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Stabilized Hollow Ions Extracted in Vacuum
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K x rays emitted from2.1 keVyu N61 ions passed through a thin Ni microcapillary foil were
measured in coincidence with the exit charge states. Ions with aK hole but with several electrons
in outershells, i.e., hollow ions formed above a surface (in the first generation), were successfully
extracted in vacuum. It was found that a considerable fraction of extracted hollow ions had extremely
long lifetimes of the order of ns. [S0031-9007(97)03372-3]

PACS numbers: 34.50.Dy
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The interaction of slow multiply-charged ions (MCIs
with solid surfaces has been intensively studied in rec
years [1]. When an MCI approaches a surface, tar
valence electrons are expected to be resonantly transfe
to highly excited states of the MCI. According to th
classical over barrier (COB) model, the distancedc for
the resonant charge transfer to start is given by

p
2qyW ,

where q is the charge of the ion andW is the work
function of the solid [2]. Such a multiply excited atom
(ion) with many innershell vacancies formed above
surface will be referred to as a hollow atom in th
first generation (HA1) hereafter. When the ion furth
approaches the surface, charge transfer channels to l
excited states open, and some of the electrons alread
highly excited states are released in vacuum or retur
to empty levels of the target. As the MCI gains som
kinetic energy due to its image acceleration, the ti
interval between the HA1 formation and its arrival at t
surface is limited to less than10214 10213 sec, which is
possibly shorter than its intrinsic lifetime. In other word
an HA1 is in a nonstationary state forming a molecu
orbital with the target, which may more suitably be call
a “dynamic hollow molecule.” At or below the surfac
the valence electrons of the target dynamically screen
ion charge, and considerably promote the energy lev
which allows some shallow innershells to be filled v
quasiresonant charge transfers or Auger transitions
If the incident ion has holes at levels deeper than th
shallow innershells, a hollow atom (ion) can still exi
temporarily at or below the surface, which will be referr
to as a hollow atom in the second generation (HA
hereafter. The HA2 eventually decays to its ground s
emitting x rays and/or Auger electrons.

Until now, the mainstream of experimental setups
study HA1s has been a combination of slow MC
and flat surfaces, where MCIs are converted into HA
near the surface, which are immediately and inevita
reconverted to HA2s at or below the surface. As
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evident from this scenario, such an experimental setup
two major difficulties in studying HA1s, i.e., signals from
HA2s are often much stronger than those from HA1s
has already been observed by Meyeret al. [4], and the
survival times of HA1s are possibly too short for the
intrinsic and stationary nature to be studied. In ord
to avoid these difficulties and to preferentially prepa
HA1s by suppressing the production of HA2s, thin fo
with straight multimicrocapillaries have been employ
as targets [5–7], which allows the extraction of HA1
in vacuum and the observation of x rays emitted fro
them in flight. When MCIs impinge on the target alon
the capillary axis, they are attracted toward the capilla
wall by the image force, and part of them approach
capillary wall with a distance less thandc at a certain
depth from the entrance surface, and are expected
capture electrons resonantly into their excited states,
HA1s are formed as in the case of flat surface targets.
the locations of the HA1 formation are close to the exit
the capillary, they will be extracted in vacuum before th
hit the capillary wall. Further, as the cross section of t
real capillary varies microscopically along the capilla
axis, each capillary has a bottleneck. When HA1s
formed near the bottleneck, part of them are expec
to be extracted in vacuum, because the image force
appreciable only near the bottleneck, i.e., the deflect
of the ion toward the wall is rather small. Because o
long interaction time, charge transfers through tunnel
processes might also play a role. In any case, the rati
ions which capture finite numbers of electrons to tho
transmitted is, in the first approximation, geometrica
estimated to be2dcyr, wherer is the inner radius of the
capillary.

In the present Letter, we show, for the first time, th
a considerable fraction of extracted ions with aK-shell
hole are extremely stabilized, though keeping as ma
as 4 electrons in outershells. We have suggested
spin-aligned states with less than half-filled shells are
© 1997 The American Physical Society 4557
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minimum requirements of the stabilization [6]. As an
empty innershells are immediately filled by electrons fro
higher lying states irrespective of the spin alignment,
innershells of stabilized atoms (ions) can be complet
empty. At the same time, if some outershells are m
than half-filled, part of the electrons have spins in t
opposite direction to the major spin direction, whic
immediately relax to innershells, i.e., all the active she
should be less than half-filled.

A 2.1 keVyu N61 beam was extracted from a Hype
ECR ion source at the Institute for Nuclear Study, Un
versity of Tokyo. The beam was collimated using
four-jaw slit and transported into a vacuum chamb
which was evacuated down to,1029 Torr [8]. A Ni
microcapillary target was installed onto a manipulator, t
thickness and the hole diameter of which were,1.5 mm
and ,250 nm, respectively, i.e., the interaction time o
the ion with the capillary could be as long as,10212 sec.
The geometrical opening ratio of the target and t
observed transmission ratio were,50% and ,15%, re-
spectively. The difference between the observed and g
metrical transmission ratio might be partly attributed
the image acceleration towards the capillary wall, fin
beam divergence, nonuniform capillary diameter, etc.
electrostatic charge state selector was installed,50 cm
downstream from the target. X rays were measured wi
Si(Li) x-ray detector without a window. A movable shiel
was inserted between the target and the detector, w
varied the detection region to determine the lifetimes of
K hole in flight. Further details of the experimental set
are given in Ref. [6].

It was found that,1% of the ions transmitted through
the capillary captured at least one electron, which is
accord with the expected ratio2dcyr , 1.4%. Figure 1
shows an example of the charge state distributionfsqf d
of the transmitted nitrogen ions as a function of the fin
charge stateqf . As the exit charge stateqf decreases,
the corresponding ion fraction gradually decreases, wh
is quite different from that observed for specularly r
flected ions [9,10,11] and foil transmitted ions [12] in
similar energy range. For example, in the case of gla
ing scattering of3.75 keVyu O81 at an Au(110) surface
[9], ,90% of the reflected particles are neutralized, a
fsqf d decreases drastically asqf increases forqf $ 0.
The time necessary to neutralize MCIs at less than,2Å
from the surface is evaluated to be,30 fs [13], which in-
dicated that the major part of the charge transferred i
observed in the present study suffered only distant c
lisions with the target surface. It is then known that t
capillary foil is an effective and unique material supplyin
some limited number of electrons keeping the charge s
distribution away from its equilibrium. Since the tran
mitted ions reach the charge state analyzer,1026 sec
after they interact with the target, the ions in the an
lyzer are expected to have relaxed to their ground sta
via emission of Auger electrons and/or x rays, i.e., t
4558
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FIG. 1. The charge state distributionfsqfd of 2.1 keVyu N61

ions transmitted through the Ni capillary. The fractions are n
compensated forqf -dependent angular distributions, i.e., lowe
charge fractions which showed wider angular distributions m
be slightly higher than plotted.

charge state of the ion at the moment of the charge tra
fer is equal to or lower than the observed one. In t
case of a gaseous C60 target, electron removal cross se
tionsssqf d are found to show a similar weak dependen
on qf , which could be another way to limit the number o
electrons transferred [14,15]. In the case of C60, however,
ions capturing multiple electrons via a distant collisio
(COB-like process) eventually hold only a few electron
which is compared with the present observation, whe
ions holding several electrons were effectively produc
via distant collisions as discussed above. Such a dist
difference is probably due to the large difference of the
teraction time between the capillary target and C60 target
s,10215 secd. In the latter case, charge changing Aug
relaxations take place after the termination of the inter
tion, while in the former case, the relaxations proceed
in parallel with the interaction, where additional electro
are supplied when necessary.

K x rays of N ions were measured in coinciden
with the final charge stateqf of the transmitted ions.
The lifetimes of theK-shell hole of transmitted ions
were determined with measurements of “integrat
delayed x-ray yield,” the intensity of which is given
by hstd , qfd ­ hsxyy, qfd ­

R`
xyy z sx0yy, qfddsx0yyd,

where z sx0yy, qf d is the differential x-ray intensity cor-
related withqf at x0 from the target along the ion path
and y the projectile velocity [6]. It is noted again tha
the charge state measured is equal to or higher than
at the moment of the x-ray emission. The trianglessnd,
circlesssd, squaresshd, and diamondssed in Fig. 2 show
integrated delayed x-ray yieldshstd , qfd normalized per
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FIG. 2. The integrated delayed x-ray yields,hstd , qf d normal-
ized per one Nqf 1 ion; qf ­ 5 snd, 4 ssd, 3 shd, and 2sed.

Nqf 1 ion with qf ­ 5, 4, 3, and 2, respectively, assumin
isotropic x-ray distributions. The time resolution of th
measurement was,1 ns. As has already been reporte
for Ne91 ions [6], a considerable fraction of the transferr
ions with aK-shell hole are in extremely stabilized state
The yields of the delayedK x rays for qf ­ 5, 4, 3,
and 2 were,8%, ,4%, ,1%, and,0.5%, respectively.
On the other hand, conincidences were barely visible
qf ­ 1 and 0 within the experimental accuracies, e.g.,
yield for qf ­ 0 at td ­ 0 wass5.5 6 3.5d 3 1024. The
qf ­ 0 component was measured setting a channeltro
0±, deflecting all charged components by the analyzer.
can be seen that (i) the x-ray emission from the stabiliz
states was observed not only from a few electron syste
but also from multielectron systems [e.g., a 5-electron s
tem sqf ­ 2d], and (ii) the decay curves of the NK-shell
hole depended only weakly on the final charge state,
consisted of at least two components forqf ­ 5, 4, and
3. The lifetimes of the longer components were,4, ,4,
and,2.5 ns forqf ­ 5, 4, and 3, respectively, which ar
several orders of magnitude longer than typical lifetim
of a NK hole with filledL shell. It is known that the ions
with a K-shell hole observed here are strongly correla
with HA1s produced via COB-like processes above t
surface (distant collisions).

Figure 3(a) shows the K x-ray spectrum for
2.1 keVyu N61 interacting with a flat A1 target with its
surface normal at,20± to the beam. The peak energ
is observed at,390 eV, which is consistent with the
tabulated value of 392 eV, which corresponds to t
transitions from a filledL shell. The energy spectra
dhstd , qfdydE at td ­ 0 ns for qf ­ 5, 4, and 3 are
shown in Fig. 3(b). The spectral shapes and peak ene
positions are similar to each other. Figure 3(c) sho
d
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FIG. 3. Energy spectra of N x rays (a) interacting with
flat A1 target with its surface normal at,20± to the beam,
(b) interacting with a Ni microcapillarydhstd , qf dydE at td ,
0 ns for qf ­ 5 snd, 4 (≤), and 3shd, and (c)dhstd , qf dydE
at td , 6 ns for qf ­ 5 snd, 4 (≤).

dhstd , qfdydE for qf ­ 5 and 4 at td , 6 ns , i.e.,
the x-ray energy spectra belonging to the transitions
the longer lifetime components. The peak energy
dhstd , qfdydE is ,420 eV for all td and qf studied,
which is ,30 eV higher than that for the flat A1 target
i.e., the number ofL-shell electrons is very small, inde
pendent oftd and qf . It is noted that the higher energy
tails s$500 eVd which correspond to transitions from
higher excited statessn $ 3d are visible in Fig. 3(b) but
not in Fig. 3(c), i.e., such transitions have relatively sho
lifetimes.
4559



VOLUME 78, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 16 JUNE 1997

d

v
o

t
o

e

h

d

v

f

h

e
n

e
t
a

d

l
f

f
.

.

.

.

Decay curves of the x rays observed here strongly in
cate that the configurations of the excited states are in sp
aligned metastable states. Once the spin-aligned states
formed with some electrons in each shell, both radiati
and Auger transitions are induced only via spin-flip pr
cesses, which are larger for lower excited states with a
nite orbital angular momentum. It is then reasonable th
the relative x-ray intensities fromn $ 3 in Fig. 3(c) are
much weaker than those in Fig. 3(b). In a very simple a
gument that the spins of captured electrons have rand
directions, the probability of having the highest spin mu
tiplicities, i.e., the probability of getting stabilized hollow
atoms (ions), is proportional to22n, wheren is the total
number of electrons captured. Theqf dependences of
hstd , qfd shown in Fig. 2 are more or less consistent wi
this expectation. For further discussion, one should kn
the fluorescence yield for each stabilized state.

Theoretical predictions on transition energies and th
lifetimes indicate that the long lifetime component fo
qf ­ 5 is 1s2p 3P1, which decays to1s2 1S0 emitting a
424 eV x ray with a lifetime of 4.4 ns. In the case o
qf ­ 4, the most probable candidate of the stabilized sta
is 1s2s2p 4P3y2, which decays to1s22s 2S1y2 emitting a
413 eV x ray [16] with a lifetime of 5.4 ns [17]. These
identifications are the same as those for Ne91 on an Al2O3

capillary discussed in Ref. [6]. Possible candidates for t
short lifetime component forqf ­ 4 are1s2p2 4P1y2,3y2,
which have lifetimes of,2 ns emitting 414 eV x rays
[18]. Although we do not have theoretical prediction
at hand for qf # 3, observed transition energies an
lifetimes strongly suggest that (1) the number ofL-shell
electrons are similar to those forqf # 4, and (2) the rest
of the electrons are in highly excited states which ha
little influence on the lifetimes of the stabilizedL-shell
electrons.

In summary, stabilized hollow ions with lifetimes o
the order of ns were extracted in vacuum, employing
combination of a microcapillary foil and slow multiply-
charged ions. The final charge state distribution of t
capillary-transmitted ions shows that the capillary fo
is a unique material supplying some limited but finit
number of electrons. Comparisons of the lifetimes a
transition energies with theoretical evaluations reveal th
the stabilized states are attributed to spin-aligned le
than half-filled states. The present technique could b
powerful new tool for spectroscopy of metastable sta
with deep innershell holes, which may be referred to
beam capillary spectroscopy.
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