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2

The electron transfer process in the interaction of a slow highly charged ion with a metal surface has been
studied employing a microcapillary foil as a target. The combination of the target and a visible light spectroscopy allows us to directly evaluate the initial 共n , ᐉ兲 distributions of the first transferred electrons. It was found
that observed lines were primarily attributed to ⌬n = 1 transitions with relatively high angular momenta 共ᐉi
ⲏ 4兲. A cascade analysis revealed that the electron is selectively transferred to n ⬇ qin + 1 states with a narrow
distribution width of ␦n ⬇ 2 (full width at half maximum). The average initial principal quantum number is
consistent with the prediction of the classical over-barrier model.
DOI: 10.1103/PhysRevA.70.012902

PACS number(s): 34.50.Dy, 32.30.Jc

I. INTRODUCTION

Charge-transfer processes in collisions of a slow highly
charged ion 共HCI兲 with a metallic surface have been intensively studied in the last two decades [1–16]. The major
motivation has been to study and to establish the scenario of
slow HCI surface interactions, which involves primordial
electron transfer processes and both formation and decay
processes of hollow atom or ion (HA), an atomic system
with many electrons in its excited states and many holes in
inner shells. The basic scenario established so far is as follows: When a HCI approaches a metal surface, one of the
valence electrons is resonantly transferred to a high Rydberg
state of the HCI. This is followed by subsequent electron
transfers to lower states when the HCI further approaches the
surface, i.e., a HA is formed above the surface. Formation
processes of the HA have been studied through measurements of energy gains deduced from deflection angles of
incident ions [1,2] and total electron yields [3]. The HA so
formed then jumps into the target within a time interval of
ⱗ10−13 s because it has been accelerated towards the surface
due to its own image charge, until it is completely neutralized. The decay processes and structural properties of the HA
have been studied through measurements of x rays [4,5] and
Auger electrons [6–9]. It is noted that physical quantities
extractable from these measurements are those related to processes taking place mainly after the time interval (HA below
the surface), and any transition with its lifetime longer than
the time interval scarcely takes place above the surface.
In order to overcome the difficulty and to enable the study
of the HA above the surface, a technique to combine HCIs
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and a thin microcapillary foil has been developed [10,11].
The idea is that when HCIs are injected along the capillary
tunnels, a fraction of them can transmit through the tunnels
and escape in vacuum even after they capture electron(s)
from inner walls of the tunnels. In this case, the interaction
between the HCIs and the surface is truncated, i.e., (1) HAs
in various stages of the evolution near the surface can be
studied and (2) any physical processes which take place with
a characteristic time longer than 10−13 s can be studied exclusively by the present method [10–12].
The interaction of a HCI with a metallic microcapillary
foil has been theoretically studied [13] employing the classical over-barrier 共COB兲 model [14], which succeeded in reproducing the charge state distribution of the ions downstream of the capillary [11,15]. Recently, an insulator
microcapillary target is reported to have an interesting character, i.e., a HCI beam is guided along the capillary axis
keeping their initial charge state even when the capillary is
tilted with respect to the HCI beam [16].
In the present paper, we report the very beginning of the
HA formation process in HCI surface interaction studied by a
spectroscopic method in the visible light range. Such a study
becomes feasible only when microcapillaries are used as targets, because the time interval for a flat surface is too short to
emit photons in the visible light range where typical transition rates are around 109 s−1.
The transition energy ⌬E共⌬n兲 of an electron in a high
Rydberg state with a principal quantum number ni of a HCI
with its core charge qin is approximately given by
⌬E共⌬n兲 ⬇

− q2in
2n2i

+

q2in
q2in⌬n ⌬n
⬇
⬇
,
2共ni − ⌬n兲2
qin
n3i

共1兲

where ⌬n共Ⰶni兲 is the change in the principal quantum number. The last relation was derived using ni ⬇ qin [14] (atomic
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units are used unless otherwise noted). Equation (1) indicates
that the transition energy for ⌬n = 1 is in the visible light
range when qin is around ten.
II. EXPERIMENT

The experiments were performed with a 14.25 GHz HyperECR ion source at the Center for Nuclear Study, University of Tokyo, and a 14.5 GHz CapriceECR ion source at
RIKEN. Arqin+ ions with 6 艋 qin 艋 10 were extracted from the
ion sources with energies of 2.0 and 0.88 keV/ amu. After
charge state selection by an analyzing magnet, the ion beam
was collimated to ⬃1 mm in diameter. The ion beam then
impinged upon a Ni microcapillary foil of ⬃700 nm in thickness with a multitude of straight holes of ⬃100 nm in diameter [17]. A mirror imaging system was prepared to collect
photons emitted from transmitted ions with its half conical
angle of 2.9°, and to focus them with one to one imaging on
an entrance slit of a Czerny-Turner-type spectrometer. After
the spectrometer, photons were detected with a backilluminated charge-coupled device (CCD) having a pixel size
of 24 m. The target position is variable along the beam
direction so that decay curves can be obtained (see Ref. [18]
for more details).
The population of each 共n , ᐉ兲 state, Nn,ᐉ共t兲, evolves according to the rate equation
dNn,ᐉ共t兲/dt = − 共1/Tn,ᐉ兲Nn,ᐉ共t兲 + f n,ᐉ共t兲,

共2兲

where t is the traveling time of the HCI between the exit of
the capillary and the object point of the mirror imaging system, Tn,ᐉ is the lifetime of the 共n , ᐉ兲 state and f n,ᐉ共t兲 is cascade feeding to the 共n , ᐉ兲 state from upper states.
n⬘,ᐉ⬘
for the 共n , ᐉ兲 − 共n⬘ , ᐉ⬘兲
An observed line intensity In,ᐉ
n⬘,ᐉ⬘
transition (whose transition rate is An,ᐉ ) with this setup is
then given by the solution of Eq. (2) by
n⬘,ᐉ⬘
In,ᐉ
=

冕

t+⌬t

n⬘,ᐉ⬘
An,ᐉ
Nn,ᐉ共t⬘兲dt⬘ ,

共3兲

t

n⬘,ᐉ⬘
Nn,ᐉ共0兲e−共t/Tn,ᐉ兲关1 − e−共⌬t/Tn,ᐉ兲兴 + gn,ᐉ共t兲,
=Tn,ᐉAn,ᐉ

共4兲

where ⌬t is the time window of the detection system and
gn,ᐉ共t兲 shows a contribution from cascade feeding. Equation
n⬘,ᐉ⬘
⌬t, assuming Tn,ᐉ Ⰷ t, Tn,ᐉ Ⰷ ⌬t
(4) reduces to Nn,ᐉ共0兲An,ᐉ
and gn,ᐉ共t兲 = 0.
III. RESULTS AND DISCUSSIONS

Figure 1 shows spectra when 2.0 keV/ amu Arqin+ 共qin
= 6 − 10兲 ions are incident on the Ni microcapillary (spectral
resolution: ⌬ ⬇ 4 nm). The spectra are corrected against the
detection efficiency of the optical system with respect to
wavelengths, i.e., the ordinate is proportional to the number
of emitted photons. With the help of Eq. (1), major lines
were successfully attributed to ⌬n = 1 transitions of ions
which have eventually captured one, two, or three electrons
in the capillary, as discussed later.

FIG. 1. Wide-range spectra for 2.0keV/ amu Arqin+ incident ions.
Lines connected by the solid lines are attributed to ⌬n = 1 transitions
of Ar共qin−1兲+. The solid lines connect transitions with ni = qin + s
among different qin for a fixed s. Second-order reflections are
marked by 2.

At the top of Fig. 1, ni involved in each transition is given
using the incident charge qin as a parameter. The solid lines
connect transitions with ni = qin + s among different qin for a
fixed s ranging from −1 to 3. It is commonly seen that the
photon intensities are the maximum for ni = qin transitions
and decreasing monotonously toward ni = qin + 3. The present
setup is not sensitive to photon energies of ⌬n = 1 and ni
艌 qin + 4 transitions.
It is also seen that the lines identified above were often
observed for higher incident charge states with considerable
intensities, which are connected by the broken lines. This
shows that multiple electron transfers take place in the capillary, and a part of the transferred electrons quickly fill core
hole(s) via either Auger electron or x-ray emissions, still
keeping one electron at a high Rydberg state. Actually, the
line intensity variations along the broken lines are similar to
the charge state distributions of transmitted ions [11,15].
The broad band structures around 350 and 450 nm were
observed for all the charge states. A comparison of highresolution spectra with compiled data [19] in these wavelength ranges revealed that the structures are attributed to
transitions of Ni atoms 共350 nm兲 and Ar+ ions 共450 nm兲
[18]. This fact indicates that the inner wall of the capillary is
somewhat sputter cleaned continuously during the experiments.
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TABLE I. Wavelengths observed in the high-resolution experiment with 2.0 keV/ amu (a) Ar7+ and (b) Ar8+ impinged onto the Ni
microcapillary. Precisions of the wavelengths are ⬃0.1 nm. The
second and last columns show calculated wavelengths and are identified 共ni , ᐉi兲 in the ⌬n = ⌬ᐉ = 1 transitions.
(a)
Observed

FIG. 2. (a) High-resolution spectra around ni = 9 transitions of
Ar 共qin = 7兲 and ni = 8 transitions of Ar5+ 共qin = 6兲 ions. (b) A spectrum generated using results by MCHF codes. Lines identified are
connected by the solid lines.
6+

In order to get quantitative information on the initial-state
distribution, the spectra were remeasured with a higher resolution so that transitions belonging to the same ni and ⌬n, but
to different angular momentum quantum numbers, ᐉi, are
distinguished, which is essential to make accurate cascade
calculations because the lifetime of each state depends on ᐉi.
Figure 2(a) shows an example of high-resolution spectra
共⌬ ⬇ 0.15 nm兲 around ni = 9 transitions of 2.0 keV/ amu
Ar6+ 共qin = 7兲 ions. Lines belonging to lower charge states
than Ar6+ ions and to sputtered particles were discriminated
by observing spectra for lower charge state ions, an example
of which is shown in the upper half of Fig. 2(a) for
2.0 keV/ amu Ar5+ 共qin = 6兲 ions (see the spectral lines connected by the dotted lines).
To identify these lines, a theoretical calculation based on
the multiconfiguration Hartree-Fock formalism 共MCHF兲 was
performed [20]. Due to a small energy difference between
the ground 共1s22s22p63s兲 and the first excited 共1s22s22p63p兲
states of the ionic core (0.64 a.u. [21]), the configuration
interaction between the 3snᐉ and the 3pn⬘ᐉ⬘ states becomes
very important. In the calculation, 3ᐉ3ᐉ⬘, 3sn1ᐉ, 3pn2ᐉ, and
3dn3ᐉ configurations with n1 = 4 − 11, n2 = 4 − 6, and n3 = 4
− 5 were taken into account. The resultant spectrum is shown
in Fig. 2(b), where the line intensities are plotted in proportion to their corresponding transition rates multiplied by their
statistical weights and convoluted over the spectrometer
resolution. The observed lines were identified by comparing
with the predicted line positions and relative intensities.
Lines so identified are connected by the solid lines. It is
seen that wavelengths were predicted within ⬃1% and transitions involving ᐉi as low as 5 were identified. Similar conclusions were obtained also for ni = 7 , 8, and 10 transitions,
and Table I(a) summarizes the wavelengths of observed lines
and calculated transitions.
High-resolution spectra for 2.0 keV/ amu Ar7+ 共qin = 8兲
ions were also studied, which consist only of three strong
lines. This is because the ion core is a closed shell (Ar8+;

MCHF

Transition

241.72

241.83− .90

共7 , 4兲 3GJ − 3F J−1

247.98

250.27

共7 , 4兲 1G 4 − 1F 3

250.19

248.82− .87

共7 , 6兲

1,3

I J − 1,3H J−1

255.59

254.17− .30

共7 , 5兲 H J − G J−1 , 1H 5 − 3G 4

260.64

261.50− .61

共7 , 5兲 1H 5 − 1G 4 , 3H 5 − 1G 4

383.42

380.40− .42

共8 , 6兲 3I 6,5 − 3H 5,4

383.65

380.66− .67

共8 , 6兲 3I 7 − 3H 6 , 3I 6 − 1H 5

387.74

387.14− .17

393.32

392.36− .54

共8 , 5兲 1H 5 − 3G 4 , 3H 6 − 3G 5

394.78

394.33− .42

共8 , 5兲 3H 4,5 − 3G 3,4

395.25

395.26

共8 , 5兲 1H 5 − 1G 4

397.02

397.36

共8 , 5兲 3H 5 − 1G 4

529.62

524.60

共9 , 5兲 3H 4 − 3G 3

530.87

526.01

共9 , 5兲 3H 5 − 3G 4

533.16

528.46

共9 , 5兲 3H 6 − 3G 5

533.66

529.23

共9 , 5兲 1H 5 − 1G 4

545.74

538.65− .71

共9 , 6兲 3I 5,6 − 3H 4,5

549.13

542.59− .60

共9 , 6兲 1I 6 − 1H 5 , 3I 7 − 3H 6

565.25

564.30− .35

共9 , 7兲

1,3

566.43

566.94− .97

共9 , 8兲

1,3

789.86

788.44− .54

共10, 7兲

791.77

792.44

共10, 8兲

1,3

792.80

共10, 9兲

1,3

792.35

3

3

共8 , 7兲

1,3

K J − 1,3I J−1

K J − 1,3I J−1

L J − 1,3K J−1

1,3

K J − 1,3I J−1

L J − 1,3K J−1

M J − 1,3L J−1

(b)
Observed

Polarization

Transition

294.78

294.83

(8,4)

297.34

297.35

(8,5)

297.63

297.61

(8,6)

297.63

297.66

(8,7)

429.90

429.97

(9,4)

433.65

433.70

(9,5)

434.12

434.08

(9,6)

434.12

434.16

(9,7)

434.12

434.18

(9,8)

600.92

601.07

(10,4)

606.23

606.32

(10,5)

606.93

606.85

(10,6)

606.93

606.96

(10,7)

606.93

607.00

(10,8)

606.93

607.01

(10,9)
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FIG. 3. Decay curve of the 共8 , 7兲 − 共9 , 8兲 transition of Ar6+. The
open circles with error bars are experimental values. The solid line
is obtained by the fitting. The dotted line shows the decay curve
when only the (9,8) state is populated.

1s22s22p6) and the first excited state 共1s22s22p53s兲 is 9.6 a.u.
[21] away from the ground state.
The lines were identified by comparing with the prediction of a semiempirical polarization formula [22],
En,ᐉ = − R

冉

冊

q2in
+ ␣d具r−4典 + ␣q具r−6典 ,
n2

共5兲

where R is the Rydberg constant and ␣d共=0.0313兲 and
␣q共=0.0314兲 are the dipole and quadrupole polarizabilities
for Ar8+ core [23], and quantities with brackets show expectation values evaluated with hydrogenlike wave functions.
Table I(b) summarizes the wavelengths of observed lines and
calculated transitions. Initial angular momentum quantum
numbers as low as ᐉi = 4 were identified within the precisions
of 0.02%, however, transitions belonging to ᐉi 艌 6 are observed just as a single peak in the present spectrometer resolution.

In order to evaluate the initial (n , ᐉ) distributions, namely,
the populations at the very exit of the capillary, decay curves
of the transitions in question were measured. The open
circles in Fig. 3 show, as an example, the intensity variation
of the 共8 , 7兲 − 共9 , 8兲 transition of Ar6+ ions as a function of
delay time. The dotted line shows a predicted intensity variation when only the (9,8) state is populated. The discrepancy
results because the (9,8) state is cascade filled from upper
states, which have normally longer lifetimes.
To reproduce the decay curve, Eqs. (2) and (4) were
solved analytically, taking into account the cascade-filling
processes with n as high as qin + 4, where transition rates
were calculated by the MCHF code for the most of the states
[24]. The initial populations were, then, determined employing the least-squares method. The solid line in Fig. 3 shows
an example of the resultant decay curve for (9,8) state, which
reproduces the observation quite satisfyingly.
Figure 4(a) shows the initial 共n , ᐉ兲 distributions for
2.0 keV/ amu Ar7+ ions impinging upon the Ni microcapillary. It is seen that the initial n distribution is almost independent of ᐉ, and is peaked at n = 9. For each n manifold,
higher angular momentum states are, in general, preferentially populated, like in the statistical distribution rather than
the flat (ᐉ-independent) distribution.
A similar analysis was performed for the 2.0 keV/ amu
Ar8+ incidence, and the resultant distributions are shown in
Fig. 4(c) for ᐉ = n − 1, n − 4, n − 5, and n − 6 states. Because
ᐉi 艌 6 transitions were not resolved in this case, we assumed
a statistical distribution, and the populations for ᐉ = n − 1
states are shown as examples.
The average values of n over distributions were 8.4 and
9.5 for qin = 7 and qin = 8 ions, respectively, and the full
widths at the half maximum of the distributions were ␦n
⬇ 2 for both incident charge states studied.
According to the COB model [14], the first electron transfer takes place at a critical distance, dc ⬇ 冑2qin / W, to a state
with a principal quantum number,

FIG. 4. Distributions of the initial populations for ᐉ = n − k states for 2.0 keV/ amu Ar7+ (a) and Ar8+ (c) ions. In the case of (c), ᐉ
distributions for ᐉ 艌 6 were assumed to be statistical, and populations for ᐉ = n − 1 states were plotted 共•兲 because transitions from these states
were not resolved. (b) shows the distributions for 0.88 keV/ amu Ar7+ ions.
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nc ⬇ qin/冑2W关1 + 共qin − 1/2兲/ 冑8qin兴 ⬇ qin + 1.3,

共6兲

where W is the work function of the surface. The work function of Ni was chosen to be 0.191 a.u. by averaging published values over different crystalline planes [25]. The last
relation in Eq. (6) holds for the charge states used in the
present study.
Equation (6) predicts that nc should be around 8.3 and 9.3
for qin = 7 and 8, respectively, which agree quite well with the
average n’s obtained above. Although the n distributions for
other charge states were not fully studied, Fig. 1 suggests
that nc predicted by the COB model is also a reliable measure even for qin = 9 and 10 (note that the most intense lines
in Fig. 1 are scaled by qin). Although the population of the
共n , ᐉ兲 = 共9 , 5兲 state looks irregularly high for qin = 7 and 8
distributions, it should be noted that accurate estimation is
quite difficult for low ᐉ states because fast decay channels
with ⌬n Ⰷ 1 become more and more important.
To get an idea on how the angular momentum distribution
is determined, the level splittings 共⌬Eᐉ兲 among different ᐉ
states with the same n are compared with the Stark splitting
induced by the electric field of the image charge, ⌬Ess
⬇ 3n共n − 1兲W2 / 16qin (here it is assumed that the first electron
transfer takes place at the critical distance).
For qin = 7 and n = 8, ⌬Eᐉ ⬇ 0.07 a.u. is comparable to
⌬Ess ⬇ 0.055 a.u. (except for s and p orbitals, ⌬Eᐉ is much
smaller than 0.02 a.u.). In other words, different angular momentum states with the same magnetic quantum number are
more or less uniformly mixed up, resulting in the statistical
distribution. The angular momentum distribution has also
been determined for 0.88 keV/ amu Ar7+ ions, which is
shown in Fig. 4(b). The result is the same as that for the
2.0 keV/ amu incidence within the experimental uncertainty.
The fact that the angular momentum distribution does not
depend on the ion velocity rules out the possibility that the
angular momentum of the transferred electron is kinematically determined by mevdc [26], where me is the electron
mass and v is the ion velocity. Furthermore, it is noted that
even the energy difference between n = qin + 1 and qin + 2
共qin = 7 , 8兲 states is comparable to the Stark splitting.
Figure 5 shows energies of the two extreme Stark states
with n from qin to qin + 4 as a function of the incident charge
关E±共n = qin + s兲 = −q2in / 2n2 ± ⌬Ess兴. The line denoted by ECOB

We performed high-resolution measurements of visible
light emitted from Ar共qin−1兲+ ions produced in interaction of
2.0 keV/ amu Arqin+ 共qin = 7 , 8兲 ions with a Ni microcapillary.
The line intensities were then evaluated taking into account
the cascading from the upper states, which revealed that the
electron transfer takes place preferentially to the n ⬇ qin + 1
states with the distribution width of ␦n ⬇ 2 (full width at half
maximum). The average n value of the populated states was
found to be quantitatively consistent with the prediction of
the COB model. The ᐉ distributions are found to be more or
less statistical, which are at least qualitatively consistent with
the prediction of the Stark mixing model.
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