 350 °C. After The f3_,,; distribution lies betweerfg ,, and fg ngn-
the interaction region, the &9+ ions passed a 300-mm- Note also that thé > value forq=6 and thefy 5, value
long field-free region. The final projectile charge statgqs ( for q=8 fall outside the general trend f(ﬁa,low-

3 distributions were established by switching be-
tween the primary beam of chargeand all the different
charge-exchange components, defined shyduring short
times. This procedure was repeated many times in order to
Sarrive at mean ratio?N(q—s)/N(q), whereN(g—s) and
N(q) were the number of ions of charggs s andg, respec-
tively, that were registered during a certain preset time and at

IIl. RESULTS
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FIG. 2. The total cross sections, for stabilizings electrons as FIG. 4. Thefg,, and fg g, distributions with an expanded

functions ofqin 3.3y keV Ar%*-Cq, collisions. Note the difference  vertical scale. The lines trace thig distributions forq = 10, 11,
in aa scales for the left and the right figures. The absolute crossand 12.

section scale is set by the vapor pressure by Abrefiahl. [23]
giving an estimated uncertainty af 30% [20]. The statistical un-

n .
certainties are much smaller than tktigpically a few percent The [26,27) and Ar[25]), and A" -graphite surfacgl6-1 col-

lines have been drawn to guide the eye. lisions.
IV. DISCUSSION A. Modeling electron transfer from Cgq
The f3 o, and f$ ., distributions for the & target are Most versions of the over-the-barrier model for iogsC

similar for low numbers of stabilized electrons=1-4). In  collisions[3-5,29 are built on metal-sphere descriptions of
this region ofs, they are also similar to the projectile charge- the Geo molecule[3-5] and here we adopt this picture. We
state distributions for A" -Ar collisions from Aliet al.[25].  Set the sphere radius ®=7.2a, by means of the experi-
The latter similarity shows that At — Cq, interactions yield- mental values for the sequence of ionization potentials
ing s=1—4 are dominated by large impact parameter colli129—31 and the polarizabilityr [32] of Cqo. This yieldsa
sions in which the geometrical dimensions of the target are= 7-2+0.18, using classical electrostatics for whi¢p=(r
relatively unimportant. These processes account for larget 1)/a and a=a®. The former givesl,=3.76( +1) eV,

parts (more than 80% of the total charge-exchange cross Which will be used throughout this work.
sections and thus Af — Cg, collisions are mostly “atom- The critical over-the-barrier distances for electron transfer

like.” are obtained from the(sequentigl conditions that the

In the following, we will first give a short description of maxima of the potential barriers equal the corresponding
the over-the-barrier model used to calculate critical distanceStark-shifted electronic binding energiés+ (q—r+1)/R,
for electron transfer and effective quantum numbers for th&Xxpressed in terms of the distané,between the projectile
capture states. Then, we will discuss the formation of hollowand the(mode) sphere center. We calculalg numerically
ions and atoms and compare electron transfer and stabiliz&nd the results are shown in Fig. 5 foranging fromr =1 to
tion following low-velocity Af* —Cg,, Ard*-atom (He

,c} 1 v B g=6
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FIG. 5. Critical electron transfer distancés,, as functions of
FIG. 3. Experimental final projectile charge-state fractibhas  the number of active electrons, calculated by means of the over-
functions of the number of electrons, stabilized on 3.8 keV the-barrier concept combined with a metal sphere model of tge C
Ard* projectiles after collisions with &. The lines are to guide the molecule(cf. texf). Results for different values af are shown for
eye. Ard* — Cg, collisions.
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r=q using full screening of the projectile char¢g]. The 0.00+
smallest critical distances correspond to full neutralization % r—
(r=q) and they lie a few atomic units (3-a4) outside the 0021 oy *a N "=, .' ** %000
sphere radiusi=7.2a,,. 00] o Ve A, Faw s
The modelQ value [5] for transfer ofr electrons to a o o " Al
rojectile of chargey is =5 0061 Y .
proj ge < 0.06 . v T n=d
r n v g8
-0.08 1 ¢
Qo= 2, (TE =1, (5 . A g0
k=1 0,10 " g=ld
® =18 =3
where the individual terms in the sum dis 012 I ———
0 2 4 6 8 10 12 14 16 18
00 q—k+1+a(q—k+1/2) a(q—k+1/2 k
= - ‘.
. Ry Rﬁ—az Ri FIG. 6. Model effective quantum numbers, displayed as
(6) 1/(n'(§ﬁ)2 as functions ok=r for different projectile charge states

. ) ] The positions of the hydrogenic quantum numbearare shown to

Note that these expressions fb‘go do not directly give the the right in the figure.
individual binding energies after capture mo&lectrons. The
reason for this is that electrons that become active at smallesrections for ionizing the target up to=12. These are based
R’_ar_e transferr_ed to more deeply bound projectile states. Thgn the critical radiiR, (from Fig. 5 with r ranging fromr
binding energies of the outéalready transferrgdelectrons  — ltor=q—1.In th:a right art. of Fig. 7. we Show a com-
will then be reduced due to an increased screening of the . 9= gnt part ot Fig. 'rg X

L — ) parison between the model distribution for’Ar which does
projectile charge, and the binding energig§? , will depend

bothk andr (k<r). H heo! | I not include processes leading to very strong target ionization
on bothk andr (k<r). However, theQ, values are well- = 4y 314 measurements from Chenal. [33] including

defined model quantities given by the sequences. such processes. Strong target ionization is of great principal

The binding energy of the outermost electron is first Cal'importance, but normally it only accounts for 10—20% of

culated througm'y=q/\2EX for the case in which this is

the total electron capture cross section. The experimental re-

the only transferred electron, for whid”=T§". For col-  sult by Cheret al. [33] for the fraction of processes yielding
lisions in which two electrons are transferred we assume that=q is about 10% for A#" — Cg, collisions. This is slightly

the binding energy for the firgbuten one decreases in pro- smaller than the corresponding model valuBg{R;)?,
portion to the reduced screening, i.e., with a facf¢q which gives 16%.

—1)/q]%, and, thus, that the value ot} is unchanged. The From the comparison to the right in Fig. 7 we conclude
binding energy of the second electron then becorﬁgé that the present model gives fair relativelistribution forr
=T@+{1-[(q-1)/q]23TE with T and T from Eq.  <q. The close agreement between the calculated distribu-
(6) giving ng?f):q/\/ﬁ(?. Continuing with this method, we tions in the left figure shows that the wegldependence in
increase the screening for all outer electrons by one unitg,iow @Nd g pigh for s<4 is manifested already in the corre-
when a new inner electron is transferred in a stepwise marsponding initial electron transfer processes and that this ef-
ner. For each step, we calculate the binding energy of the la§éct somehow is conserved in the subsequent stabilization
transferred electron under the condition that the total elec-
tronic binding energy, and thus tig, value given by Eq.

304 304

(5), is unchanged. The outermost electron i A+ Cy, col- —9— Chen eral [33]
lisions will then, e.g., populata{})=6.1 regardless of the % a A =8 251 A\ A Present model
total number of transferred electronsin Fig. 6, we show 8 o ¢I2 , o8
1/(n%)? as functions ok (k=r) for differentq. The exci- 7 " elo 27 \

tation energy for the last captured electron in close collisions & ;5| A 51 A%

(k=r=q) is in most cases sufficient to allow for emission of .~ a ‘\

all the outerr — 1 electrons for A" projectiles withL holes. “ 1o ", 10

This situation contrasts the one for projectiles withdut ﬁe‘A XVQA
holes as, e.g., Af, where the last two electrons, according 51 igi 51 v

to the model, are likely to be captured directly in tideshell 9. Vv,
(ct. Fig. 6. R EREEEE

No. of active electrons r

B. The decay of hollow iongatoms . o )
FIG. 7. Left: Relative model ionization cross sectldgsfor

The relative probabilities tetabilize s=1, 2, 3, or 4 elec-  projectile charge states==8, 12, and 16 colliding with §. Right:
trons on an argon projectile ion are found to be only veryRelative target ionization cross sectiori§, from the model and
weakly dependent oq (cf. Fig. 3. In the left part of Fig. 7, experimental values{, from Chenet al. [33] for Ar8"-Cy colli-
we show the calculated relative distributions among the crossions.
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FIG. 8. The mean numbers of stabilized electr¢gsas func- FIG. 9. The ratios between the number of electrons stabilized on

tions of the projectile charge statep,for Ar?™ ions colliding with  Ar@* projectiles following collisions with g and atomic targets;
Ceo (present data, filled circlgsAr (from [25], open circleg and  (s)40/(s) 4, (filled circles and (s)ceo/(S)ie (filled squarg. The

He [from [26] for g<8 (filled triangleg and from[27] (filled in-  values for(s),, and(s)y. are taken from Refd.25] and[26,27,
verted trianglesfor g=8]. The collision velocities were 0.2, 0.6, respectively.

and 0.2 a.u. for the £, Ar, and He targets, respectively.

efrom argon. Therefore, it is still possible, after first filling
bneL-shell vacancy in an Auger process, to stabilize (re

o ) several of the remaining excited electrons by further Auger
distributions(which are weakly dependent ay) rather than nd/or radiative processes. We interpret the maximum at

e 1. 2P % 8 for he Gy taget o e o simr procesces o thoe
9 P y P or the atomic targets, i.e., direct over-the-barrigside-

the corethstructu_rel a_”d “?at Lhehdom|n§1tntdal{[totlon|ﬁzeallilon prof’eeding”) of the argonM shell. This is supported by the
cesses thus mainly INVOIve igher exclied Stalesston. calculated sequences of projectile capture statesFig. 6)

and by the comparison with the®-Cg, results from Chen
et al.[33]. The G projectile has emptK andL shells and
In Fig. 8, we show the mean numbers of electrons stabitherefore the cross section%, for larges are much smaller
lized on the A" projectile together with similar results for than for A" projectiles.
Ar9*-Ar [25] and Af*-He [26,27) collisions. The three sets The second maximum i¢s), atq= 10, is unique for the
of data in Fig. 8 show important differences and similarities.Ar4*-Cg, collision system and indicates that the shell
They reach their respectivi@lmosi constant highg values  somehow is efficiently filled for At but not for A€ pro-
of (s)=1.5, 1.3, and 1.03 aj=12, 10, and 9 for the g, jectiles withq=12. This is clearly exposed in Fig. 9, where
Ar, and He targets, respectively. The most striking observathe ratios(s)ceo/(S)ar and(s)ceo/{S)He are shown. So far,
tions are the maxima ifs) aroundg=8 for all three targets we have assumed that electrons are transferred sequentially
and the unique second maximumegt 10 for Cyy. The col-  from the outermostCgy * orbitals such that the last trans-
lision velocity was higher for the Ar targe0.6 a.u.[25])  ferred inner electrons reach theshell forg=<8. This, how-
than for the Gy (0.2 a.u) and the He target$0.2 a.u. ever, could not explain direct population of the Arshell
[26,27), but in the low-velocity regimey<1 a.u.) this is due to the large difference between the tenth ionization po-
of minor importance. tential of G (42 eV) and theL-shell energy of A" (479
The mean numbers of stabilized electrons for the two€V). Instead, the second maximum g 10 is most likely
electron target He(s) e, are only slightly larger than unity due to resonant, over-the-barrier transfer to arjdroles of
for q=9 (cf. Fig. 8. The higher values ofs) for lowerq  one (or two) carbonK-shell electrongthe K-shell energies
(g=5-8) are due to direct population of theshell by the are 290 e\V[36] and 292 e\ 37] for neutral Gy and atomic
inner of the two transferred electrons as described by, e.gcarbon, respectively The Stark shift plays an important role
Selberget al.[34]. Forq=<38, the projectileL shells are com- here and, as an example, an unscreeqedlO projectile
pletely filled and autoionization is suppressed. In fact,charge would shift the carbdf energy to 479 eV at a sepa-
(s)ue=1.3 is equal to the expected maximum value forration of R=10X27.2/(479-2905¥ 1.4a,.
g= 38 with zero autoinization rate and a relative two-electron Electron transfer between the carblinand the argori
transfer probability of 0.3. The latter was suggested by exshells has been observed for iatem collisions by deNijs
periments in which the relative yields of Heand He" re- et al. [22]. They recorded strongly enhanced production of
coil ions were measured to be close to 0.3 independent of thar’* and A8* recoil ions in " -Ar collisions. A rather
projectile chargg35]. Note also that the number of stabi- detailed analysis of projectile and target Stark shifts and the
lized electrons is always larger for ®r-Ar than for — mutual screening led to the conclusion that the effedtivie
Ar9*-He collisions(Fig. 8. Qualitatively, this is easy to un- transfer distances are around d,522]. This value is close
derstand, since more than two electrons may be transferréd our rough estimate, and the fraction of the total electron-

process. A possible way to understand this is if the numb
of stabilized electrons is determined directly by the relative

C. Comparisons with ion-atom collisions
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capture cross section involvir¢rshell capture could thus be the absence of efficient projectile neutralization, may be
estimated to b§(7.2+1.5)/292=0.1 with R;=2%, being  qualitatively explained in the following way: The projectiles
the first critical distance fog=10. Although this effect is are neutralized on the incoming trajectory, and according to
sufficiently large to qualitatively explain the enhanced valuethe simple model discussed here, the last of ghactive
of (s)ceo for =10 (Figs. 8 and 9 we still have to under- electrons transfers at a distance of Zy4bove the g sur-
stand why there is no enhancement fpe=12. The most face for allq (see Fig. 5. For highg, several intermediate
likely explanation is, we believe, that th€ electrons are shells are left emptyr(é}?’wG in Fig. 6, and if the projectile
transferred to thé and not to thel shell for these higher charge, e.g.q=18, is not fully screened by the 18 active
charges and that they thus leave holes inlthstates even electrons, electron transfer will continue as the projectile ap-
after carborK-shell capture. The binding energies for the& 3 proaches. As a consequence, the outer electrons in the hol-
states to A¥" with q=10, 11, 12, 13, and 14 are 196, 227, low atom will be dissipated on a very short time scale as they
257, 297, and 326 eV, respectivel$7]. Comparing these no longer experience a positive effective projectile core
values with the 292 eV & K shell energy[36], it appears charge.
reasonable to assume that the latter three lead to transfer to
the M shell at distances larger than those where direct trans- V. CONCLUSIONS
fer to theL shell would be effective.

Very efficient carborK-shell vacancy production has re- ~ We have investigated electron transfer and stabilization in
cently been observed in carbon atoms sputtered by highl§low Ari"-Cg, collisions for projectiles with charge states

charged ions from graphite ands¢&overed surfacef38]. ranging fromg=4 to q=18. For large impact parameters,
the picture is the following: As the projectile approaches the
D. Comparisons with ion-surface interactions Ceo target, electrons transfer sequentially from theermost

. .. molecular target orbital to the projectile. This may be de-

The basic mechanism behind the enhanced stabilizatiog:riped as over-the-barrier processes, and the number of
for low q is direct over-the-barrier transfer to theshell of  {ransferred electrons, is given by the projectile charge and
argon at distances of a few atomic units outside tgec8ge.  the impact parameter. The hollow ions/atoms that are formed
Similar processes are discussed by Wineatial. [16,17in iy this way decaymainly) after the collision and leave one
order to explain neutralization of slow &f ions after graz- or, at most, a few electrons, stabilized on the projectile.
ing reflections above a graphite surface. The neutralizatiofrhese processes typically account for more than 80% of the
probability was shown to be close to 1 and independent of (| electron-capture cross section, and we conclude that
Winecki et al.[16,17] argued that the efficient neutralization Ard*-Cg, collisions are dominated by atomlike behavior. Ex-
processes of projectiles with- and K-shell vacancies were perimentally, we find that the relative distributions ®only
due to decay processes sufficiently fast to allow repeategepend very weakly og for s<4. That is, the relative prob-
filling of the M shell during the clos¢above-surfaceinter-  gpilities fors= 1, 2, 3, or 4 are not strongly dependent on the
action with graphite. That is, fast sequences (wfainly) number of projectilek-, L-, andM-shell vacancies.
LMM Auger decays are supported by continuing resonant o small impact parameter &f-Cg, collisions, the pic-
over-the-barrier transfers to tié shell. The relevant Auger ,re becomes more complex: Sequential, over-the-barrier
lifetimes are sensitive to the number of electrons inltted  g|ectron transfer from the outermosggdarget orbitals pro-
M shells,n_andny , through the expressiofsee[17] and  ceeds along the approaching trajectory. In our model, we find
references therejn that full initial neutralization for alky is reached at distances

_15 3-4a, above the g, cage, thus completing the initial hollow
250x 10 ; .
= s 7) atom formation. The sequence of effective quantum numbers
(8=n)ny(ny—1) for the six electrons initially neutralizing, e.g., & ranges

from n{}=6.1 for the outermost ta®)=3.1 for the inner-
for ny=2. A key point is that all projectiles interact closely most one. In contrast, the effective quantum states for, e.g.,
with the flat surface during fairly large parts of their trajec- Ar'** with six L vacancies ranges from{}=11 to n{}"
tories and for fairly long times, of the order of 10 fs. In =5.5. Thus, direct population of thd shell seems to occur
contrast, a gy molecule has a curved surface and the projeconly for argon projectiles without holes as supported by
tiles will only occasionally come close enough for direct similar increased stabilization probabilities for%ArAr [25]
over-the-barrier transfer to thd shell. Even then, trajecto- and Af*-He [26,27] collisions withgq=<8. A surprising en-
ries are typically only sufficiently close during times of the hancement in stabilization is observed also fot%Ar and
order of a few tenths of a femtosecond. With, e.g., a half-Ar'}*-Cq, collisions. This effect is due to energy resonances
filled L shell, 7 ranges fromr=30 down tor=1 fs when between the carboK and the argorL shells at Ar-C dis-
the number of electrons in thiegl-shell increases fronm, tances around one atomic unit in a similar way to that ob-
=2 tony=8. Thus, the time-bottleneck limitation prevents served by deNijset al. for C®*-Ar collisions [22]. For g
efficient filling of the projectile inner shells from¢g. Still, =12, however, the carbag-shell energies become resonant
we know from the measurements of Marttal. [21] that  with the argonM shells at distances that are larger than those
large amounts of electrons are emitted during very brief infor L-shell transfer and thus the latter are blocked, giving
teractions between highly charged ions ang.C lower and nearly constant stabilization probabilities for

Here, we argue that strong electron emission frogg, G high g.

062725-6
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