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Abstract
We have measured two-dimensional images of 3.5–7 keV Ne7+ ions guided by PET nanocapillaries as a function of the deposited
charge. The transmitted ion position and shape are found to change with the intensity evolution. After saturation of the guided ion intensity, the transmission proﬁle is nearly isotropic and its angular width amounts to about 1, which diﬀers from previous measurements.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Interactions between slow highly charged ions (HCIs)
and solid surfaces have extensively been studied [1–3].
For HCI metal–surface interactions, especially charge
transfer processes from the metallic surface, can be
explained by the so called classical over the barrier model
[4]. With a metallic microcapillary target, experimental evidence of hollow ions in vacuum and the detailed study of
charge transfer processes have been demonstrated [5,6].
On the other hand, interactions between ions and insulator
surface have more complicated features, which depend on
the insulator surface properties [1,2]. Recently, Stolterfoht
et al. [7] have shown that mesoscopic properties of insulator surfaces can be used to guide slow ions along the axis of
an insulator nanocapillary. Qualitatively, this phenomenon
can be explained as follows: (1) ions collide with the inner
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surface of a nanocapillary, which is charging up positively,
(2) the following ions are deﬂected by the positively
charged up surface into the capillary axis direction, (3) a
great deal of the ions can be transmitted through insulator
nanocapillaries without any close collisions with surface.
Up to now, almost all experiments studying beam guiding
eﬀects have been done by measuring the guided ions with
an electrostatic analyzer [7–10], where the energy and angular distributions of the transmitted ions were measured by
changing the analyzer voltage and position. With such
measurements, it is rather diﬃcult to measure spatial
proﬁle changes of the transmitted ions, which change
sometimes within a few seconds. Therefore, we utilized a
two-dimensional (2-D) detector to measure the transmitted
ions. Moreover we used a new polyethylene terephthalate
(PET) sample with parallel capillaries of low density
(4 · 106 capillaries/cm2) as target to reduce the total number of transmitted ions to values less than 10,000 s 1 while
keeping incident ion-currents for each capillary (0.1–10
ions/capillary/s) the same as used in the previous studies

Y. Kanai et al. / Nucl. Instr. and Meth. in Phys. Res. B 258 (2007) 155–158

[7]. The position information at the 2-D detector and the
time information were recorded using a list mode. This
method allows us to measure not only the evolution of
transmitted ion intensity but also the spatial proﬁle (position and shape) as a function of integrated ion current
(i.e. the deposited charge Q), which reveals the time evolution of the charging up of the inner capillary surface.
2. Experiment
We performed the experiments at RIKEN with Ne7+
ions from a 14.5 GHz ECR ion source. The beam energies
were 3.5–7 keV, and beam intensities 0.5–200 pA at the target position. Typical beam divergence was better than 0.5.
Size of the beam at the target was 1–1.5 mm in diameter.
Experimental setup is shown in Fig. 1. The vacuum in
the chamber was better than 1 · 10 5 Pa. 2-D detector,
which consisted of MCPs and wedge and strip anode,
was rotatable on the horizontal plane around the target
(h-direction). An electrostatic deﬂector was set just after
the target position, when we needed to measure the charge
state distribution of the transmitted ions.
A PET foil was attached at the target holder and was
rotated by the angles h and / as shown in Fig. 1. The
PET foil of 10 lm thickness was previously irradiated by
250 MeV Kr ions. Using NaOH for chemical etching of
the ion tracks we produced capillaries with a diameter of
200 nm. The capillary density was 4 · 106 capillaries/cm2,
which was two orders of magnitude smaller than that of
the target used for previous measurements [7]. To avoid a
macroscopic charging up the surface of the PET foil, Au
was evaporated on the front and exit sides. The position
information at the 2-D detector, the time, and ion currents
measured by the PET foil were recorded by a PC program
working in list mode.
3. Results
Fig. 2 shows a typical intensity evolution with the integrated ion current Q caused by the guiding eﬀects. Here,
the tilt angles were h = 2 and / = 1, which were changed from the previous angles h0 = 2 and /0 = 1. Fig. 3
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Fig. 1. Experimental setup. Ne7+ ions are collimated by 4 jaws-slits and a
2 mm / aperture before the target, which can be rotated to the h and /
directions as indicated. Transmitted ions are measured by a 2-D position
sensitive detector (PSD). An electrostatic deﬂector can be set just after the
target for analyzing the charge state of the transmitted ions.
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Fig. 2. Intensity evolution of 7 keV Ne7+ ions. The capillary target was set
at the angles h = 2 and / = 1 from the previous angles h0 = 2,
/0 = 1. A, B and C indicate the ranges corresponding to the 2-D images
in Fig. 3.

shows 2-D images of the transmitted ions for diﬀerent
charges Q = 0–5 nC, 20–25 nC and 80–85 nC, acquired
during the intensity evolution shown in Fig. 2. The contours are drawn in logarithmic scales. In this measurement,
we resolved the charge states of the transmitted ions.
Expected positions for neutral Ne and Ne7+ ions are shown
as arrows in Fig. 3. At ﬁrst (Q = 0–5 nC), a Ne atom peak
and a weak Ne7+ ion peak were observed. The number of
Ne7+ ions increased with increasing Q. The peak position
of Ne7+ ions moved along the Y direction, to which the
capillary was tilted from the previous measurement (/–/0
direction). The direction of the peak shift was always along
the direction to which the capillary was tilted from the previous measurement and may be attributed to a memory
eﬀect (inﬂuence of the charge distribution at the inner capillary wall produced by the previous experiment).
During the intensity evolution, the shape of the transmitted ion proﬁle changed and sometimes was elongated
along the direction to which the capillary was tilted from
the previous measurement. After the saturation of the
transmitted ion intensity, the shape was rather circular
and the angular width was about 1. Fig. 4 shows 2-D
images of the transmitted ions after saturation for diﬀerent
tilt angle using 3.5 keV and 7 keV Ne7+ ions. The contours
are drawn in linear scales. All 2-D images after the intensity
saturation are rather circular and the angular width
amounts to values from 1 to 1.5. The angular widths for
3.5 keV are larger than those for 7 keV. This is consistent
with previous measurements reported by Hellhammer
et al. [8] who found that the lower the beam energy the
wider is the angular width. However, the absolute angular
widths of the transmitted ions of present experiments are
much smaller than those reported in previous measurements [7–9]. This ﬁnding may be due to the diﬀerence in
the capillary density. The present results are in good agreement with theoretical simulation [11], the results for SiO2
capillaries [10], and for low density PET capillaries [12].
To discuss the relation between the capillary density and
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Fig. 3. 2-D images of transmitted ions during the intensity evolution in Fig. 2 for Q = 0–5 nC, 20–25 nC and 80–85 nC. Contours are plotted in
logarithmic scales to see the weak intensities. The transmitted ion peak position moved along the Y axis, which corresponds to the /–/0 direction. The
charge states of transmitted ions were analyzed by an electrostatic deﬂector and the expected positions for Ne and Ne7+ are indicated by arrows. In the
ﬁgure, 11 channels correspond to about 1.
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Fig. 4. 2-D images of transmitted 3.5 and 7 keV Ne7+ ions after intensity saturation for diﬀerent tilt angles. The target was tilted to the h direction and /
= 0 for all cases. The charge state of the transmitted ions was not analyzed. Contours are plotted in linear scales.

the angular width of guided ions, we need more detailed
measurements by changing the capillary density.
4. Summary
The guided transmission of slow Ne7+ ions by PET capillaries with the density of 4 · 106 capillaries/cm2 shows the
following features; (1) during the evolution of the guided
ion intensity, the position and shape of transmission proﬁle
change, which is due to the change of the charge distributions of inner capillary, (2) after saturation of the guided
ion intensity, the angular width of transmitted ions are
rather circular and with widths of 1–1.5 at FWHM. Further studies are needed to clarify the possible relation

between the angular width of the guided ions and the capillary density.
Very recently, Ikeda et al. [13] observed the guiding
eﬀect for slow Ar8+ ions by a single tapered glass tube. It
is a very interesting problem to study the relation of both
guiding eﬀects for nanocapillaries in PET foil and a single
tapered glass tube.
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