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Abstract

The formation and relaxation processes of hollow atoms and related excited states of ions produced with a Ni
microcapillary thin foil have been studied employing various experimental techniques. The first stage of the charge
transfer from the surface to the ions was studied by using visible light measurements. On the other hand, X-ray
measurements revealed the core electronic configurations of ions at the last moment of the hollow atom evolution. The
overall feature of the electron capture processes in the capillary was given by the charge state distribution measure-

ments. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 34.50.Dy
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1. Introduction

When a highly charged ion (HCI) approaches
a solid surface, the ion is accelerated toward the
surface with its image charge and then the ion
resonantly captures target electrons into excited
states. According to the classical over barrier
(COB) model [1], the distance d. for the resonant

* Corresponding author. Tel.: +81-48-467-9486; fax: +81-48-
462-4644.
E-mail address: kanai@rarfaxp.riken.go.jp (Y. Kanai).

charge transfer to start is given by ~(2q)1/ Iw,
where ¢ is the charge of the ion and W is the
work function of the solid (physical quantities are
given in atomic units unless otherwise noted).
Such an atom (ion) with multiply excited elec-
trons and inner shell vacancies is called a “hollow
atom (ion)”. The formation and relaxation dy-
namics of hollow atoms have been studied in-
tensively in recent years [1-11]. The formation of
hollow atoms above the surface was indirectly
confirmed through measurements of the angular
distribution of reflected ions under glancing angle
of incidence [4] or secondary electron yield during
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neutralization [5]. The deexcitation of hollow at-
oms proceeds at first via a cascade of autoion-
ization processes. Careful observations of Auger
electron spectra in slow HCI-surface collisions
indicated that the Auger electrons from hollow
atoms above the surface have relatively sharp
peak structures, and those below the surface have
broader peak structures [6,7]. On the other hand,
the emission angular distributions of those two

components showed a similar dependence, i.e.,

cosine-like angular distributions [8], which indi-

cate that both components were rather produced
below a surface than above the surface. By using

a flat surface target, it is difficult to observe the

nature of hollow atom above surface, because its

intrinsic lifetime could be longer than the time
interval (i.e., ~10713 s) between the hollow atom
formation above the surface and its arrival at the
surface. To overcome the difficulty, hollow atoms

(ions) were extracted in vacuum employing a

microcapillary target [12-19]. The microcapillary

used in our experiments was ~1 mm? in size with

a thickness of ~ pm and had a multitude of a

straight holes of ~100 nm in diameter. When

HCIs impinge on the microcapillary target par-

allel to the capillary axis, part of the hollow at-

oms (ions) formed in the capillary can pass
through it before hitting the capillary wall. In this
case, free hollow atoms are extracted in vacuum.

We have used free hollow atoms to study its

production and relaxation mechanisms employing

the following techniques:

1. visible light measurements, which give informa-
tion on Rydberg states produced by the first
stage of the charge transfer from the capillary
surface;

2. X-ray measurements in coincidence with the fi-
nal charge states, which reveal the lifetime of
hollow atoms for different number of electrons
transferred;

3. X-ray measurements with a high-resolution
grating spectrometer, which allows one to iden-
tify the core electronic configurations of hollow
atoms;

4. charge state and scattering angle measurements,
which are expected to reflect the distance be-
tween the ion and the surface at the moment
of the charge transfer.

In this paper, we review our research of hollow
atoms and related excited states produced by
beam-—capillary interaction.

2. Visible light measurements

As mentioned in Section 1, when HCIs ap-
proach to a solid surface, electrons from the va-
lence band of the solid are resonantly transferred
to highly excited state of the ions. According to the
COB model, the first electron transfer takes place
to

ne ~q/[2W(1+ (g — 0.5)/(8¢)"")]'"?

of the incident ions [20]. By adapting a reasonable
value of 0.2 a.u. for W, n. is estimated to be ¢ + 1.
Those atoms (ions) may emit visible light via
transitions among highly excited states. In order to
see what really happens, visible light emitted from
the ions transmitted through a Ni capillary were
measured with a Czerny-Turner type spectrometer
with one-to-one imaging mirrors. Spectra for 2.0
keV/u Ar?" (6 <q<10) ions are shown in Fig. 1
[17,21,22]. Several lines are attributed to An =1
transitions of the ions which have captured an
electron into high Rydberg states, the transition
wavelengths of which can be well accounted for by
assuming energy levels as those of hydrogenic ions.
For example, in the case of the Ar®" incident ion,
transition wavelengths of Ar’" from 1s22s2p®n/ to
1s22s?2p°(n — 1)/’ states are calculated to be 298,
434, 607 and 820 nm for n =8, 9, 10 and 11, re-
spectively (k, /, m and n in Fig. 1). Similarly, in-
tense lines referred to as a, b, ...,u in Fig. 1 can be
attributed to An =1 transitions from the initial
states n, where ¢ — 1 <n < g + 3, the central value
of which is just that predicted by the COB model.

It is noted that the lines observed for Ar’" in-
cident ions can also be observed at the same
wavelength, in the present spectral resolution, for
Ar7tVT (Arl?7) incident ions, which are labeled
by primed letters like &' (k") in Fig. 1. This indi-
cates that Ar*U* (Ar*?%) jon has captured
many electrons in the capillary, and deexcited
through radiative or Auger transitions leaving one
electron in its high Rydberg states.
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Fig. 1. Visible light spectra observed for Ar?* (6<¢<10)
incident ions downstream of the capillary target and relative
efficiency curves of the detection system. “2” indicates the
2nd-order reflection of the grating. For details see the text.

3. X-ray measurements in coincidence with final
charge states

To measure the X-rays emitted during transi-
tions into inner shell holes in coincidence with the
final charge state gives us information on the total
number of electrons in outer shells still keeping the
inner shell holes.

K X-rays emitted from 2.3 keV/u N°" ions were
measured in coincidence with the final charge state
gr of the transmitted ions through a Ni capillary
[15]. The lifetime of the K-shell hole of transmitted
ions was determined through measurements of
integrated delayed X-ray yield, the intensity of
which is given by

a0 = /.00 = [ 8@ g0 d . ()

where ((z'/v,q¢) is the differential intensity of
X-rays emitted from the ions with their final
charge states g¢ at Z/ from the target, v is the pro-
jectile velocity, ¢4 is given by z/v. The integrated
delayed X-ray yields 7(t4,¢r) normalized per N
ion with g¢ = 5, 4, 3 and 2 are shown in Fig. 2. The
time resolution was ~1 ns. A considerable fraction
of the transferred ions with a K-shell hole were
found to be in extremely stabilized states. The
yields of the delayed K X-rays for ¢ = 5, 4, 3 and
2 were ~8%, ~4%, ~1% and ~0.5%, respectively.
It can be seen that (1) the X-ray emission from the
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Fig. 2. The integrated delayed X-ray yields normalized per one
Ne#t ion; gr = 5 (A), 4 (O), 3 (O) and 2 (&) [15].
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stabilized states was observed not only from a few
electron systems but also from multielectron sys-
tems, e.g., a 5 electron system (¢gr = 2), and (2) the
decay curves of the N K-shell hole depended only
weakly on the final charge state, and consisted of
at least two components for gr = 5, 4 and 3. The
lifetimes of the longer components were ~4, ~4
and ~2.5 ns for g = 5, 4 and 3, respectively, which
are several orders of magnitude longer than typical
lifetimes of a N K-hole with filled L shell.

The peak energy of X-rays was ~420 eV, which
is ~30 eV higher than that observed for a flat Al
target [15], i.e., the number of L-shell electrons is
very small. This feature did not depend on the g¢
and delay time after the capillary target. This in-
dicates that the core configurations of the excited
states for longer lifetimes are in spin-aligned
metastable states [15].

4. High-resolution X-ray measurements

The energy resolution of Si(Li) detector is not
enough to identify the electronic configurations
involved in the X-ray emission, which is very im-
portant to understand the dynamics of the hollow
atom formation and relaxation processes. In order
to overcome the difficulty, we developed a high-
resolution soft X-ray spectrometer, which consists
of a grating with varied groove spacing and a
back-illuminated charged couples device (CCD)
[23]. The energy resolution of the spectrometer was
~2.6 eV full width at half maximum at ~900 eV.
The K X-ray spectra taken with the spectrometer
for 2.3 keV/u Ne’* ions transmitted through the
Ni capillary are shown in Fig. 3. Three sharp peaks
are seen at 921.7, 913.4 and 895.4 eV. Comparison
with theoretical calculation [24] and reference data
[14] indicates that the core electronic states of these
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Fig. 3. Spectra of K X-rays measured with the spectrometer, for
2.3 keV/u Ne’" ions transmitted through a Ni capillary target.
Core configurations of excited states are indicated.

peaks can be attributed to He-like 1s2p 'P-1s? 'S
(922.1 eV), 1s2p *P-1s> 'S (914.9 eV) and Li-like
152s2p “P-1s2s 2S (895.0 eV), respectively. The
observed energies and the reference data for the
transitions with their core configurations are
summarized in Table 1. The decay curve of X-rays
emitted from 9 keV/u Ne’* ions with an Si(Li)
detector showed that the lifetime of the upper state
is ~0.8 ns, which indicated that the state involved
was 1s2s2p P states because the predicted life-
times of 1s2s2p *Py)», *P3;, and *Ps), are 0.4, 0.6
and 12 ns [14,16]. The *Ps, state decays only
through the Auger transition, and do not con-
tribute to X-ray spectra [14,16]. This assignment is
re-confirmed with the high-resolution measure-
ments, which reveled that the transition energy is
just as is predicted.

The observed transition energies are in good
agreement with reference data as shown in Table 1.

Table 1

Electronic core configuration of Ne ions after the Ni capillary
Experiment Ref. data Core configuration Terms
9134+ 13eV 914.9 eV [24] 1s2p — 1s? 3P-1S,
921.7+13 eV 922.1 eV [24] 1s2p — 1s? P,-1S,
8954+£13eV 895.0 eV [14] 15282p — 1s°2s *Pyj23—"So
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From our measurements, we have not obtained the
direct evidence for the existence of spectator elec-
trons in Rydberg states at the moment of K X-ray
emissions. High-resolution X-ray measurements in
coincidence with the final charge state will reveal
this point. However, the efficiency of the grating
X-ray spectrometer is too small to do the coinci-
dence measurements. We have just started to in-
troduce a superconducting tunnel junction (STJ)
X-ray detector [25,26] to make coincidence exper-
iments possible still keeping the energy resolution
quite high. The energy resolution of an STJ
detector is typically ~5 eV at 900 eV with high
efficiency ~90%. Up to now, we have measured
X-rays emitted from slow HCIs bombarding a flat
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surface, and obtained ~30 eV energy resolution at
900 eV with the STJ detector [27].

5. Charge state distributions

Charge state distributions of Xe ions, which
deexcited into ground state, were measured. Typ-
ical final charge state distributions for 800 eV/g
Xe", g = 3, 6, 9 are shown in Fig. 4, which are all
“U-shaped” for all the incident charge states
measured. The final charge state distribution can
be roughly estimated with d., which is shown by
the solid line for ¢ = 6 in Fig. 4. It is seen that the
general behavior for low ¢; region is more or less
reproduced, but it deviates from the observation
for high ¢ region, which may be explained with
Auger processes. A Monte Carlo simulation taking
into account Auger processes has been made for
Xe® jon by Tokési et al. [28,29], the results of
which is shown by the solid line in Fig. 4. It is seen
that the agreement with our measurements for the
Xe®" incident case is quite satisfactory.

The angular distributions for each exiting ions
are shown in Fig. 5. It is seen that ions with higher
gr are more deflected than those with lower ¢,
which is not consistent with a qualitative expec-
tation. Actually, the angular distribution of 2.1
keV/u N transmitted through a Ni capillary
calculated by TOkési et al. [28] showed same fea-
tures as the qualitative expectation, which do not
agree with the experiments. In order to study this
puzzling but interesting discrepancies, a new

Fig. 5. 2-dimensional contour plots of Xe’ for Xe®" incident. Each contour is normalized at its peak height.
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measurement employing other targets with much
straight capillary are under preparation.

6. Summary

With various experimental techniques, the na-
ture and the relaxation processes of hollow atoms
or related excited ions produced by the thin cap-
illary target have become clear. Visible light mea-
surements gave the evidence that multielectrons
transfer into ions from the capillary and those ions
are stabilized with one electron in the Rydberg
state. From X-ray measurements in coincidence
with the final charge state, the production of spin-
aligned states in the capillaries was discussed.
High-resolution X-ray measurements reveal core
electronic configurations of ions after the capillary
at the moment of the X-ray emission. Charge state
distributions of ions passing through the capillary
are qualitatively in agreement with the Monte
Carlo simulation [28,29], which means that the
simulation can reproduce crude features of the ion
capillary interactions.
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