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Absence of a guiding effect and charge transfer in the interaction of keV-energy
negative ions with Al2O3 nanocapillaries
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In this work, the efficient electron loss process was observed for the transmission of 10- to 18-keV Cu− and Cl−

ions through Al2O3 nanocapillaries. The fractions of the scattered particles were simultaneously measured using
a position-sensitive microchannel plate detector. The neutrals were guided through the capillary via multiple
grazing scattering. In particular, the scattered Cl− ions were observed in the transmission, whereas no Cu− ion
was formed. In contrast to highly charged ions, these results support strongly the fact that the scattering events
dominate the transport of negative ions through the nanocapillaries and that there is no direct evidence for the
formation of negative charge patches inside the capillaries which are able to repulse and guide negative ions
efficiently.
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I. INTRODUCTION

Recently, interactions between charged ions and insulator
surfaces have attracted considerable attention, in particu-
lar, increasing interest in the growing field of insulating
nanocapillary transmission. Stolterfoht et al. first reported the
guiding effect in slow highly charged ions (HCIs) of 3 keV
Ne7+ through insulating nanocapillary foils of polyethylene
terephthalate (PET) [1]. The so-called guiding effect is defined
as that HCIs preserving their incident charge state and kinetic
energy can be transmitted through the insulating nanocapillary
foil without suffering close collisions with the capillary walls,
even when they are tilted to an angle significantly larger than
the geometric angle given by the capillary aspect ratio. Due
to a series of recent works [2–6] (and references therein) on
time or deposited-charge evolution of the angular distribution
of the guided ions, this guiding phenomenon has been ascribed
to the self-organizing process of charge patches being formed
on the inner wall of the capillary. During the pre-equilibrium
period the guided ions are affected by sequentially formed
charge patches [4,6], whereas the ions are guided through the
capillary axis predominantly by the first charge patch formed
at the entrance region of the capillaries under the equilibrium
condition, and sequential charge patches may remain within
the inner walls. The resulting oscillation structures have been
studied in detail for the transmitted angular distribution. Very
recently, the extended work on the formation of neutrals in
3 keV Ar7+ transmitted through PET nanocapillaries has been
reported [6], where the emission of neutrals always occurs
before the appearance of the guided ions and then coexists
with them. This work demonstrates that the charge exchange
process indeed takes place and maintains the continuous
charge deposition in the capillary.

Previously, we reported the experimental results for mul-
tiply charged ions transmitted through insulating Al2O3

nanocapillaries [7,8], where the similar guiding phenomenon
was observed. On the other hand, the negative ion transmission
has not been the subject of similar attention as compared to
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the large amount of research for slow HCIs. Very recently, we
reported the transmission of 18 keV O− ions through insulating
Al2O3 nanocapillaries [9], which was devoted to studying the
similar characteristic of the guiding effect as expected, since
it is well known that both negative and positive ion beams can
make the insulating surface charged. So far, very little effort has
been devoted to the dynamics of the negative ion transmission
[9], for which many questions remain unanswered. One of
the motivations of the present study is to further examine one
of these questions, namely the charging-up phenomenon, by
using different types of negative ions with low ion dose rates.

In the metallic surface case, negative-ion formation involves
a transition of an electron from occupied levels of the valence
band to the anion level of the projectile. The latter one
is downward shifted due to image potential effects [10].
Departing from the surface, the negative ion quickly decays
via resonant ionization and becomes an atom. As opposed to
metallic surfaces, the surprising high survival of negative ions
has been observed in the case of insulator surfaces, where
negative-ion formation is favored by the Madelung potential
[11] and the subsequent electron loss is suppressed by the
wide band gap of the insulator [12]. However, for H, O, and
F atoms and anions scattered from an MgO (100) surface in
grazing incidence, Ustaze et al. [13] reported the observation
of the existence of an efficient electron loss channel, in which
electron loss due to the transfer of electrons to the cation
Mg site was proposed. On the theoretical side, the binary
encounter model developed by Deutscher et al. [14] gave
a good description of the negative-ion production at lower
velocities [13] but failed at larger velocities where the efficient
electron loss channel exists. The study of the negative ions
transmitted through insulating nanocapillaries may provide a
means to probe the electronic properties of the nanocapillaries,
i.e., the charge-transfer properties. Thus, in the 10- to 18-keV
energy range studied, the present study is of interest and likely
to provide a new insight into understanding the electron loss
process for negative ions through insulating nanocapillaries.

In this work, we report the negative and positive ion
formation during transmission of 10- to 18-keV Cu− and
Cl− ions through Al2O3 nanocapillaries in comparison with
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previous O− results. Similarly, as for O−, with the increase of
the tilt angle, grazing scattering on inner walls of the capillary
plays the main role, meanwhile, the directly transmitted beam
dramatically reduces and finally disappears at large tilt angles.
As a result, the scattered neutrals are guided through the
capillaries via multiple grazing scattering. On the other hand,
the significant difference is observed in the charge exchange
process. For Cu− and Cl− projectiles, the fraction of scattered
neutrals increases with increasing the tilt angle and is as high
as 80% when the tilt angle is larger than 2.5◦. The positive
ion fraction was found to be up to 40% for Cu−, as well as
10% for Cl− projectiles. In particular, we did not observe the
formation of negative Cu− ions, which differs from the cases
of O− and Cl− ions.

II. EXPERIMENTS

The experiment was carried out in the Institute of Nuclear
Physics at Lanzhou University. The experimental apparatus
used for the present measurements can be found elsewhere
[9]. Briefly, Cu− (Cl−) ions were produced in the cesium
sputter ion source and collimated to a diameter of 3 mm
by two sets of 1.5×1.5 mm2 collimators 75 cm apart before
entering a high vacuum chamber. The pressure was kept below
2.5×10−5 Pa both in the beam line and in the chamber. The
angular divergence of the primary beam was about 0.23◦ (full
width at half maximum, FWHM) for all measurements. The
charge states of transmitted ions were analyzed by a parallel-
plate electrostatic analyzer and then recorded using a one-
dimensional position sensitive microchannel plate detector
(1D PSMCP). Typically, ion currents as low as a few tens
of picoamps were used, since at higher currents the MCP
detector system saturates. It, therefore, always takes several
thousand seconds to accumulate the count when the target is
tilted to large angles. Furthermore, the experimental data were
reproduced via a series of measurements.

The Al2O3 nanocapillary foil used in our measurements
was located at the center of the chamber, which contained
a dense distribution of capillary arrays with a diameter of
50 nm and length of 10 μm (corresponding to an aspect angle
of ∼0.29◦). Both front and back surfaces were coated with
gold to avoid macroscopic charging-up of the surfaces during
ion beam exposure. The sample can be rotated around one
vertical axis by the horizontal tilt angle ψ which is referred
as an angle between the capillary axes and the incident beam.
The deflection angle θ is related to the angular distribution of
transmitted particles on the detector with respect to the incident
beam direction, and θ is in the same plane as the tilt angle.

It should be noted that the capillary nonparallelism does
indeed exist in the present measurements. In the earlier work
[9], the directly transmitted beam has been clearly observed
even at a tilt angle of about 2◦, where it was ascribed to a
practical problem of the target preparation. We aligned the
capillary to the incident beam by adjusting the tilt angle
in steps of 0.2◦. The position where the highest count rate
of transmitted particles was reached was chosen as the zero
position (ψ = 0◦). Throughout this procedure, the ion beam
current was kept very low to avoid any obvious charging up of
the capillaries.
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FIG. 1. (Color online) (a) Angular distribution of 18 keV Cu−

ions transmitted through Al2O3 nano-capillaries at a tilt angle of
1.6◦ with (without) charge state analysis; (b) Normalized transmitted
intensities of 18 keV Cu− ions as a function of the deflection angle
without charge state analysis: tilt angle ψ = 0.2◦ (black line) and 2.2◦

(solid circles). The intensity of the S peak for ψ = 2.2◦ is normalized
to that of the T peak for ψ = 0.2◦.

III. RESULTS

In Fig. 1(a), the angular distribution of 18-keV Cu− ions
is presented for Al2O3 nanocapillaries at a tilt angle of
1.6◦. Two peaks are observed in the angular distribution
spectrum without charge state analysis. The similar double-
peak structure has been observed in the earlier study [9] and
the same definitions have also been adopted here. The sharper
peak near 0◦ is defined as the “T ” peak, and the other one
at about 1.6◦ is the “S ” peak. With charge-state analysis by
use of electrostatic parallel plates, it is found that the T peak
consists of Cu− ions resulting from direct transmission without
any collisions with inner walls and that the S peak consists
of scattered Cu0 and a smaller amount of Cu+ ions, both of
which are scattered from the inner walls. The angular width, the
FWHM, is about 0.6◦ for the T peak and is significantly broader
for the S peak. In Fig. 1(b), as the tilt angle decreases to zero,
the deflection angle position of the T peak does not change,
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FIG. 2. (Color online) Neutral fraction of scattered Cu0 (a) and
Cl0 (b) from the S peak as a function of the tilt angle for different
incident energies.

while S is seen to shift to smaller angles. Meanwhile, the
intensity of T grows while S decreases, and almost disappears,
at a tilt angle of 0◦. In contrast, for the tilt angle above 2.4◦, the
T peak almost disappears and the transmitted particles almost
come from the S peak.

The interesting feature of our work is related to charge
exchange processes in the negative-ion transmission. The
fraction of scattered particles is defined by the ratio of the S
peak component to the total transmitted particles (i.e., T + S).
In Fig. 2, the fraction of scattered neutrals remains constant
below 0.5◦ and then increases rapidly, after which it seems to
tend to saturation as the tilt angle becomes larger than 2.5◦.
The neutral fractions for Cu are almost the same for different
incident energies at smaller tilt and are obviously dependent
on incident energy at larger tilt angles, where the larger the
incident energy the smaller the fraction. In contrast, in the
case of Cl, the fraction may be independent of the incident
energy.

The positive ion fraction is shown Fig. 3 as a function of the
tilt angle. In general, the fraction increases with the increase of
both the tilt angle and the incident energy. The charge fraction
plateaus are observed for both the Cu and Cl projectiles at the
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FIG. 3. (Color online) Positive ion fraction of scattered Cu+ (a)
and Cl+ (b) from the S peak as a function of the tilt angle for different
incident energies.

lowest tilt angles. A threshold for the tilt angle is observed
for 10-keV Cu− incidence, similarly to the oxygen case [9].
The onset of the rise of the fraction appears at about 0.5◦. In
addition, the fraction of Cu is generally larger than Cl and O
over the whole tilt angle range studied.

In Fig. 4, the negative-ion fraction of scattered Cl− ions
(from the S peak) is as high as 10%, comparable to the positive
ion fraction. It increases with increasing the tilt angle. On the
contrary, for Cu− ion incidence, we have not observed the
scattered Cu− ions, as shown in Fig. 1.

IV. DISCUSSION

A. Neutralization of negative ions

In our experiments, the intensity of the T peak is still
observed at around zero deflection angle and appears im-
mediately without time delay after the beam is turned on.
The equilibrium time is so short that no change during the
pre-equilibrium period can be observed in the measurements.

The direct transmission of negative ions is probably more
related to geometric conditions. It is the consequence of the
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FIG. 4. (Color online) Negative ion fraction of scattered Cl− from
the S peak as a function of the tilt angle for different incident energies.

convolution of the beam divergence, capillary aspect angle,
and capillary nonparallelism. The nonparallelism could lead
to direct transmission even when the nanocapillaries are tilted
to large angles, which was also found in the case of the HCI
transmission [1,15].

Accompanying with the direct transmission, the scattering
event associated with projectile neutralization indeed takes
place in our case. The neutralization of multiply charged
ions was recently reported by Stolterfoht et al. for Ar7+
ions in collisions with PET nanocapillaries [6] and is always
accompanied with the guided HCIs. As an example, we plot our
data for 18 keV Cu− as shown in Fig. 5. The deflection angle θ ,
corresponding to the centroid of the peak position of scattered
neutrals (see Fig. 1), increases linearly with the increase of
the tilt angle ψ . Also drawn in Fig. 5 is a solid line where
the deflection angle is equal to the tilt angle. The full circles
almost fall on the solid line. As in the previous study of O0,
this behavior of the scattered neutrals (Cu0 and Cl0) from the S
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FIG. 5. (Color online) The centroid deflection angle (upper panel)
and the FWHM (lower panel) vs. tilt angle for scattered Cu0 ions when
18 keV Cu− ions were transmitted through the nano-capillaries. The
solid line shown in upper panel is drawn to show where the deflection
and tilt angles are equal.

peak shows the so-called guiding phenomenon at equilibrium.
The bottom panel in Fig. 5 presents the FWHM of the scattered
Cu0 as a function of the tilt angle. The FWHM goes down first
(ψ < 0.5◦), and then remains nearly constant (about 1.3◦). The
higher values of the FWHM at smaller angles result from the
very small amount of scattered neutrals accumulated, which
has a broad distribution structure leading to a poor statistic. The
stabilization of the FWHM of neutrals suggests that neutrals
are limited within a narrow grazing angular range.

The incoming negative ions suffer several small-angle
collisions (deflection up, then down) with the inner surface
atoms of the capillary at a grazing incidence and, at the
same time, undergo the efficient neutralization at the scattering
center along the zigzag trajectory. The charge transfer process
(electron capture or loss) will continue until the neutrals
exit the capillaries. This tentative scenario resulting from
Fig. 5 reveals essential features: (i) the scattered neutrals are
transported by the nanocapillaries through multiple grazing-
angle scattering events [6,10,16] and (ii) the geometrical
restrictions of the nanocapillaries determine the angular
distribution of the scattered neutrals. This differs greatly from
the guiding effect for transmitted HCIs [1–4] where HCIs are
governed by the electrical field induced by positive charge
patches on the capillary inner walls. With increasing the tilt
angle, the scattering contribution to the transmitted particles
becomes dominant and neutralization takes place efficiently.
Moreover, we have not observed the scattered Cu− ions (see
Fig. 1). Even if the negative charge patch may be formed
inside the capillaries, it is not able to repulse and guide negative
ions efficiently. These provide us an obvious evidence of the
absence of a guiding effect for negative-ion incidence.

To our knowledge, the charge-up phenomenon is a bad
factor in the field of ion insulating-surface scattering. As a
result, the experimental results cannot be reproduced well.
Since no macroscopic charge-up occurs, in our case, the charge
exchange process should be studied in detail. It can help us
probe the inner surface electronic properties.

Now, let us first discuss the neutralization process. Destruc-
tion of negative ions in front of insulator surfaces has not been
well understood so far. A number of different mechanisms
of electron loss from the negative ion have been proposed
to explain some of the experimental results, such as electron
promotion [17], resonant ionization [18], resonant coherent
ionization [19], and so on. Several studies [20,21] revealed to
us the effect of projected band gap and surface image states on
the neutralization of a negative ion approaching a noble-metal
surface. As the ion approaches the surface, its affinity level is
initially shifted downward due to the image potential effect and
is then energetically repelled by the surface state and valence
band states and, finally, arrives close to the image states near
the bottom of the conduction band. In this way, the electron
from the negative projectile is promoted and transferred to
surface (image) states and the conduction band and thereby
will progressively favor the decay through the bulk. In the case
of an insulator surface with a wide band gap, it is expected
that there will be less probable electron loss than metallic
surfaces. However, Ustaze et al. [13] reported the observation
of the existence of an efficient electron loss channel for atoms
and anions under a grazing angle of incidence from an MgO
(100) surface, where the memory of the initial charge state of
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the projectile was lost completely at larger impact velocities
(>1.5 keV) for fluorine projectiles with different charge states.
Electron loss due to the nonadiabatic character of the electron
transfer process was proposed. Compared to metallic surfaces,
surface states inside the band gap of the insulator do not
exist [22]. Thus, an electron decay to the surface state becomes
impossible and hence the destruction may be ascribed to the
up-shift of the Cu− (Cl−) level to the conduction band of
Al2O3, which is assisted by a sufficiently close approach to
the anion site with enough kinetic energy. As the tilt angle
increases, more transmitted particles undergo scattering on
the inner walls, resulting in increasing amounts of scattered
neutrals.

The electron loss probability is expected to be higher
for Cu− ions, since these have the lower electron affinity.
Of course, the final neutralization probability is related to
the competition between electron loss and capture processes,
which will be discussed below. The neutralization plays
an important role here, at least, and is also an efficient
intermediate for the production of negative and positive ions.

B. Negative-ion formation

For grazing atom-insulator surface scattering, charge trans-
fer processes are very complicated because the relevant mech-
anism cannot be simply adopted from concepts derived for
metals, since electron loss and capture are strongly suppressed
by the wide band gap of the insulator. In addition, the parallel
velocity effect, resulting from concepts of a modified Fermi
sphere [10] in momentum space, may lead to the kinematically
assisted negative-ion formation on metallic surfaces. However,
this free electron picture of the shifted Fermi model is not
appropriate in the case of insulating surfaces. Indeed, the
negative ion formation on insulator surfaces is also favored
by the parallel velocity effect via bridging the energy gap. The
negative-ion formation is an inverse process of destruction of
the negative ion mentioned above. For reference, a schematic
energy-level diagram of the wide-band-gap insulator, target
valence and conduction bands, and atomic levels of the
investigated projectiles is shown in Fig. 6. The upper valence
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FIG. 6. (Color online) Schematic energy-level diagram of the
Al2O3 target and affinity and the first ionization levels of O, Cu
and Cl projectiles.

band is derived from O 2p states and the conduction band is
derived from Al 3s and 3p states. The band gap of α-Al2O3 is
about 8.7 eV and extends to vacuum energies [23]. In addition,
the electron affinities of Cu− (−1.23 eV), O− (−1.46 eV),
and Cl− (−3.62 eV) and the first ionization energies of the
corresponding particles (Cu, 7.73 eV; O, 13.62 eV; and Cl,
12.97 eV) studied are also shown in the figure [24].

For negative-ion formation, we consider the projectile Aq+
in front of the insulator surface located at a fixed distance of R.
Interactions of incident particles with insulator surfaces have
similarities to gas-phase collisions, which are obviously of a
local character. The energy defect for electron capture in a
binary type of collision from anion sites is given by Borisov
and Sidis as [25],

�E(
−→
R ) ≈ �Ebinding + EMad + q − 1

R
, R � a, (1)

where a is the crystal lattice constant, �Ebinding the difference
in binding energy of an electronic level in the valence band
and the final atomic level, EMad the Madelung potential [12,25]
created by the ionic lattice at active sites, and

−→
R the separation

between the projectile Aq+ and the anion site O2−.
Let us first consider the case of negative-ion formation from

the neutral projectile so q = 0 is the initial projectile charge.
The increase of the tilt angle corresponds to the increase of the
perpendicular velocity component with respect to the surface.
As a result, the projectile approaches closer to the surface,
and the attractive term (−1/R) in Eq. (1) then initiates the
confluence of energy levels of the negative projectile and the
valence band states of the surface, resulting in the formation
of negative ions. On the other hand, since the electron affinity
of Cu− is smaller than that of O− and Cl−, the initial energy
gap �E(

−→
R ) of Cl− is the smallest, whereas that of Cu− is

the highest. Thus, it enhances the suppression of negative
Cu− ion formation. Furthermore, for a given incident energy,
the Cu velocity is smaller than Cl, so the interaction time
is long enough to complete the decay process. Based on the
discussion above on the decay of negative ions in front of an
insulator surface, the electron loss for Cu− proceeds more
efficiently than for O− and Cl− ions. Therefore, a higher
fraction of Cl− than Cu− may be expected. Moreover, as the
tilt angle increases, the number of collisions with the walls of
the nanocapillaries increases, which enhances the probability
of electron loss from negative ions formed in former collisions.
Consequently, we could conclude that these factors support the
absence of scattered Cu− ions in the measurements.

It is also to be expected that, instead of producing negative
ions from neutrals, the rise of negative ions from positive ions
may be due to the opening of the double electron capture
channel. The recent study of F+ on a LiF(001) surface at
grazing incidence revealed the evidence of F− formation by
simultaneous double electron capture from two adjacently
active anion sites, which is not observed until the incident
velocity is less than 0.1 a.u. [26]. In fact, double even
multielectron capture processes are extensively studied for
a single collision in multiply charged ion-atom collisions in
the low-energy range [27–29], where the classical molecular
over-the-barrier (CMOB) model provides us a distinct physical
scenario [28,30]. In addition, for the interaction of multiply
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charged ions with the metallic surface, the modified classical
over-the-barrier (COB) model by Burgdörfer [31] is very
suited to describe the stepwise neutralization of the projectile
above the surface and agrees well with experiment.

The inelastic interaction involves the excitation of an
electron from the valence band to higher-lying levels, resulting
in the exciton formation. The production of surface excitons
and the density of states may play some roles and finally
affect the formation of negative ions. Such a surface exciton
has been supported experimentally in collisions of hydrogen
with a LiF surface [32]. The exciton binding energy can be
on the order of 1000 meV and lies well below the affinity
level of hydrogen relative to the vacuum level, so the electron
excited from the valence band enables population of the
surface exciton state prior to the affinity level and reduces
the probability of negative-ion formation. However, to the
best of our knowledge, only these core excitons observed
experimentally are due to 2p6→2p53s1 transitions in the
cations [33] induced by swift electrons incident at Al2O3.
For Al2O3, the core-exciton binding energy is normally less
than 1000 meV [33] at room temperature and lies above the
projectile’s affinity level if the corresponding exciton could be
formed in our case. Furthermore, it is less likely to recapture
an electron from surface exciton states to projectile states,
unless the exciton state is localized in the gap and is long
lived.

C. Positive-ion production

Let us consider a singly charged ion approach to the surface,
q = 1; the last term on the right-hand side of Eq. (1) disappears
and the energy defect is replaced with (�Ebinding + EMad),
which corresponds to the neutralization of singly charged ions.
No confluence of energy levels between the negative ion and
valence band states occurs [34]. In our case, the O and Cl
ionization levels lie in close resonance with the valence band
of the target, as shown in Fig. 6. Thus, the neutralization of
singly charged ions is, as expected, more efficient for O+ and
Cl+ than for Cu+. In contrast, the ionization of Cu is easier
than for Cl and O atoms because of its lower binding energy.

Next, we consider the ideal case of the direct transmission
with a tilt angle of 0◦, where transmitted positive ions can
also be neutralized although these ions move in parallel with
the capillary axis. According to the COB model mentioned
above [31], the critical distance dc ≈ √

2q/Wφ for charge
transfer can be estimated, where q is the charge of the projectile
ion and Wφ is the work function of a metal surface. In our case,
the effective work function can be estimated approximately
4 eV [35]. With this estimation, we can calculate the radius
for electron capture and resulting neutralization fraction
from the ratio between the capture radius and the capillary
radius [36], 2dc/r ≈ 4.1%. Of course, the work function
of these capillaries is not known, since no well-defined
stoichiometric composition of the material was used and
the experiments were not carried out in ultra-high-vacuum
conditions, where surface adsorbates could affect the work
function.

We now return to the positive ion production from scattered
neutrals, corresponding to the electron loss process. Distinct
kinematic features are presented in Fig. 3. The positive ion

could be produced through inelastic binary collisions with the
surface atoms. For a projectile with incident energy Ep, a
variation of the tilt angle ψ , corresponds to the change in a
vertical energy E⊥ = EP sin2 ψ . The probability of electron
loss is enhanced when the projectile approaches the target
atom much closer as both the incident energy Ep and tilt angle
ψ increase. It should be noted that the ionization probability
generally increases with increasing the kinetic energy and even
the tilt angle with a small value shown in Fig. 3 can yield
ionization of Cu0(Cl0) with a large probability if the kinetic
energy reaches larger than 10 keV.

V. CONCLUSION

In summary, we have performed a study of chlorine and
copper transmitted through the Al2O3 nanocapillaries. It can
be concluded that the guiding effect is not observed in our
measurements, since electron capture and loss processes take
place efficiently in the transmission; moreover, no Cu− ion was
formed. In particular, the scattered neutrals are transported
along the capillary axis due to multiple grazing scattering
[6,10,16], which differs from the guiding of HCIs. In fact,
the formation of negative-charge patches on the capillary
walls is affected strongly by material properties, such as
surface conductivity, which, in turn, is influenced by surface
adsorption properties and is difficult to control and quantify for
nanocapillaries. Its importance has been reported very recently
to explain the absence of ion blocking for PET [37]. Charge
exchange, therefore, could be considered a useful tool to probe
and characterize inner surface properties.

Due to the low ion beam dose and charge state of the
projectile, the negative-charge deposition would have not
yet been accomplished, just like in ion-insulating surface
scattering one normally uses a low beam current to perform the
measurement to avoid charging [38]. This allows us to study
detailed characteristics of the charge-transfer processes for
negative ions colliding with insulating nanocapillaries. A large
yield of neutrals was observed, and the destruction of negative
ions could be ascribed to the up-shift of Cu− (Cl−) level to the
conduction band of Al2O3. The production of positive ions was
also observed, which is attributed to inelastic binary collisions
with the surface atoms. For negative ion formation, in contrast
to chlorine, no Cu− was observed, which is ascribed to its
lower binding energy so efficient loss to the conduction band
is possible.

We expect that, this work will stimulate theoretical analysis
of the electron loss mechanism in the interaction of negative
ions with insulator surfaces. One of the potential applications
is to develop controlled neutral and negative beams without the
deterioration of the ultra-high-vacuum (UHV) condition. On
the other hand, the open question on the charge-up remains for
future studies, the answer to which is still unclear. We suggest
a possible way via enhancing beam currents and choosing
other insulating materials by considering the properties of their
surface conductivities.
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