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Fig. 1. Schematic diagram of experimental setup and the

observation angle ¢.
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Fig. 2. Scanning electron microscope images of Al,O3 nano-

capillaries.
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Fig. 3. (a) Calculated transmitted angular distributions for 10 keV-Cl™ ions at various tile angles ¢ (black lines for no deposited
charge and red line for deposited charge of ~100 e/capillary); (b) the experimental transmitted angular distributions for 10 keV-Cl-

ions at various tile angles .
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Fig. 5. Peak position of experimental and simulated angu-
lar distribution of transmitted neutrals (C1°) as a function
of the tilt angle. The solid line is the linear function that
shows the peak position of transmitted neutral shifts ac-

cording to the tilt angle.
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Fig. 8. Scattered angular distribution at the incident angle

of 0.6° to the surface given by Firsov formula.
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Fig. 9. Schematic diagram of Cl ions transmitted through a nanocapillary. The green line is a schematic diagram of the direct

transmission of ions, the red line is a schematic diagram of ions transmitted by single scattering, and the black line is a schematic

diagram of ions transmitted by double scattering.
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Fig. 10. Schematic diagram of charge state exchange during transmission.
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Fig. 11. Two dimensional transmitted angular distributions (a) and corresponding projections (b) of various charge states at tilt

angle of 1.2° from simulations.
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Fig. 12. (a) Two-dimensional transmitted angular distributions and (b) corresponding projections of transmitted C1° exited from the

capillaries by single scattering and double scattering and the total of them at tilt angle of 1.2° from simulations.
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Fig. 13. Portions of various charge states in transmitted
projectiles as a function of the tilt angle. E and S stand for

the results from experiments and simulations, respectively.
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single scattering, the red bars for double scattering, and the
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Transmission of low-energy Cl ions through
Al, O, insulating nanocapillaries”
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Abstract

The transmission of 10-keV CI ions through Al,O; insulating nanocapillaries is studied both by experiment
and simulation. The double-peak structure in the transmitted angular distribution is found to be the same as
our previous result. The peak around the direction of the primary beam is caused mainly by the directly
transmitted Cl, and the other peak around the tilt angle of Al,O3 nanocapillaries is mainly induced by CI* and
CI°. The intensity of transmitted Cl~ decreases with the tilt angle increasing, which is in accord with the
geometrically allowed transmission. Beyond the geometrically allowed angle, the transmitted projectiles are
mainly CI* ions and C1° atoms. The ratio of transmitted CI* ion to C1° atom drops as tilt angle increases, and it
turns more obvious when the tilt angle is larger than the limit of the geometrical transmission.

A detailed physics process was developed within Geometry and Tracking 4 (Geantd4) to perform the
trajectory simulation, in which the forces from the deposited charges and the image charges, the scattering from
the surfaces as well as the charge exchange are taken into consideration. The transmissions at the tilt angle of
1.6° are simulated for the cases without and with deposited charges of —100 e/capillary. For the deposition
charge quantity of —100 e/capillary, the majority of the transmitted projectiles are mainly the directly
transmitted Cl™ ions exiting to the direction of tilt angle, and the transmitted C1° and Cl* account for a very
small portion. While for the case with no deposited charges, the simulation results agree well with the
experimental results. The dependence of the scattering process on the tilt angle, which results in the different
features in the transmitted projectiles, is studied in detail by the simulation. It is found that the transmitted C1°
atoms exit through single to multiple scattering, and most of transmitted Cl1° atoms exit through single and
double scattering, and are centered along the axis of nanocapillaries, while Cl* ions mainly exit by single
scattering, which results in the fact that the intensity of the transmitted Cl° atoms drops slower than that of
the transmitted Cl* ions with the increase of the tilt angle, leading the ratio of the transmitted CI* to CI° to
decrease as the tilt angle increases in experiment.

Our results describe the physical mechanism of low-energy ions through insulating nanocapillaries in detail,
i.e. how the scattering process dominates the final transmission. It is found that the transmission of the negative
ions in the energy range above 10 keV is caused by the scattering and the charge exchange process.
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