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We have studied the decay of hollow atoms formed in Ne10+-C60 collisions at low energysE=100 keVd. The
decay products of hollow atoms, i.e., the scattered projectiles and the number of ejected electrons from
autoionization cascades, have been measured. The projectile energy loss has been analyzed as a function of the
final charge state, in order to differentiate collisions at large distance, near the C60 through the electronic clouds
and inside the C60 cage. For scattered projectiles Ne8+ where two electrons are stabilizedss=2d, up to 16
ejected electrons have been observed, and lower energy loss compared to projectiles with more stabilized
electronsss.2d has been measured. These results are interpreted by the formation and relaxation of com-
pletely neutralized compact hollow atoms passing very close to the C60 molecule(into the electron clouds).
The observed large number of ejected electrons is explained by a direct filling of theN shell during the
interaction time and a fast decay via quasicomplete autoionization cascades.
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I. INTRODUCTION

The formation and relaxation of hollow atoms have been
studied intensively in recent years. Most of the theoretical
and experimental works have been performed to investigate
hollow atoms formed during the interaction of highly
charged ions with a metallic or insulator surface at different
incidence angles[1–7]. Alternative experiments have been
carried out using a thin metal foil target with straight micro-
capillaries[8]. A large fraction of transmitted projectiles hav-
ing stabilized only a few electrons have been observed, and
free hollow atoms have been studied in vacuum by x-ray
spectroscopy. More recently, collisions between slow highly
charged ions(SHCI) and clusters, in particular the C60 mol-
ecule, have been investigated experimentally and theoreti-
cally [9–15]. Several types of interactions have been ana-
lyzed and defined as atomlike, surfacelike, and solidlike
interactions, depending on the impact parameters.

In collisions between SHCI and solid, surface, microcap-
illary, or cluster targets, a common scenario, called “above
and below the target,” has therefore emerged. As the SHCI
approaches the target, it becomes neutralized at a critical
distance by resonant electron transfer as described in a clas-
sical over barrier model(CBM), leading to the above-target
formation of the so-called hollow atoms of the first genera-
tion (HA1). The Auger rates of HA1 have been found to be
rather small in the cases of SHCI-surface interactions due to
a broad population distribution on the electronicn levels.
The structure of multiply excited atoms with many inner-
shell vacancies depends strongly on the binding energy of
each captured electron on the target and on the estimation of

the dynamic screening during the electron transfer process.
As a result, the HA1 obtained with a “metallic” clusterlike
C60 also has a broad electronicn-level distribution [1,9].
Then the stabilization process by Auger decay during the
SHCI-C60 interaction time does not start efficiently. As the
projectile penetrates the target below the surface or inside the
cluster, the ion charge is dynamically screened by the va-
lence electrons of the target, leading to a promotion of the
energy levels. Resonant charge transfer can occur on the in-
ner shells and a more compact hollow atom of the second
generation(HA2) can survive temporarily with Auger rates
much higher than in the HA1. This mechanism allows us to
interpret the very fast neutralization of highly charged ions in
SHCI-carbon foil collisions[16].

Compared to SHCI-surface or -solid collisions, the SHCI-
cluster collisions present some advantages because of the
limited dimension of the target. In atomlike collisions at
large impact parameters, the HA1 decays after the interaction
time, out of target perturbation. Coincidence measurements
of the projectile final charge state and the number of ejected
electrons have enabled us to get precise information on the
autoionization cascades of free hollow atoms[17]. The sol-
idlike collisions are characterized by the energy loss of the
projectile. Direct evidence of the fast Auger decay of the
HA2 has been provided in Xe30+-C60 frontal collisions where
a number of ejected electrons has been measured larger than
the initial projectile charge(about 60). In surfacelike inter-
actions, i.e., in collisions with intermediate impact param-
eters without projectile energy loss, a number of ejected elec-
trons larger than the initial charge of the projectile have been
observed[18]. The last phenomenon has also been observed
with an O8+ projectile. However, using projectiles of the
same charge with lower potential energy Ar8+, no fast elec-
tron ejection, neither in frontal collisions nor in surfacelike
collisions, has been observed at all. It strongly suggests that
the fast electron ejection near the C60 depends sensibly on
the nature of the projectile and not only on its initial charge.
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Thus this fast electron ejection cannot be interpreted using a
simple projectile charge-C60 interaction model which, for ex-
ample, leads to electron loss from the target due to electron
recapture. To interpret such an observation, we introduce in
the present work the notion of the formation of a more com-
pact hollow atom of the first generation(CHA1) near the
target described as follows. InAq+-C60 collisions, the HA1 is
formed as far as the collision distance is larger thanRq, the
critical distance for the projectile neutralization. The CBM
predicts that the capture level of electrons ranges fromn1 to
nq snq,n1d for the first and theqth captured electron. Under
this critical distance, the electrons already in highly excited
states return to empty shells of the target and a large number
of electrons are transferred quasisimultaneously to the pro-
jectile on the same inner shell,nq, leading to the formation of
the compact hollow atom of the first generation(CHA1). The
lifetime of such hollow atoms is estimated to be much
shorter than the collision time[14]. Therefore, the fast decay
of the CHA1 during the collision time and the continuous
electron supply from the target to the CHA1 allows us to
interpret the large number of electrons ejected in surfacelike
collisions. It frontal collisions, the formation of the CHA1
corresponds to a transitory step in the evolution of the HA1
formed at large distance and the HA2 inside the cluster
target.

In this paper, we report an experimental investigation of
collisions between bare Ne10+ ions and C60. We have mea-
sured the partial cross sectionssr

s, wheres is the number of
electrons stabilized on the projectile andr, called the active
electron number, is the number of electrons lost by the C60.
Short and long distance collisions are separated by energy-
loss analyses for different final charge states of the scattered
projectiles. In the special case where two electrons are stabi-
lized on the projectiless=2d, we tentatively interpret the
measured number of ejected electrons using the dynamical
picture of the formation and fast decay of a CHA1 on the
N-shell. For collisions at long distances, a statistical model,
developed initially by Russek and Meli[19], has been used
to estimate the average number of ejected electrons.

II. EXPERIMENTAL TECHNIQUE

The experimental setup has already been described[20],
and only the main features and recent modifications are pre-
sented. The Ne22

10+ ion beam was extracted with a voltage of
10 kV from the ECR source at GANIL(LIMBE ) in Caen. To
ensure a good parallelism, the ion beam was aligned and
collimated using an entrance slit followed by two holes
500 mm in diameter. The collision region was defined by the
perpendicular crossing between the ion beam and an effusive
C60 gas jet. In this experiment, the neutral C60 beam was
along the horizontal axis, whereas in our previous experi-
ments the C60 jet was along the vertical axis. Ejected elec-
trons and recoil ions were extracted towards opposite sides
of the collision region by an electric field of 800 V/cm. The
Ca60

r+ ions or charged fragments were analyzed using a
time-of-flight (TOF) tube 30 cm in length situated above the
extraction plates along the vertical axis. The recoil ions are
detected with two multichannel plates(MCP) followed by a

multianode of 121 pixels. The collection and detection effi-
ciencies have been measured to about 75 % for multicharged
C60

r+ sr =2–6d ions and light monocharged fragments from
asymmetrical fission. The detection efficiency for mono-
charged C60 ions s50 %d is found to be lower than the mono-
charged light fragments. The background vacuum has been
improved by two orders of magnitude to reach 1.2
310−9 mbar with the oven in operation. The electrons were
focused, accelerated at 20 keV, and sent toward a semicon-
ductor detector(PIPS). The number of ejected electrons in a
single coincidence event was determined by measuring the
total energy deposited by all collected electrons in the detec-
tor. The electron spectrum has to be corrected for backscat-
tered electron effect using the standard methods described in
Ref. [20]. From triple coincidence measurements of an intact
multicharged C60 ion, the number of electrons, and the final
charge state of the projectile, the electron collection effi-
ciency has been estimated to be 0.86[20]. The outgoing
projectile was analyzed in charge state and in kinetic energy
by a 90° electrostatic cylindrical analyzersR=150 mmd situ-
ated in the horizontal plane with an energy resolution of
1/200 and an acceptance angle of ±2.8°. A channeltron elec-
tron multiplier (CEM) detected the projectile ions with de-
tection efficiency close to 100 % at the applied energy range.
The principle of the measurements ofsr

s cross sections and
kinetic energy of a scattered projectile has been precisely
explained in Ref.[20].

III. EXPERIMENTAL RESULT AND DISCUSSION

Measurements have been performed in event-by-event list
mode, recording in coincidence the electrostatic analyzer
voltage, the amplitude of the electron signal, the number of
recoil ions hitting the “multianode” detector, and the time of
flight of each fragmented or intactC60

r+ recoil ion. From the
event files, several two-dimensional(2D) spectra can be
sorted out. The projectile-recoil ion(PR-RI) spectrum is a
2D histogram in which the horizontal axis stands for the TOF
of the heaviest fragment recoil ion of an event and the ver-
tical axis for the scanning of the electrostatic analyzer volt-
age. In Fig. 1(a), we present a typical PR-RI spectrum ob-
tained for a scan around the peak of scattered projectiles
Nes10−2d+ ss=2d. The kinetic energy spectrum of the scattered
projectiles Ne8+ can be obtained by the vertical projection of
this 2D spectrum. In order to emphasize the contribution of
the population with an energy loss, in Fig. 1(b) we show only
the partial vertical projection associated to light fragments
C+, C2

+ and C3
+. The experimental data[Fig. 1(b)] are fitted

by two Gaussian peaks. The peak at lower analyzer voltage
corresponds to projectiles with lower kinetic energy with re-
spect to the peak at higher analyzer voltage. They are attrib-
uted to collisions at small impact parameters and at large
parameters, called IN and OUT components, respectively.
The energy loss of the OUT component is found to be lower
than 100 eV with the absolute calibration of the electrostatic
analyzer. It is neglected in the following. From the gap be-
tween the two components, we have estimated an energy loss
of 490 eV for collisions at short distances in the case of
s=2.
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The energy losses measured for scattered projectiles with
the final charge state ranging from 5 to 8 are presented in
Fig. 2 versus the stabilized electron numbers with a typical
error bar of about ±100 eV. An average energy loss of about
600 eV is obtained. Using theSRIM program[21], the elec-
tronic and nuclear stopping powers of Ne atv=0.42 a.u. in a
carbon solid target are found to be 430 and 170 eV/nm,
respectively. In the case of a C60 target, using nonadiabatic
quantum molecular-dynamics calculations, Kunertet al. [22]
have shown that at the present projectile velocity range, the
nuclear contribution is much smaller than the one estimated
in the SRIM calculations. Considering an effective thickness
of a C60 target as 0.5 nm and neglecting the nuclear energy
loss, we obtain a calculated energy loss of about 215 eV,
which is much smaller than the measured valuesDE
.600 eVd. This latter high value of energy loss is due to the
strong preequilibrium effect when the mean projectile charge
during the collision is higher than the equilibrium charge of
the projectile in the target[qeq=Z1/3v; Z,v sa.u.d are the
atomic number and the velocity of the target] [23]. In our

previous Xeq+−C60 sq=8–30d collision experiments, a qua-
dratic energy-loss dependence on the initial projectile charge
q was observed[24].

In the case of Ne10+-C60 collisions, the mean charge of the
projectile during the collision can be estimated roughly by
measuring the final charge of the scattered ions Nes10−sd+. The
energy loss is expected to increase as the difference between
the final charge state of the scattered projectiles and the equi-
librium charge increases. Consequently, if the energy-loss
variation is only due to a projectile charge effect, the energy
loss should be enhanced for smaller values of s. However, in
our experiment, the opposite variation tendency has been ob-
served. The linear increase from 490 to 740 eV fors varying
from 2 to 5 (Fig. 2) should then be considered as the signa-
ture of another effect. As shown in[11] (Fig. 9) and [22]
(Fig. 4), the energy loss is found to be lower in collisions
with impact parameters in the range of 7–9 a.u. than those
through the C60 cage near the center. We then associate dif-
ferent energy loss to collisions with different projectile tra-
jectories through or near the C60 cage. For the case of
Nes10−2d+ ss=2d, the IN component which has the lowest
measured energy loss could be attributed to collisions where
the projectiles pass close to the surface of the C60 cage and
inside the electronic clouds.

For collisions with the same projectile final charge state,
TOF spectra associated with collisions at large and small
impact parameters can be obtained. In the case ofs=2, hori-
zontal projection of the upper part of the 2D spectrum[Fig.
1(a)] including the intact C60

r+ sr =2–5d ions is obtained
[Fig. 1(c)]. This part of the spectrum corresponds mainly to
collisions at large impact parameters without energy loss and
is associated with the OUT component in Fig. 1(b). It is
composed of intact C60

r+ ions and monocharged Cn
+ frag-

ments(from C1
+ to C14

+). The horizontal projection of the

FIG. 1. (a) 2D spectrum in Ne10+-C60 collisions. The horizontal axis stands for the TOF of the heaviest fragment recoil ion of an event
and the vertical axis for the scanning of the electrostatic analyzer voltage around the Ne8+ peak.(b) Partial vertical projection for C+, C2+,
and C3+ ions. The broad peak is the summation of two peaks(IN and OUT components) of Gaussian shape. The “zero” energy loss
corresponds to the OUT component.(c) and (d) Partial horizontal projections for OUT and IN contributions, taking into account the two
components of(b).

FIG. 2. Energy loss vs numbers of stabilized electrons on the
projectile.
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lower part of the 2D spectrum[Fig. 1] shown in Fig. 1 is
associated mainly with the IN component of the projectile. In
strong contrast to the spectrum(c), only light Cn

+ fragments
(from C1

+ to C5
+) are observed. In fact, the real partial popu-

lation distribution of the light fragments is obtained by re-
cording the PR-RI multistop spectrum(not shown here), in
which all charged fragments are recorded for each event. The
dominant peak in the multistop TOF IN spectrum is the C+

ions.
The correlation between the projectile energy loss and the

ejected electron number is shown in two-dimensional
projectile-electron(PR-EL) spectra[Fig. 3(a)], in which the
horizontal axis stands for the amplitude of the electron signal
and the vertical axis for the analyzer scanning voltage. The
PR-EL spectra have been recorded for a different final charge
state of the projectile Nes10−sd+ with s ranging from 1 to 6. In
Fig. 3(b), we present a typical PR-EL spectrum for Nes10−2d+

outgoing projectilesss=2d. Figure 3(b) is the vertical projec-
tion of this spectrum obtained with an extra criterion for the
detection of the light fragments C+, C2

+, and C3
+ in order to

emphasize the contribution of the IN component. Partial
horizontal projections of the upper and lower parts of the 2D
spectrum associated with the projectile OUT and IN compo-
nents are presented in Figs. 3(c) and 3(d), respectively. The
mean electron numbers are found to be aroundknl=3 for the
OUT component andknl=8 for the IN component. It is note-
worthy that the distribution of the number of ejected elec-
trons for the IN component extends up ton=16, leading to
18 active electronssr =n+2d. Therefore, we can deduce that
in grazing collisions characterized bys=2 and an energy loss
of about 490 eV, at least 8s18−10d electrons should be
ejected during the interaction time in accordance with our

assumption of the formation and fast relaxation of the CHA1
in “above surface” collisions.

From the partial electron number distribution spectrass
=1–6d related to the IN and OUT components, we have
measured thesr

s cross sections(Fig. 4). The electron number
conservation ruler =n+s is used to calculate the numberr of
active electrons. The total cross sections=or,ssr

s is normal-
ized to the values=2700 a.u. corresponding to the cross
section pR1

2 for the capture of the first electron in Ne10+

-C60 collisions using the CBM. The critical distance R1 has
been found to be 29.6 a.u.[15] and 29 a.u.(Fig. 4 in [12]),
respectively. For the largests value ss=6d related to inside
C60 cage collisions, up to 27 active electrons are measured,
providing clear evidence that the active electron number r

FIG. 3. (a) Coincidence between the Ne8+ ss=2d outgoing projectile and the amplitude of the electron signal corresponding to the number
of ejected electrons.(b) Partial vertical projection, only contribution of C+, C2

+, and C3
+ fragments.(c) and(d) Partial horizontal projection

for OUT and IN contributions. The “zero” electron peak is recorded in the channel zero and has been removed from the figure to clarify it.

FIG. 4. Cross sectionssr
s vs the numberr of active electrons for

OUT and IN collisions. Each curve is related to a selected final
charge state of the projectile and so for a given numbers.
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exceeds largely the projectile initial charge. A similar effect
has been observed in Xe30+-C60 collisions[15]. In the above
two cases, the maximum number of active electrons is about
three times the projectile initial charge. However, in Ar8+

-C60 frontal collisions, despite the fact that the charge of the
projectile is closer to the Ne10+ case, the maximum active
electron number has been found to be much smaller(around
8). Furthermore, in Ne10+-C60 experiments, the collection
probability of ejected electrons was found to be about 0.86,
which is lower than the one found in the Ar8+ case(0,92).
These observations can be interpreted by the important dif-
ference of the potential energies of the two projectiles(3 and
5 keV for Ne10+, 0 and 57 keV for Ar8+). Indeed, the poten-
tial well of a hollow atom with a bare ion Ne10+ is much
deeper than the potential well with an atomic core like Ar8+,
for which theK andL shells are filled. Therefore, the auto-
ionization cascade follows a greater number of steps for hol-
low atoms with a bare ion like Ne10+, leading to a larger
number of ejected electrons. Furthermore, higher average ki-
netic energy of autoionized electrons is expected in the Ne10+

case, especially at the last steps of autoionization cascades to
fill the K shell (E,1.3 keV for 1s state). The relation be-
tween the electron collection efficiency and the kinetic en-
ergy of the electrons has been demonstrated in our previous
experiment[25].

Figure 4 shows that the mean number of active electrons
is about 12 and 22 in the cases ofs=2 and 6 IN collisions,
respectively(Fig. 4). Therefore, 12 and 22 light charged
fragments(mainly C+) should be expected due to the multi-
fragmentation of C60

12+ and C60
22+ parent ions. However, the

mean number of detected charged fragments per event is
measured to be only about five in the case ofs=2 and seven
in the case ofs=6. The effective collection and detection
efficiency of each fragment is then estimated to be about 0.4
and 0.3 for the multifragmentation of C60

12+ and C60
22+, re-

spectively. These numbers are much smaller than the detec-
tion efficiency(0.75) of our TOF spectrometer. It should be
due first to the complete Coulomb explosion of the multiply
charged C60 leading to fragments with high kinetic energy
and therefore lower collection efficiency, and second to the
strong probability that two C+ fragments are considered as
only one fragment when they hit the same anode pixel qua-
sisimultaneously.

The ss cross sections as a function of the stabilized elec-
tron number s for IN and OUT components(Fig. 5) are ob-
tained from the measured partialsr

s cross sections by the
relationss=orsr

s. The total cross section for IN collisions is
found to be 225 a.u. It is in fairly good agreement with the
geometrical cross section of the C60 including the electronic
cloud which is 283 a.u.sRo,9.5 a.u.d. Thes dependence of
the average number of ejected electronsknl is shown in Fig.
6 for the IN and OUT collisions, respectively. The linear
dependence ofknl versuss for the OUT component means
that a constant number of electronss<2,5d are ejected for
HA1 to stabilize one more electron. Due to the electron dis-
tribution on a large number of n shells, the relaxation of HA1
occurs after the collision via radiative transitions as well as
autoionizing cascades. The evolution of HA1 with a number
of active electrons up to 10 has been investigated using a

statistical model. The Russek and Meli[19] model has been
employed to reproduce the measured cross sections by ad-
justing ag-factor parameter. The parametergn is proportional
to the mean-square matrix elements of transitions from initial
states withr active electrons to all possible final states in
which n electrons are ejected. The details of this model ap-
plied to the autoionization of HA1 will be given in a forth-
coming paper[26]. Figure 7 shows the measured and calcu-
lated mean number of ejected electronsknl versus the
number r of active electrons. The agreement between experi-
mental and theoretical values is fairly good using an adjusted
value of 0.9 for theg factor.

In strong contrast, for “IN” collisions more ejected elec-
trons are observed and thes dependence ofknl shows a
saturation effect for largers value. Fors=2 and 3, about
seven more electrons are ejected in “IN” collisions than in
“OUT” collisions (Fig. 6). This difference can be qualita-
tively understood by the formation of CHA1 and HA2 at
short impact parameters. The fast Auger decay of compact
hollow atoms during the collision time allows us to interpret
the large number of ejected electrons. The saturation effect

FIG. 5. Cross sectionsss vs the numbers of stabilized electrons
for OUT ss=1–5d and IN ss=2–6d contributions.

FIG. 6. Mean number of ejected electronsknl versus the number
s of stabilized electrons for the IN and OUT components,
respectively.
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observed fors=4,5,6 isprobably due to the formation of
HA2 inside the C60 cage where the electrons are transferred
to inner-shell vacanciessn,4d of Ne10+. The relaxation of
such HA2 with electron population of lower levels needs a
few steps in autoionization cascades.

Now let us consider the special cases=2 and focus our
attention on the results for IN collisions. The cross section of
these events presents about 5 % of the total IN cross sec-
tions. This value is comparable to the relative cross section
of the ring of electronic clouds outside the C60 cage. It gives
another argument for our attribution of these events to the
trajectories with impact parameters in the range of 7–9 a.u.
In Ne10+-C60 collisions, the CBM predicts that the first to the
tenth electrons are transferred to n levels ranging fromn=9
to 4, in good agreement with the calculation of Langereis
et al. [[12] (Fig. 6)]. In collisions through the electronic
clouds, the impact parameter is shorter thanR10 s12 a.u.d
[11]; a large number of electrons are tranferred simulta-
neously and occupy the same innerN shell leading to the
formation of the compact hollow atom of the first generation
(CHA1). The measured ejected electron distribution provides
insight into the fast Auger decay of such compact hollow
atoms.

The Auger decay of hollow atoms with electron occupa-
tion on the same shell is considered under two assumptions.
First, only sn, ,n,8d electron pair Auger processes are taken
into account. Auger decays involving three or more electrons
are neglected. Second, the quantum jumpDn=n–n8 between
the initial n and finaln8 states of the bound electron is equal
to Dn=1. Vaecket al. have shown that theDn=1 transition
channels are opened when the number of electrons on the
same shell is large[27]. A completely neutralized CHA1 has
10 electrons on then=4 level (N shell). The Auger decay of
such a hollow atom takes place in several phases. In the first
phase, five electrons are ejected via autoionization and five
electrons jump on then=3 level s4,10→«,5,3,5d. In the
second phase, two electrons are ejected and two electrons
jump on then=2 level s3,5→«,2,2,2,3,d and finally one
electron is ejected and one jumps to theK shell s2,2,3,8

→«,9 ,1s,3,d. In total, we find that eight electrons could be
ejected from a completely neutralized hollow atom with 10
active electrons on then=4 shell. Let us take into account
the fact that Auger decay occurs during the interaction time,
and after the loss of each electron, the target supplies another
electron to neutralize again the CHA1. Taking the assump-
tion that the electrons transferred after the fast electron ejec-
tion occupy also the same level on the projectilen=4, we
can estimate the maximum number of active electrons for
events withs=2. In fact, to stabilize two electrons on theK
shell by Auger electron-pair decay, we need four electrons on
the L shell, eight electrons on theM shell, and 16 electrons
on theN shell. Therefore, at maximum, 16 electrons can be
transferred to the N shell during the interaction time, leading
to the stabilization of two of them. Despite the roughness of
the previous analysis, comparison with experimental results
shows a relatively good agreement. Indeed, for s=2 IN col-
lisions (Fig. 4), the maximum number of active electrons is
found to be 17, close to the estimated value of 16. The av-
erage experimental value of active electronsskrl.13d can be
explained by electron transfers on lower statessn,4d lead-
ing to a smaller number in autoionization cascades.

IV. CONCLUSION

We have measured the partial cross sections for multicap-
ture processes in collisions of Ne10+ with C60. Collision
events have been separated roughly upon the impact param-
eters using the projectile energy-loss analysis. The relaxation
of three types of hollow atoms—HA1, CHA1, and HA2—
has been studied selectively. For HA1, the observed linear
dependence of the mean numberknl of ejected electrons ver-
sus the number s of stabilized electrons has been well repro-
duced using a statistical model. For HA2, we have observed
a saturation effect of the mean electron numberknl for larger
s value. This can be explained by a direct electron capture on
lower states of Ne10+ ions. Intermediate cases have been
identified in collisions with scattered projectiles Ne8+ ss=2d
corresponding to the formation of CHA1 close to the C60
molecule. The maximum number of ejected electrons in
these cases is interpreted by the fast quasicomplete autoion-
ization cascades and continuous electron supply from the
target to the hollow atom during the collisions.
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