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The transmission of incident 10–20 keV/q Ar+, Ar3+, Ne3+, and Ne7+ ions in an Al2O3 nanocapillary array
was studied. The array consists of a dense distribution of pores typically 100 nm in diameter and 60 �m in
length. Emergent charge-state-selected angular distributions were studied at low energy using a two-
dimensional �2D� position sensitive detector. The principal transmitted q state is the incident q state in all
cases. The transmitted fraction of incident beam, �2�10−8, is many orders of magnitude smaller than the
array’s surface porosity ��40% �. No evidence of significant energy loss is observed for the transmitted ions.
Yields in lower q states and neutrals formed by electron capture are typically below 3% of the entrance q-state
yield. Observed angular distributions consist of well resolved, 2D structures sitting on a continuum distribu-
tion. The angular distribution and sharp angular structures can be steered in the direction of the pores within
about ±0.5° without a significant loss of transmitted intensity by rotating the sample with respect to the
incident beam. All data suggest that the structure in the scattered ion angular distributions arises when ions
bounce at ultralow grazing angles in very large impact parameter Coulomb collisions with electrically charged
nanopore walls. Analysis of the observed structure has allowed the identification of single, double, and triple
collisions inside the nanopores.
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I. INTRODUCTION

For more than 15 years, considerable effort has been di-
rected toward producing and studying the properties of very
small pores or capillaries in thin self-supporting insulator
membranes �1�. Increased interest in nanotechnology, and the
desire to probe the physical and chemical properties of these
porous arrays motivated the application of a wide variety of
analytic techniques �1,2�. An increasing amount of informa-
tion about the characteristics of nanoporous targets resulting
from different production techniques is now becoming
available.

The transmission of slow, highly charged ions �HCIs�
through nanocapillary targets is the most recent tool em-
ployed to probe the interior of nanopores �3–9�. Short capil-
laries �1–10 �m� in a Al2O3 substrate were investigated by
Yamazaki et al. �3� using 2–4 keV/u HCI beams. This work
was directed toward the study of electron capture and ioniza-
tion processes, and the formation of highly excited “hollow
atoms,” using the subsequent x-ray emission that occurs
when HCIs undergo ultragrazing collisions with nanopore
walls. Capillaries having a diameter and length of 250 nm
and 1.5 �m, respectively, in a Ni foil and also in an Al foil
were studied later �4,5�. Theoretical studies concerning the
transmission of HCIs in short metallic pores quickly
followed �6�.

Studies of ion transmission through low porosity
�1–10 % � insulating carbonaceous capillary targets were ini-
tiated most recently using slow incident HCIs �7–9�. The
nanopores used in these studies were produced by etching
ion tracks formed after energetic xenon HCIs �several hun-
dred MeV� strike thin polyethylene terephthalate �PET� or
mylar films. The experiments studied the transmission of in-
cident 3 keV Ne7+ ions �0.35 keV/u� in 100-nm-diam capil-
laries having a length of 10 �m, which cover about 4% of
the target surface area. Stolterfoht et al. �7,8� observed a

surprisingly large fraction of the incident charge state
��50% � for ions transmitted when the axis of the pores was
aligned close to the beam direction. The insulator films typi-
cally had a 30 nm Ag or Au film deposited on the entrance
and exit surfaces but uncoated samples were also investi-
gated. The measured angular distribution was found to be
smooth and broad �4–6° FWHM� and centered on the axis of
the nanopore direction. The transmitted ion fraction in lower
exit charge states �resulting from electron capture in pores�
was found to be small ��1% �. The slow HCIs appeared to
be “guided” through the pores without touching the internal
walls by electrical charges deposited on the nanopore walls.
Other aspects of the “guided ion” phenomena in these thin
carbonaceous films were also studied �9–13� and these films
continue to be the subject of experimental and theoretical
investigation for low-energy ions by several groups
�Yamazaki et al. �10�, Aumayr et al. �11�, and Burgdörfer et
al. �12��. Investigations of slow ion transmission through low
porosity, regularly spaced short pores in a SiO2 substrate by
Schuch et al. are also in progress �13�.

Our interest in probing nanocapillary targets using HCIs
at substantially higher impact energies �i.e., 20 keV/q and
initially at 200 MeV� arose from our background in ion
channeling where swift ions travel in solids between rows
and sheets of target atoms in crystals via distant repulsive
electromagnetic interactions �14�. Recent theoretical calcula-
tions predicting the scattering of ions in ordered nanotube
targets intensified that interest �15�. We selected a high po-
rosity ��40% � and relatively thick aluminum oxide array
because this type had not been studied using ion scattering
techniques, and because a large amount of information gath-
ered using other diagnostic techniques is available �1,2�.
These commercial membranes, which have a reproducible
pore structure and a narrow pore size distribution ordered in
a hexagonal pattern, are produced by the anodic oxidation of
aluminum. Samples having long-range ordering have also
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been produced �16�. Interest in these membranes has already
resulted in applications in a wide range of gas and liquid
biofiltration and separation, including microfluidics. Because
of ongoing research, new devices using alumina substrates
are now envisioned, such as memory storage devices �16�,
microwave guides �17�, and electromagnetic gratings. Use of
porous arrays as a base template for producing freestanding
aligned nanotubes has been discussed as well �18,19�.

Unlike previous work, our studies focus on the transmit-
ted charge-state-selected angular distributions at high angular
resolution using 10–20 keV/q projectile ion beams of Ar+,
Ar3+, Ne1+, Ne3+, and Ne7+. This is also the first set of nan-
opore target studies where the incident beam is essentially
parallel ��0.02° FWHM�. To our surprise, the thick alumina
targets studied exhibit a very complicated but understandable
angular distribution for transmitted ions. Our work also dem-
onstrates that these arrays can be used as beam attenuators
for HCI beams in the low-intermediate energy regime �i.e.,
ions in the few keV to 500 keV energy regime� because most
of the transmitted ions do not undergo significant energy loss
or a change in charge state. This work is part of the larger
beam-surface effort at the ORNL Multicharged Ion Research
Facility �MIRF� that seeks to develop a fundamental under-
standing of neutralization, energy dissipation, and sputtering
processes occurring when slow or intermediate energy HCIs
interact with metal, semiconductor, and insulator surfaces.

II. EXPERIMENTAL APPROACHES

A. Nanopore target

The Al2O3 capillary array �Whatman, Inc., Anodisc 13�,
which is rigid and self-supporting, consists of a dense distri-
bution of nanopores with a precise honeycomb structure. The
pore diameter D and average length L are specified by the
manufacturer to be 100 nm and 60 �m, respectively �aspect
ratio, D /L=1/600�, distributed over a disk diameter of
13 mm �20�. The array has a fractional open area of about
40%, corresponding to a pore density of about 3�109/cm2,
which is about 10–20 times higher density than that of poly-
carbonate targets studied by Stolterfoht et al. and others
�3–13�.

Alumina arrays, sometimes called “Anopore” membranes
in the literature, are produced by anodic oxidation of an alu-

minum film. Because the process is electrochemical, forma-
tion conditions can be precisely controlled and a reproduc-
ible pore structure with a narrow pore size distribution is
obtained. These targets have been extensively studied in
separate investigations using scanning electron microscopy
�SEM�, gas absorption techniques, deuterium magnetic reso-
nance �NMR�, and small-angle neutron scattering, and the
results show that the uniform size pores are smooth, straight,
and arranged in a pseudohexagonal pattern �1,2�. More infor-
mation about anodic processing, the array characteristics,
and characteristics of the nanopores is available �1,2,16,19�.
Comparative results using the same diagnostics on polycar-
bonate nanotargets, similar to those used by Stolterfoht et al.,
are also discussed �1�.

B. Low-energy studies

Initial investigations of ion transmission and energy loss
through the porous Al2O3 target were performed using a
200 MeV Ti+12 ion beam to determine the alignment direc-
tion and assess whether the nanopores are sufficiently
coaligned to justify further investigations �21�. We chose to
measure projectile energy loss at high velocity because no
insulator target can become sufficiently charged electrically
to prevent passage of such energetic ions. By measuring the
transmitted intensity of ions having relatively low-energy
loss vs beam-target alignment in goniometer tilting experi-
ments, we found that an upper limit to the 2D dispersion of
nanopore longitudinal directions is less than 1.6° full width
at half maximum �FWHM� in a direction perpendicular to
the surface of the nanopore array. This degree of nanopore
misalignment was considered sufficiently low to warrant
meaningful studies at much lower ion energy.

Low-energy studies were performed at the ORNL MIRF
using a setup shown schematically in Fig. 1. Incident
10–20 keV/q Ar+, Ar3+, Ne3+, and Ne7+ ions were produced
by the CAPRICE electron cyclotron resonance �ECR� ion
source. The HCI beam, selected by magnetic analysis and
small collimating slits, was highly collimated and tuned to be
essentially parallel ��0.02° measured beam divergence� be-
fore it impinged on the capillary array mounted in the goni-
ometer. The two beam defining apertures sketched in Fig. 1,
typically having a diameter of 0.5 mm, were separated by
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FIG. 1. �Color online� Sche-
matic diagram of the low-energy
experimental apparatus �not
drawn to scale�. When the nano-
capillary target is rotated clock-
wise from above about an axis in
the vertical direction then the
transmitted ions move along the
+X direction fixed in the detector
coordinate system shown. Impor-
tant apparatus dimensions are
given in Sec. II B.
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3.40 m to achieve this low beam divergence. Ions emerging
from the array were deflected vertically using electrostatic
analysis so that final q state selected angular distributions
could be fully separated and also distinguished from any
in-line neutrals. The electrostatic plates �7.6 cm length sepa-
rated by 2.5 cm� did not limit the range of angular distribu-
tion measurements in the vertical direction for any projectile
beam studied. The electric field lines from the plates, which
were oppositely and symmetrically biased with respect to
ground, terminated on vertical grounded plates as shown in
Fig. 1; this minimized stray longitudinal electric fields in the
target or the detector directions. Resultant two-dimensional
�2D� angular distributions were measured using a 2.5-cm-
diam high-resolution TDPSD located 78 cm from the target.
The multichannel plate detector outfitted with a resistive an-
ode had a total angular acceptance of �±0.9° and an angular
resolution ���8�10−3 degrees in the X or Y directions.
The detector, rotated about 9.5° below the beam line in a
vertical plane for charge state separation, could also be ro-
tated in the horizontal plane to measure ions scattered be-
yond the detector’s angular acceptance in the horizontal di-
rection. Vacuum throughout the experimental apparatus was
typically 5�10−8 Torr during the experiments.

To partially control electrical charging of the target �insu-
lator� during projectile ion impact for low-energy beams, a
high-transmission ��90% � grounded electroformed grid
�100 lines/cm Mo� was mounted on the entrance side of the
array. The capillary array and mesh were mounted in a pre-
cision goniometer so that transmitted ion intensity vs sample
orientation could be studied easily even in high-energy pro-
jectile impact experiments. During experiments, the target
entrance grid was used to monitor the relative variations in
the incident HCI beam current. The wire mesh was also used
to measure the current of low-energy electrons ��4 eV�,
flooding the target when they were used to neutralize charge
buildup on the front side of the array. The Faraday cup
shown in Fig. 1 �outfitted with a biased suppressor grid� was
used to measure incident beam currents accurately.

III. RESULTS: 140 keV Ne7+

A. Procedure

Although we have also studied the interesting character-
istics of nanopore samples having Au film cladding �22�, all
results discussed in this paper were obtained without any
metallic films deposited on the entrance and exit surfaces.
Initially, a low-intensity incident beam ��10−14A� was ob-
served on the in-line TDPSD with the target array removed
to locate the beam direction and measure its angular width.
With the array inserted �a virgin target sample�, the beam
intensity was gradually increased to observe transmitted ions
on the TDPSD. An incident beam current below 10 nA was
used in most experiments for a beam of 1- or 1/2-mm-diam
so the incident beam sampled about 8�106 and 2�106

pores, respectively. At this low incident beam current, less
than one ion is inside a pore at any time �i.e., about 0.3/q
ions/�s /pore, where q denotes the incident charge state�. To
align the pores of the anodic array with the beam, two or-
thogonal rotational motions of the goniometer were then ad-

justed so that the centroid of the transmitted angular distri-
bution matched the incident beam direction. After some
experience, we learned that this alignment procedure maxi-
mized the number of transmitted ions per particle nA of in-
cident beam �i.e., the number of pores oriented in the inci-
dent beam direction�. Once alignment was achieved, the
electrostatic analyzing field was established and the TDPSD
was rotated vertically downward to select an exit q state of
interest that had been deflected by the electrostatic plates
after the target �see Fig. 1�.

B. Transmitted Charge States and Yields

In general, transmitted angular distributions for each pro-
jectile species, charge state, and beam energy studied are
found to be remarkably similar. Like findings reported on
much thinner PET film targets at very low incident energy by
Stolterfoht et al. �7–9� and other groups �10–13�, the pre-
dominant charge state transmitted in our target is always the
incident charge state species. The ion yield in lower charge
states, which can only occur if the projectile captures one or
more electrons from the target array, is always found to be
below a few percent of transmitted intensity of the incident q
state for each beam energy or target alignment used. Unlike
lower-energy results obtained using 10-�m-thick PET films
�3–11�, the transmitted ion signal is typically about 2
�10−8 of the measured particle nA beam current incident on
the array. This yield corresponds to a transmitted fraction of
�6�10−7, assuming that the fractional transmission of the
metallic grid and the target porosity are 90% and 40%, re-
spectively. The transmitted fraction is found to be essentially
independent of the incident beam energy, charge state, pro-
jectile species, and less well collimated incident beams in the
aligned condition. However, the fraction decreases substan-
tially when the target is rotated by several degrees in either
direction from the “best alignment” position. The measured
yield is also independent of small voltages �±25 V� applied
to the mesh mounted on the front of the alumina capillary
array and there is no evidence that transmitted ions experi-
ence significant energy loss in the percent range. The mea-
surement of high-resolution energy loss �R�103� is not pos-
sible in the present experimental configuration.

C. Angular distributions

Figure 2 shows a 2° �2° isometric view of the angular
distribution for 140 keV Ne7+ ions incident on and emerging
from the capillary target best aligned to the incident beam
direction. Surprisingly, the 2D angular distribution consists
of many narrow peaks sitting on a continuum when viewed
at our high angular resolution. This is a steady-state distribu-
tion acquired after the incident beam irradiated the target for
at least ten minutes, following an observed transient buildup
of the transmitted intensity �later discussed�. This and other
angular distributions to be discussed were obtained under
conditions in which the projectile beam current measured on
the target entrance grid was approximately neutralized by a
low-energy electron beam current emitted by a nearby heated
filament. Although not required, we find that the transmitted
ion current is most stable when electrons are present.
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The structure in the 2D angular distribution �Fig. 2� was
further explored by rotating the target array with respect to
the ion beam direction. Angular distributions obtained for the
pores rotated beam-right by 0.10° and 0.20° in the +X direc-
tion are shown in Figs. 3 and 4, respectively. Comparing
Figs. 2–4 we see that these target movements appear to en-
hance some observed structure and steer the transmitted
beam substantially toward the right. The transmitted yield
decreased about 5% for each angular step. Target rotations in
the opposite direction steer observed structure toward the left
�−X direction�. The 0.1° target rotation angle is about equiva-
lent to the nanopore aspect ratio �D /L=1/600�. In most
cases the 2D angular structure is repeatable on a given day
�same incident beam tune and collimation slit settings� when
the goniometer is returned to its initial location; differences
are noted on different days following a 12 h period of no
beam on target and a different beam tune. In general, the

observed structure is found to be most distinct for ions at the
highest projectile energies in the range 10–20 keV/q �i.e.,
for the highest projectile charge states at a fixed acceleration
potential�. Many target-beam alignment experiments sug-
gested that it is not practical to achieve an alignment where
the transmitted angular distribution contains no structure.
But it is possible to obtain alignments where the angular
structure is eliminated at least over a limited region of the
full distribution, for example, in a narrow cut of fixed Y
when the target is rotated in the X direction.

Comparison of the complicated 2D angular distributions
obtained for 140 keV Ne7+ ions is simplified by examining
slices of Figs. 2–4, projected along the horizontal direction
�X axis�; the projections are shown in Figs. 5�a�–5�c�, respec-
tively. The projection mask used, which encompasses the
most intense part of each distribution, is shown in the insert
of Fig. 5�a�. The slice shown in Fig. 5�a� is a relatively
smooth and broad angular distribution symmetric about the
incident beam direction. The distribution width for transmit-
ted ions is 50–100 times larger than the angular divergence
of the incident beam ��0.02° FWHM�. The growth in beam
width could be caused by multiple ultragrazing collisions
with the charged nanopore walls �especially those that occur
near the exit opening� as suggested schematically in Fig.
6�a�. The increased divergence for transmitted ions may also
be mirroring �in part� the effective small angular dispersion
of nanopore directions within the limited region of the target
being illuminated, as ions are reflected from the walls of
pores. These wall collisions would have to occur at relatively
large impact parameters, otherwise, the incident charge state
fraction would have decreased as the ions traversed the nan-
opore channels. It is known that in grazing collision studies
involving an insulator surface that HCIs capture electrons for
impact parameters smaller than about 10 nm �23,24�.

The bold structured distribution in Fig. 5�b� corresponds
to the nanopores rotated by 0.1° toward the right along the X
direction. This distribution is radically different and asym-
metric compared to the Fig. 5�a� projection also superposed
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FIG. 2. Isometric view of the 2D angular distribution for
140 keV Ne7+ ions transmitted by the nanocapillary array
�2° �2° � where the pores and beam direction are approximately
aligned. A one-dimensional cut and projection is shown in Fig. 5�a�.
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FIG. 3. Isometric view of the 2D angular distribution for
140 keV Ne7+ ions transmitted by the nanocapillary array
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in Fig. 5�b�. It appears that the centroid of exiting ions in the
broad peak of slice �a� moved about 0.2° along the X direc-
tion �i.e., by twice the target rotation angle toward the right�
while the Y location of the intense 2D peaks in Fig. 3 re-
mained fixed �Y projection not shown�. An ion deflection
angle that is twice the target rotation angle suggests that
some projectile-wall collisions are specular. This strong peak
at 0.2° labeled by “1” in slice �b�, which corresponds to one
ultragrazing bounce to the right from the left wall of nanop-
ores as sketched in Fig. 6�b�, has a width that approximately
matches the angular width of the nanopore channels ��0.1°
FWHM�. Peak “1” is also accompanied by the appearance of
two broader low-intensity peaks. This structure will be ex-
plained later in terms of multiple grazing angle collisions
�deflection right and then left� as ions traverse the long pores.

Similarly, a total target rotation angle displacement of
0.2° �from that shown in Fig. 2 corresponding to beam align-
ment� produces the angular distribution shown in Fig. 5�c�.
Here, the shifted and enhanced peak labeled “1” is displaced
by almost 0.4° from the centroid of Fig. 5�a� and it is accom-

panied by an oscillating structure different from that shown
in Fig. 5�b� left of peak “1.” Again, peak “1” is associated
with a grazing collision with the left nanopore wall. Because
2D angular distributions associated with orientations Figs.
2–4, were produced using the same total incident beam ex-
posure of 140 keV Ne7+ ions, the projections in Fig. 5 are
also normalized with respect to each other.

D. Transient effects

Transient effects in the ion transmission yield are always
observed at the start of experiments or after reorienting the
target with respect to the beam. When the incident beam is
shut off for up to 3 h �the longest shutoff time investigated�
after an angular distribution measurement and then restored,
the fractional transmitted ion yield returns to its former value
immediately. The complicated structure in angular distribu-
tions usually repeats when the ion beam is restored, suggest-
ing that electrical charges embedded in or on capillary walls
do not rearrange quickly. After the target orientation is
changed, for example, in a 0.2° 1D goniometer rotation, the
transmitted ion yield immediately drops by about a factor of
two and then slowly recovers with a time constant of about
�=170 s for a 9.5 nA incident beam current according to the
relationship I�t� / I0= �1−exp�−t /���, where I0 is the incident
beam current measured on the target �see Fig. 7�. The recov-
ery time constant � is found to be inversely proportional to I0
for beams in the 1–20 nA range. The time constant, which is
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FIG. 5. �Color online� Narrow slices of three 2D angular distri-
butions projected along the X direction �see inset� show the effects
of 1D target rotations: �a� nanopores aligned to the beam direction;
�b� nanopores rotated 0.1° toward the right, with projection �a� su-
perposed in the background; �c� nanopores rotated 0.2° toward the
right, with projection �a� superposed in the background. Peaks in �b�
and �c� where single, double, and triple grazing collisions can con-
tribute are labeled 1, 2, and 3, respectively. Arrows labeled 1B and
2B, where low yields occur, indicate the angles where single- and
double-collision trajectories are blocked geometrically �see text and
trajectories in Fig. 6�.
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FIG. 6. Schematic view of ions bouncing inside nanopores when
the pore direction is �a� aligned with the beam direction; �b� and �c�
rotated clockwise by the capillary aspect ratio. Single collisions
with the capillary wall are shown in �b�; double collision events are
shown in �c�. Pore diameter D is greatly exaggerated relative to
length L to illustrate trajectories that explain structure found in Fig.
5�b�. Arrows labeled 1B and 2B, where low yields occur, indicate
the angles where single- and double-collision trajectories are
blocked geometrically.
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independent of the presence or absence of electrons flooding
the target, may be associated with charge rearrangement
within the alumina pores after target reorientation, but we
have no theory to explain the observed transient phenomena.
Also, we find no evidence that the long-term transmitted ion
fraction depends on the total ion dose deposited on the target
array �i.e., no increased or decreased yield was apparent after
about 60 h of 6–10 nA HCI beam exposure�.

IV. ANALYSIS OF ANGULAR STRUCTURE

The rich angular structure observed in the 2D distribu-
tions �Figs. 2–4� and periodicity shown in Fig. 5 raised con-
cern about the fine wire mesh mounted on the front of the
alumina capillary target. The presence of the mesh might
cause the alumina target to become electrically charged in a
periodic 2D pattern between mesh wires and less charged
beneath the wires. Ion scattering from such a macroscopic
periodically charged array might yield 2D focusing effects
analogous to those observed in axial channeling angular dis-
tributions, caused in channeling by the 2D periodic arrange-
ment of atomic strings �14�. To evaluate whether the 2D
mesh is the root cause of the corrugated structure observed in
angular distributions, we tested arrays having uniform 7- and
14-nm-thick Au films deposited on the entrance surface and
others with the films deposited on both sides. During Au
deposition, the nanopore longitudinal direction was oriented
at 45° with respect to the Au beam direction to limit Au
deposition inside nanopores. Transmission experiments using
these targets show that the total transmitted yield increases
about a factor of 10–20 times compared to the wire mesh �for
either single or double-sided coatings�, which suggests that
some target charging inhibits ion transmission only when the
mesh is present. But these measurements, results of which
will be published separately �22�, also yield highly structured
angular distributions and ion steering characteristics identical
to those obtained for the capillary target with the mesh. We

conclude that observed structure in transmitted ion angular
distributions �Figs. 2–4� is primarily a characteristic of trans-
mission through the �charged� porous alumina target and that
the deposited metallic film is mainly a means of controlling
the transmitted ion fraction.

The observation of structured angular distributions �Figs.
2–5� for low-energy ions scattered by a porous target of na-
nometer dimensions also raised the question about whether
some structure could be the consequence of wave mechanical
effects. For diffraction, the de Broglie wavelength 	=h / p
must be comparable to characteristic distances in the target,
where h is Planck’s constant and p is the projectile momen-
tum. The longest wavelength associated with any of our mea-
surements, corresponding to 10 keV Ne+ ions �v= �3.1
�105 m/s�, is of order 6�10−14 m. Because the smallest
target dimension �of order 1 nm for the Al2O3 structure� is
much larger than this wavelength, projectile deflection due to
ion diffraction would not be resolved in our experiments
�	 /d�6�10−5 radians or 3.5�10−3 degrees�. �The equiva-
lent deflection angle for 140 keV Ne7+ ions is about 3.7
times smaller.� Moreover, the observed spacing of the struc-
tures in our angular distributions is found to be independent
of the projectile ion speed �i.e., momentum�. Electrons from
the projectile or the target also were not observed. Thus we
can conclude that the presence of wave mechanical effects in
any of our measured angular distributions is unlikely. Fail-
ures to explain the structured angular distributions by these
considerations or from effects caused by the use of the wire
mesh led us to focus on the effects of multiple grazing
trajectories.

All of the interesting detail shown in Fig. 5�b� can be
explained simply by single grazing reflections in ion wall
collisions, multiple collisions, and trajectory blocking using
geometrical analysis and numbered trajectories shown in Fig.
6. The angular width of the incident beam ��0.02° � is small
compared to the capillary aspect ratio �D /L=1/600, where
the pore diameter and length are D and L, respectively�.
When the target is tilted by an angle � to the right beyond
the aspect ratio, �=tan−1�D /L��0.10°, the incident beam
entering the pore is completely blocked in the 0° exit direc-
tion, and charge can deposit on the left wall of capillaries.
Geometry suggests that the deposited charge centroid could
be at z=L /2 as shown in Fig. 6�b�, where z is the longitudi-
nal coordinate measured from the upstream pore entrance
and the measured blocking angles designated “1B” of 0.1°
and 0.3° verifies the correctness of that assumption. This
effective charge center also assumes that the incident beam
was not deflected by preexisting charge patches located on
capillary walls. Single bounce ions scattered near z=L /2 that
can escape the tube �designated by “1” in Figs. 5 and 6�, will
show an average total deflection of �+tan−1�D /L�=2�. The
single bounce ions deflected at angles larger than 2� can
undergo a second grazing collision from the right wall �open-
ing a new scattering branch toward the left� as shown in Fig.
6�c�. A fraction of those hitting the wall near z=L can appear
symmetrically in the vicinity of �−tan−1�2D /L�=−0.10° and
in general, be detected in region “2” �small peak� shown in
Fig. 5�b�. These transmitted double-collision grazing trajec-
tories have second-collision impact points in the range 0.75
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FIG. 7. Transient behavior of transmitted ions measured after a
0.2° angular displacement of the target. The transmitted signal im-
mediately increases to about half of the equilibrium value when an
incident beam current of 9.5 nA is introduced at t=0. The transient
after t=0+ fits the function �1−exp�−t /���, where �=170 s �see the
text�.
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�z�L on the right wall and are detected in region “2”
�small peak centered about −0.10°�. Those having a second
impact point for z�0.75L, are blocked by the left capillary
wall near the deflection angle, �−tan−1�4D /L�=−0.28°,
about where a minimum labeled “2B” is shown in Fig. 5�b�
and Fig. 6�c�. Ions associated with this blocking dip will then
give rise to a new low-intensity scattering branch �a fraction
of the measured ions in the dip� toward the right, and these
triple grazing collision ions begin appearing on the right
wing of peak “1” at laboratory angles above 0.1
+tan−1�4D /L�=0.48°, labeled region “3” in Fig. 5�b�. Exam-
ining the intensity here, we see in fact, a very small enhance-
ment in the wing due to these triple collisions, in excess of
the intensity found at the same angle in Fig. 5�a�. Therefore,
the observed dips at +0.1° and −0.25° in Fig. 5�b� adjacent to
the region “2” can be explained geometrically by single and
double bounce blocking, respectively. The fact that the dips
are weak is probably evidence that many multiple collisions
inside the pore do not have the specific impact points dis-
cussed above. While many ion-wall collisions probably oc-
cur near the nanopore entrance �i.e., before the “first colli-
sion” discussed above�, these early collisions do not yield a
clear intense transmitted signature in the angular distribution
during the target tilting experiments �i.e., using 60-�m-thick
Whatman target samples�.

In the analysis, we should recognize that an even number
of steered grazing collisions, each with an identical incident
and reflection angle would actually result in scattered flux
appearing at 0°, where single grazing collisions are blocked
by pores rotated by �0.1°. Some transmitted double-
collision flux at 0° is seen in Fig. 5�b�. The double-collision
flux appearing in region “2” is from ions not having identical
reflectance angles in first and second wall collisions. The
longitudinal distribution of first and second impact points
also allows total ion deflection below 0°. Specifically, many
first collisions do not impact at the z=L /2 centroid location
and the actual deflection angles leaving any wall collision
will most likely be distributed because of varying amounts of
charge deposited on the capillary wall vs z. A distribution of
ion-wall impact parameters will broaden structure in angular
distributions, as well. We also note that the reflection and dip
angles presented above are not complicated by the well-
known self-image force induced when a grazing HCI is in
the vicinity of a metal or insulator surface �23,24� because
the q state of incident and reflected beams in each nanopore
wall collision observed is identical �i.e., symmetric colli-
sions�. If we were considering a case where the projectile
captures one or more electrons in the vicinity of the nanop-
ore wall, then the change in rebound angle observed in HCI
charge-changing grazing collisions due to that force
�an asymmetric collision� would have to be included.

The same arguments can be made to explain the observed
structure in Fig. 5�c� where the target tilt angle is 0.20° using
slightly modified Figs. 6�b� and 6�c� drawings. Here, ob-
served peak “1” is located at about 0.35° and the observed
blocking angle minima �1B� are located at about 0.2° and
0.45°, respectively �see Fig. 5�c��. Using these measured
angles we calculate the effective centroid of the “first” wall
interaction to be located at about �z�=2L /3. For this loca-
tion, second collisions hitting on the right wall at z=L should

rebound left and appear in the vicinity of +0.07° and extend
toward negative laboratory angles. The two-collision block-
ing dip �“2B”� should appear at about −0.37° as observed in
Fig. 5�c� but the small three-collision peak �“3”� expected at
+0.77°, is less apparent in Fig. 5�c� compared to that seen in
Fig. 5�b�. Thus we see that the location of minima “1B,”
which located the effective charge center, self-calibrates the
location of structure arising in higher-order collisions. The
longitudinal location of the “first” wall interaction may move
during small tilt experiments because of uncontrolled sample
charging that deflects the incident beam. In all cases for our
targets, the effective location for the first bounce observed
was always relatively close to midway between the pore
ends. Therefore, we always observe an approximate 2� scal-
ing for the main scattered peak observed �“1”�.

V. OTHER RESULTS

In general, 2D angular distributions similar to those
shown in Figs. 2–4 �but usually not identical� are also ob-
served in studies of Arq+ �q=1, 3, and 7� and Neq+ �q=3 and
7� at 10 keV/q. The total width of the “broad continuum” for
each angular distribution approximately matches that of Ne7+

at 20 keV/q, as the projectile energy is decreased and for
different projectile species and q state. However, the width of
individual peaks within the 2D distribution measured for
30 keV Ne3+ and Ar3+ �approximately identical� are about 2
times broader than those for 140 keV Ne7+, shown in Fig. 3
for the same incident beam collimation, so the structure be-
comes less pronounced at the lower energies. �A more poorly
collimated incident beam at any energy also broadens the
observed structure.� Structures in the 10 keV Ar+ angular
distributions are about 50% broader still than those obtained
at 30 keV. Therefore, the width of the most intense peaks in
angular distributions is approximately inversely proportional
to the projectile velocity. Surprisingly, 30 keV Ar3+ and
140 keV Ne7+ distributions measured on different days but
with the incident beam constrained using the same collima-
tion slit settings and goniometer orientation even displayed
the same three intense 2D peak locations �within a few per-
cent�, after scaling the electrostatic deflection voltage
�10 keV/q vs 20 keV/q�.

One-dimensional steering of transmitted peaks by up to
about ±2° with respect to the incident beam direction �shift
of ±1° target rotation angle along the X-axis direction with
respect to Fig. 2� was also studied for 140 keV Ne7+, 60 keV
Ne3+, and 20 keV Ne+ ions. These larger 1D tilts in the X
direction were accompanied by small shifts in the Y direction
as well �few %�. For peak shifts beyond ±2° from the start-
ing alignment, large decreases in the transmitted yield per nA
of incident ion beam occur �i.e., a factor of 2 or more de-
crease�. This drop in yield with increasing pore misalignment
may be caused by the increased number of grazing wall col-
lisions that are required to steer ions to larger angular dis-
placements. Studies performed at the larger tilt angles also
required the rotation of the TDPSD in the X direction to track
the steered peaks. No fundamental differences in the steering
characteristics were observed for different charge-state spe-
cies or projectile energy indicating, for example, that slower
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ions do not exhibit an expanded steering range, at least in our
10–20 keV/q energy regime. These observations and other
alignment experiments suggest that the angular distribution
of nanopores inherent in the target may control the effective
steering range.

The fractional population in each exit charge state for
30 keV Ar3+ was also studied vs alignment of the pore di-
rection with the incident beam. The observed exit charge
fractions for q=3, 2, and 1 states of 94.8%, 3.2%, and 2.0%,
respectively, did not vary outside of statistical error for go-
niometer rotations studied of up to 1° �i.e., 2° total beam
scattering� from the “best” nanopore orientation. As expected
for our relatively low incident projectile speeds, we also de-
tected no evidence of any transmitted charge state above the
incident charge state for any projectile species, charge state,
or incident energy.

VI. DISCUSSION AND CONCLUSIONS

In extensive investigations, the high-porosity �f �40% �
60-�m-thick�100-nm-diam nanocapillary membrane made
by Whatman, Inc. was shown to possess interesting ion
transmission characteristics for a parallel incident beam of
HCIs in the 10–20 keV/q energy range when studied using
a detector with high angular resolution. The incident charge
state is essentially the only transmitted ionic species
��20:1� and the width of the angular distribution envelope
is typically �2 deg for any incident charge state, projectile,
and energy studied. The angular distribution width of about
0.8° FWHM measured for 140 keV Ne7+ ions ��Fig. 5�a��
suggests that the angular spread in the longitudinal direction
of nanopores for the Whatman samples is relatively narrow;
the results of other tilting experiments performed using a
200 MeV Ti12+ ion beam �21� are consistent with this inter-
pretation. As demonstrated in low-energy target tilting ex-
periments �Figs. 2–5�, the surprising narrow peaks in the
angular distributions appear to be caused by the 2D disper-
sion of nanopore orientations in the sample and elastic mul-
tiple collisions with the charged nanopore walls. The narrow
peaks observed do not appear to be dependent on the inci-
dent q state or ion beam dose once the transmitted current
reaches a steady-state maximum value �i.e., following tran-
sient buildup�. The angular width of the sharp peaks in an-
gular distributions is equivalent to the nanopore aspect ratio
�1/600� for a parallel beam of 140 keV Ne7+ ions, but we
find that their width increases slowly for slower projectile
ions �approximately as v−1� or when more divergent incident
beams are used. The most prominent structure observed in
the angular distribution �Fig. 5�, associated with single

specular collisions with a nanopore wall, always shifts ap-
proximately by 2� the sample tilt angle over a range studied
of about ±1°. Smaller peaks identified in tilting experiments
were shown to be the consequence of double or triple colli-
sions with the wall.

The surprisingly low transmitted ion fraction observed in
our 10- to 20-keV/q energy regime is found to be in the
range 3�10−7 or 3�10−8 depending on whether target sur-
faces are coated with thin Au films or a high-transmission
grid on the beam incident surface, respectively. Optimization
of this transmitted fraction �particle nA� in the incident
charge state is found to be a reliable method for orienting the
longitudinal direction of nanopores to the beam direction.
The very low fraction of transmitted current and other char-
acteristics observed using these thick Whatman alumina ar-
rays indicates that they can be used as a beam attenuator for
incident HCI ion beam currents up to 20 nA in the interme-
diate energy regime; the transmission characteristics have
not been studied at significantly larger incident beam current,
but some interesting preliminary results obtained for Au-clad
Whatman arrays using low-intensity HCI beams in our labo-
ratory have been reported �22�.

Our results contrast sharply with the experimental results
obtained in short �10 �m� PET film target studies using
much slower incident 3 keV Ne7+ ions �0.35 keV/u�, where
the high-transmission “ion guidance” mechanism was iden-
tified and studied �7–11�. For example, the PET film studies
found a large transmitted fraction �0.5 vs �2�10−7 here�,
broad unstructured angular distributions �vs highly structured
distributions here�, and a strong observed transient effect �vs
a weak effect here�. In addition, the PET angular distribution
centroid moved differently than present experiments when
the target is tilted �� vs 2� here, where � is the tilt angle�.
Further explanation of the present results will have to await
new theoretical calculations applied to ion transmission in
long Al2O3 pores. Thus far, contrasting theoretical ap-
proaches have been applied only in the study of the
10-�m-thick PET �insulator� films by Stolterfoht et al. �7–9�
and by Burgdörfer and co-workers using a general method
�12�.
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