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Guiding and scattering of ions in transmission through mica nanocapillaries
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The transition from guiding to scattering in the transmission of 70-keV Ne7+ through mica nanocapillaries of
rhombic cross section is studied. Transmitted ions and neutrals are separated and their angular distributions are
measured for various tilt angles of the capillaries with respect to the beam direction. The ions and neutrals have
different angular profiles and different transmission dependences on tilt angle. The profiles of the transmitted
ions are of rectangular shape while bananalike shapes appear for the neutrals. The time evolution measurements
during charging up show a shift of the center of the ion angular distribution while that of the neutrals remains
fixed. Trajectory simulations are performed by taking the image force and the Coulomb repulsive force from the
deposited charge, as well as scattering from capillary walls into account. These show good agreement with the
data and how the deposited or image charge deflects and shapes the ionic portion of the beam differently from
the neutral part. The experimental separation of the ions from neutrals and their very different behaviors together
with simulations gives us further insight into the mechanisms of guiding and scattering in transmission through
nanocapillaries.
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I. INTRODUCTION

The transmission of slow, highly charged ions (HCIs)
through insulating nanocapillaries has been studied in various
configurations since the so-called guiding effect was found
[1–31]. The characteristic features are that the bulk of trans-
mitted ions leave the capillaries in their orientation, remaining
in their initial charge state and kinetic energy. This guiding
phenomenon was first found in nanocapillaries in polyethylene
terephthalate (PET) [1] and later observed in many other
insulating materials such as SiO2,Al2O3, and polycarbonate
(PC) by different groups [4–9]. Also, single, macroscopic
capillaries of borosilicate glass were used to make microbeams
[15–18]. Transmission of electrons through nanocapillaries in
PET and Al2O3 [19,20,24] was also studied.

The guiding mechanism is attributed to charge deposition
by ion impact on the capillary walls. These deposited charge
patches avoid close wall collisions of subsequent ions and
transmit them along the axis of the capillaries. The formation
of the charge patches happens in a self-arranged, time-
dependent manner resulting in increased transmission of ions
until an equilibrium is reached. The equilibrium refers to a
steady state between deposition of charges on the capillary
walls and drainage of charges through numerous discharging
channels. A small number of charge patches are guiding the
ions through the nanocapillaries [25]. This was revealed in
systematic studies of the temporal evolution of the transmitted
ions showing an oscillatory angular distribution [26–28]. In
addition, it was confirmed by Monte Carlo simulations that
reproduced the sequential formation of charge patches inside
the capillaries and gave essential insight into the guiding
phenomenon [21–23].

All previous studies on the guiding of HCIs through insu-
lating nanocapillaries have utilized capillaries of circular cross
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sections. There the shape of the angular distribution of trans-
mitted ions is only determined by the aspect ratio and the tilt
angle of the capillaries with respect to the beam. We have been
able to fabricate micromembranes of mica having uniform
nanocapillaries of various cross sections. By using nanocapil-
laries of rhombic and rectangular cross sections, we revealed
influences from the geometrical shape of the guiding channels
on the ion transmission profile [28]. For small tilt angles
(smaller than the aspect ratio of the capillaries), it was found
that capillaries of rhombic cross section produce rectangular-
shaped ion transmission profiles and, vice versa, capillaries of
rectangular geometry give a rhombic beam shape [28].

Starting from completely discharged capillaries, the imme-
diate onset of the transmitted intensity with unchanging angu-
lar distribution indicates an instant interaction, not governed
by deposited charges. Our trajectory simulations confirm that
the observed shaping effect is due to the image forces induced
by the ions passing through the nanocapillaries. The projectiles
gain transverse energy due to the image charge attraction and
therefore their kinetic energy increases a bit from the incident
energy [31]. This leads to a defocusing of the ions leaving the
capillaries. Due to the blocking of large deflection angles at
the exit of the capillary, the transmitted ion beam is tailored
into certain geometrical patterns.

In Monte Carlo simulations of ion guiding through insulat-
ing nanocapillaries of circular cross section, no clear effect of
the image charge has been identified [21,22]. Beam shaping by
image charge forces is an instantaneous process, contrary to
the time-dependent ion-guiding effect due to gradual charging
up of the capillary walls before reaching equilibrium between
deposition and drainage of charges. The defocusing of the
beam by the image force should act also in circular capillaries
and could be the cause for the broadening of the angular distri-
butions, seen in several guiding experiments [2–4,7,9,12,13].

In this work, we report about quite different features of the
transport of 70-keV Ne7+ ions through rhombic capillaries in
a muscovite mica membrane [29,30] that exit the capillaries
either fully charged or completely neutralized. The fraction
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FIG. 1. A schematic view of the setup for the ion transmis-
sion experiments (inset shows SEM scan of one of the rhombic
nanocapillaries).

of transmitted charged or neutral particles is shown to change
with the tilt angle of the capillaries and with the time (incident
charge) evolution. We find also dramatically different angular
distributions of neutral and charged particles transmitted
through rhombic nanocapillaries. Trajectory simulations are
performed to explain the results. And, based on these simu-
lations, the observations with charge separated particles after
transmission through the capillaries gives us further insight
into the guiding phenomena.

II. EXPERIMENTS

The transmission experiments with HCIs were performed
at the ECR ion source and S-EBIT of Stockholm University
(schematic view, Fig. 1). Beams of 70-keV Ne7+ ions were
collimated by pairs of slits to a size of 2×2 mm2, leading to
a divergence of less than 0.1°. The current was in the range
of 30–250 pA/mm2 impinging on the capillary membrane.
The transmitted projectiles were detected using microchannel
plates (MCPs) with a two-dimensional resistive anode. The de-
tector signals and beam intensity were recorded in event mode
by a multiparameter data acquisition system [25,28]. A pair of

parallel plates was put between the capillary membrane and the
detector to separate the charge state of the transmitted particles.

The capillary membrane was mounted on a goniometer
allowing independent adjustment in three spatial directions
and around two rotational axes. The capillaries are aligned
with respect to the beam direction and their orientation is
described by the tilt angle α. The detection angles, φ and
θ , are specified with respect to the incident beam direction
(see Fig. 1). The angles are experimentally defined in the same
way as in our previous work [25,28].

The scanning electron microscope (SEM) scan of one of the
rhombic nanocapillaries shows the geometry of them (inset,
Fig. 1). The rhombic capillaries have acute angles of 60° and
obtuse angles of 120° with a long axis of 248 nm and a short
axis of 142 nm, and a channel length of 20 µm which gives the
geometrical opening angle of 0.4° for the short axis and 0.7°
for the long axis. The low geometrical transparency (porosity)
of capillaries (0.9%) in the mica membrane ensures that the
capillaries can be regarded as the individual well-separated
objects. To avoid macroscopic charge up, Au films of 10 nm
thickness were evaporated on both sides. More details of the
mica capillaries can be found in our previous work [29,30].

III. RESULTS

A. Transmitted angular distributions at various tilt angles

The angular distributions in the stationary state of trans-
mission for 70-keV Ne7+ impinging on mica nanocapillaries
of rhombic cross section are shown in Fig. 2 for various tilt
angles. The top row shows the angular distributions without
deflection; bottom row: a deflection voltage of 400 V is applied
to a pair of parallel plates after the capillary membrane. Each
image from the measurements is taken for the incident charge
of 280 e per capillary (the incident charge per capillary) for
the tilt angle of +0.4◦, + 0.9◦, and –0.6◦ after the stationary
state of the transmission is reached. For the other tilt angles
in the graph, the images correspond to an accumulation of
the incident charge of 1400 e per capillary. The center of the

FIG. 2. Two-dimensional transmitted angular distributions for 70-keV Ne7+ ions through rhombic capillaries for various tilt angles at the
stationary state of transmission. Top: angular distributions without deflection; bottom: deflected by a voltage of 400 V. For the tilt angle of
+0.4◦, + 0.9◦, and –0.6◦, the images correspond to an accumulation of the incident charge of 280 e per capillary; for the other tilt angles in the
graph, the images are for an accumulated incident charge of 1400 e per capillary.
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FIG. 3. Projections of the transmitted angular distributions onto
the φ plane at the tilt angle of –0.6◦. (Left) the experimental projection
at the stationary state of transmission; (right) the simulated projection
for the deposited charge of 4200 e per capillary (see Sec. IV).
Deflection voltage was 400 V.

angular distribution of the transmitted ions is separated from
that of the neutrals by 0.95°, (bottom row) by the deflection
voltage of 400 V. As seen in Fig. 2, the transmitted ions are
tailored into a rectangular shape, with the long sides aligned
along the short axes of the rhombi (as reported previously [29]),
at small tilt angles (less than the geometrical opening angle).
At tilt angles larger than the geometrical opening angle the
neutrals are found in a bananalike shape (see Fig. 2).

For the neutrals, the center of the angular distributions
follows the change of the tilt angle as seen in Fig. 2, where
they are seen centered at angles larger than the tilt angle, lying
in the range from the tilt angle to the angle away from it by the
geometrical opening angle. For ions, the angular distribution
is centered around the angles smaller than the tilt angle, i.e.,
as shown clearly by projections of the transmitted angular
distributions onto the φ plane at the tilt angle of –0.6◦ in Fig. 3.

The transmission rates (the amount of the transmitted
projectiles normalized to a certain amount of the incoming
ions) as a function of the tilt angle for the neutrals and ions are
shown in Fig. 4. As seen in the figure, a double peak structure
occurs for the transmission rate of the neutrals as a function
of the tilt angle. The peaks are around the tilt angle at which
the capillary just geometrically blocks the beam, i.e., above
the geometrical opening angle (0.4°) plus the beam divergence
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FIG. 4. Transmission rates of ions and neutrals at various tilt
angles for 70-keV Ne7+ ions hitting mica nanocapillaries of rhombic
cross section.
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FIG. 5. Two-dimensional angular distribution of 70-keV Ne7+

transmitted through mica nanocapillaries of rhombic cross section
during charging up [integrated charge: (a) 280 e per capillary; (b)
4200 e per capillary; (c) 9800 e per capillary; denoted on the right
side], at tilt angle +0.9◦ after rotating from +1.4◦. In (d) are the
corresponding projections of the transmitted angular distributions
(a–c) onto the φ plane.

(0.1°). The transmission rate of the ions is roughly constant
at tilt angles within the aspect ratio and drops fast to zero
outside, where the capillary is not geometrically transparent
to the beam. At larger tilt angles, there are no ions but only
neutrals in the transmitted angular distributions. This comes
from the fact that different mechanisms are responsible for
transport of ions and neutrals through the capillaries.

B. Time (incident charge) evolution of the angular distributions

1. Charged capillaries

The time (incident charge) evolution of the angular
distribution of transmitted particles, measured at the tilt angle
of +0.9◦ during charging up after rotating from +1.4◦, is
shown in Fig. 5. The center of the angular distribution for
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FIG. 6. The experimental transmission rate is plotted for the ions
and neutrals, as denoted in the figure, as a function of the incident
charge (e per capillary) at the tilt angle of +0.9◦, after rotating
from +1.4◦.

neutrals (+1.2◦) lies at larger angles than the tilt angle while
for ions it peaks at angles smaller than the tilt angle [see
Fig. 5(d)]. The ionic portion shifts towards the tilt angle while
the center of the angular distribution for the neutrals remains
the same during charging up (see Fig. 5). The transmission rate
for ions increases with time (incident charge) but for neutrals,
the transmission rate remains constant, as shown in Fig. 6.

2. Discharged capillaries

In order to study the influence of the deposited charges on
the transmitted neutrals and ions, the time (incident charge)
evolution of the angular distributions of transmitted particles
was measured at the tilt angle of –0.6◦ during charging up
of the initially discharged capillaries. We separated the ions
from the neutrals by 400 V applied to the parallel plates (as
mentioned above, this deflects 70-keV Ne7+ by 0.95◦). The
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FIG. 7. Time evolution of the angular distributions for
70-keV Ne7+ transmitted through rhombic capillaries at various
stages during charging up at the tilt angle of –0.6◦ (experimental
left, simulations right). A voltage of 400 V is applied to the deflector
to separate transmitted ions from neutrals.
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positions of the angular distributions of the transmitted ions (from the
φ projection) are plotted in (b,d) as a function of the incident charge
(experiment) and the deposited charge (simulation), respectively. The
plots are for a tilt angle of –0.6◦ and for initially uncharged capillaries.
The deflector was set at a voltage of 400 V to separate the transmitted
ions from the neutrals.

results are shown in Figs. 7–9. In Fig. 7, it can be seen that in
the beginning of charging up, the ions appear at angles smaller
than the tilt angle plus the deflection angle (+0.95◦), then the
ions shift towards the tilt angle.

As seen in the projections of the transmission profiles onto
the φ plane (Fig. 8), the ionic portion shifts from +0.9◦
to +0.55◦ (note that these angles include +0.95◦ by the
deflector), towards the tilt angle [Figs. 8(a) and 8(b)]. The
center of the angular distribution for the neutrals remains at
the same value of –0.84◦ during charging up. The transmission
rate of the ions increases with time (incident charge), as well
as that of the neutrals [see Fig. 9(a)]. The transmission rate
as a function of time (incident charge) is different from that
for charged capillaries as shown in Fig. 6, suggesting that
the deposited charge from previous tilt angles complicates the
observations. Therefore, a better defined study should exclude
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FIG. 9. Experimental transmission rates (left) and simulated
transmission intensities (right) of ions and neutrals at the tilt angle
of –0.6◦ are plotted as a function of the incident charge (a) and the
deposited charge (b), respectively, for initially uncharged capillaries.
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this by using discharged capillaries. However, we observe that
the ionic portion shifts towards the tilt angle whereas the
center of the angular distribution for the neutrals remains
the same during charging up for both charged capillaries and
discharged capillaries. This is different from previous work
[14], where 3-keV Ar7+ ions are guided through polyethylene
terephthalate nanocapillaries.

IV. SIMULATIONS AND DISCUSSIONS

In order to quantitatively describe the observed phenomena,
we performed trajectory simulations by taking into account
three processes: (1) deflection by the image force; (2) de-
flection due to Coulomb repulsive force from the deposited
charges; (3) scattering of the particles from the capillary
surfaces.

A. Method of the simulation

The calculation of the electric field from the deposited
charge is the same as presented in our previous work [30].
The capillary walls are divided into rectangular strips. The
electric field experienced by the ion is a sum of the fields from
the deposited charge on these strips. A static surface charge
distribution is used while the total amount of the deposited
charge varies with the number of ions hitting the walls. The
static charge distribution originates from the geometrical hit
probability distribution on the capillary walls by a Gaussian
beam with the same divergence as the experimental value.

The simplest form of the image force is used in the
simulation. The net force on the projectile is taken into account
in the first order by superposition of the image forces from each
side of the nanocapillary wall [29–31].

A simple statistical model is formulated to simulate the
scattering of the projectiles from the surface of the capillaries
to avoid calculating detailed trajectories for the collisions with
the surface. There are four mechanisms involved: deflection
from the surface, scattering of the projectiles, charge exchange
processes, and surface roughness.

The probability of scattering from the surface is determined
by assuming the ion moves in an average planar potential as
follows [32]:

Pr (ϕ) = exp(−Esin2ϕ/U0), (1)

where E is the projectile kinetic energy; ϕ is the angle of the
projectile with respect to the inner surface of the capillary at
the impact site; U0 is the surface potential from an average
planar potential as follows:

U0 = 2πZpZtnaas

3∑

i=1

ci

di

, (2)

where Zp and Zt are the projectile and target nuclear charges,
respectively; na is the surface density of target atoms per
unit area; and ci = {0.35,0.55,0.1} and di = {0.3,1.2,6} are
Molière parameters [32]. The screening length as is given by

as = 0.888(
√

Zp +
√

Zt )
−2/3. (3)

The scattering angles of the projectiles are assumed to
be determined by Firsov scattering. Firsov formulated the
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FIG. 10. The scattering angle distribution at the incident angle
ϕ = 2◦ from a surface given by the Firsov formula (see the text).

scattering angle distribution for grazing incidence ions as
follows [33]:

P (ϕ,β) = 3

2π

(ϕβ)3/2

ϕ(ϕ3 + β3)
, (4)

where ϕ is the projectile incident angle with respect to
the surface and β the scattering angle. Figure 10 shows the
scattering angle distribution at the incident angle of 2° from
Eq. (4). As it can be seen, the scattering angle of the projectiles
is centered at 2°. This is similar to specular reflection.

To include charge exchange processes in case of deflection,
the classical over barrier model is applied (see [34] and the
reference therein). In the case where the projectile is scattered
from the surface, we assume it is being neutralized. The surface
roughness is also taken into account by random sampling the
angle of the surface normal of the inner wall of the capillary
at the local collision site.

In the trajectory calculations, the projectile parameters are
generated and tracked from the entrance of the capillary.
The projectile experiences the image force and the Coulomb
force from the deposited charge when it is above the surface in
the channel. When the projectile hits the wall of the capillary,
the reflection from the surface is decided by comparing a
random generated number with the reflection probability Pr

[Eq. (1)]. For the scattered and fully neutralized projectile, the
reflection angle is obtained from the Firsov formula [Eq. (4)].

B. Simulated results and discussion

For clarity, the simulations are performed for charging
up initially uncharged capillaries and registering transmitted
ions and neutrals at the tilt angle of –0.6◦. The results are
shown in Figs. 3 and 7–9. As can be seen in Fig. 7, the
simulated transmitted angular distributions agree well with the
experimental ones. The banana-shaped profile for the neutrals
is reproduced. The projections of the transmission profiles onto
the φ plane (Fig. 8) and the centers of the transmitted neutrals
and ions from the simulation are very close to those of the
experiment. The neutrals, mostly from single scattering from
the inner surfaces of the capillaries, are centered at the angle of
–0.83◦, quite close to the experimental value of –0.84◦ (Fig. 8).
The shift of the angular distributions for the ions found in the
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simulation compares well to the experiment [see Figs. 8(b) and
8(d)], but the range of the shift is smaller in the simulation than
in the experiment. One can see that there is a large quantitative
difference between the amounts of deposited charge in the
simulation compared to the incident charge in the experiment.
We think the reason for that is (i) not all incident charge leads to
deposited charge on the surface of the capillaries; (ii) deposited
charge is smaller due to various discharge channels.

The simulated transmission rate as a function of the
deposited charge reaches a faster saturation for the neutrals
than for the ions. An indication for this is also seen in the
experiment (Fig. 9). As mentioned above, it is found in the sim-
ulation that the neutrals are from single scattering at the inner
surface of the capillary. Therefore, the most probable scenario
is that the increase of the strength of the deflection field from
the deposited charge leads to an increase of the number of
incident ions that hit the inner surface at smaller ϕ angles; this
leads thus to an increase of the transmission rate of neutrals
during charging up [as indicated in Eq. (1)]. This process
accelerates faster than the deflection of the ions to the exit of
the channels that leads to the increase of the transmission rate
for ions. For a semiquantitative comparison, the projections
of the simulated angular distributions at 4200 e/capillary
deposited charge are plotted in Fig. 3(b) together with
the experimental projections in the stationary state of the
transmission [Fig. 3(a)]. Good agreement is found between
simulation and experiment, considering the simplicity of the
simulation.

V. SUMMARY AND CONCLUSIONS

By detecting angular distributions of neutrals and ions
we identified different mechanisms of ion transport through
nanocapillaries in insulator membranes. This has been in
particular possible by using mica nanocapillaries of rhombic
cross section and changing their tilt angle with respect to
the beam direction over a wide range. The angular profile
of transmitted particles shows two distinct patterns: One is

the rectangular shape from the ions; the other is the bananalike
shape from the neutrals. The bananalike shape observed for the
neutrals resembles the behavior seen previously in small-angle
ion-surface scattering [34,35]. A double peak structure is found
for the transmission rate of the neutrals as a function of tilt
angles. The time evolution measurement shows that the ionic
beam shifts while the center of the angular distribution of
the neutrals remains fixed during charging up. In contrast, the
transmission rate increases both for ions and neutrals as a
function of the accumulated incident charge (time).

Trajectory simulations are performed by taking account
of the image force and the Coulomb repulsive force from
the deposited charge, as well as scattering, to understand
the transmission patterns seen in the experiment. Thereby
we find that the bananalike shape of the neutrals is from
single scattering at the inner surface of the capillary, and the
rectangular shape of the ions comes from tailoring by the image
force, as well as the shift of the ionic angular distributions from
deflection of the ions by the deposited charge. The scattering
and neutralization occurs with an essential fraction for incident
ions with angles larger than the aspect ratio and energy of
several tens of keV. The transmission characteristics can be
very different for lower or higher incident energies. Therefore,
when it comes to scaling laws for transmission rates, guiding
strength, and angular widths for ion guiding in capillaries,
attention should be paid to separate ions from neutrals for
their characterization.
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H. Lebius, D. Lelièvre, J. M. Ramillon, T. Been, T. Ikeda, Y.
Kanai, and T. M. Kojima, Nucl. Instrum. Methods Phys. Res.,
Sect. B 267, 674 (2009).

[17] R. Bereczky, G. Kowarik, F. Aumayr, and K. Tőkési,
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