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We perform molecular dynamics simulations to study motion of heavy ions with kilo-electron-volt energies
through multiwalled carbon nanotubes. We show that under certain conditions on the tube alignment with
respect to the ion beam and on ion energies, the ions can efficiently channel through the empty cores of the
nanotubes. We demonstrate that the dependence of the critical angle on ion energy obeys a simple continuum-
theory-based equation. We further discuss making a nanotube-based conduit for energetic ions, which should
work as an aperture and allow one to manipulate ion beams at the nanoscale.
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Channeling of energetic ions through solids is a phenom-
enon which is highly important for the present-day semicon-
ductor technology.1,2 Basically, when an energetic ion moves
nearly parallel to a major axis or plane in a single crystal, it
can be steered down the open channel between the aligned
rows of atoms, thereby avoiding violent collisions with the
host atoms and giving rise to deeper implantation and less
lattice disorder. On the other hand, such a behavior also com-
plicates obtaining shallow junctions and reproducible range
profiles.

The channeling effects are particularly important for ma-
terials with high crystallinity and anisotropic atomic struc-
ture. One can expect that the effective channeling of ions is
possible in carbon nanotubes3 sCNTsd, as they have hollow
cores, a high aspect ratio, and a low concentration of defects.

The motion of light ionssprotonsd through single-walled
nanotubessSWNTsd has received considerable attention,4,5

as SWNT bundles were suggested for steering the beams of
high-energyfgiga-electron-voltsGeVdg protons. However, it
is not clear at all if CNTs can in practice be used for this
purpose, because the bundles will quickly be destroyed by
the beam as experiments on proton irradiation of SWNTs
indicate.6

Contrary to light ions, channeling of heavy ions through
CNTs has not yet been studied. At the same time, this issue is
of fundamental interest, as the energy transfer mechanism is
absolutely different in this casesnuclear stopping dominates
over electronic stoppingd and the well-controlled atomic
structure of CNTs makes it possible to checkse.g., by the
transmission electron microscoped the fundamentals of the
heavy ion channeling theory for solids, and specifically for
graphitic systems.7 Besides this, as CNTs can easily be bent
and manipulated at the nanoscale, developing a CNT-based
conduit for energetic ions could be an advance in spatially
localized shallow ion implantation, which might be particu-
larly important for the further progress in the solid-state
quantum computing.8

In this work, we theoretically study channeling of heavy
ions with keV energies through multiwalled nanotubes
sMWNTsd. We further discuss making a MWNT-based con-
duit for energetic ions, which should work as an aperture and
allow one to manipulate the beam at the nanoscale.

Effects of ion irradiation on nanotubes have been studied

both experimentally6,9–12 and theoretically.13,14 However,
when estimating the ion ranges, it has been assumed that the
beam direction is perpendicular to the tube shells. Now, to
address channeling through the tubes, we must consider the
opposite case: the ion beam direction is nearly parallel to the
tube axis, see Fig. 1sad.

It is intuitively clear that an energetic ion propagating
through the tube empty core can travel very far, provided that
the angle between the tube axis and ion velocity is vanish-
ingly small. However, the situation is not so straightforward
when the tube is bent or the beam alignment with respect to
the tube axis is not perfect. To understand the nature of ion
interactions with MWNTs, we considered first the collision
of the ion with the inner shell of a MWNT, see Fig. 1sad. The
neglect of all other MWNT shells is well motivated in this
case as the shells are spatially separated by 3.2 Å and they
are only weakly bounded to each other via van der Waals
svdWd-type forces.3

To describe collisions of energetic ions with the nanotube,
we employed molecular dynamics15 sMDd with analytical

FIG. 1. sad Schematic representation of a beam of Ar ions col-
liding with a multiwalled carbon nanotube with an open end. De-
pending on ion energy, impact point, and angleQ1, the ion hitting
the inner shell of the tube can either remain in the core region or go
through the shell.sbd The basic idea for a nanotube-based ion
aperture.
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potentials. The MD method can describe well both chaotic
and coherent many-body atomic collisional processes16 and
it has been demonstrated to reproduce very accurately ex-
perimental channeling results in Si.17 The simulation method
has been described at length in other publications13,14 and
therefore we present here only the details essential for this
study. To model carbon-carbon interactions, we used the
Brenner II interatomic potential.18 We chose Ar as the typical
heavy ion. The interaction between Ar ions and C was mod-
eled with the Ziegler-Biersack-Littmark universal repulsive
potential.19 A very large cutoff range of 4 Å was used for the
AruC interaction, as we found that shorter cutoff ranges
effected the results. We did not account for the electronic
stopping as the ion energies considered were low and the
nuclear slowing down completely governed the collisional
phase. Besides this, the electron density in the MWNT cores
is very low. We considered both zero and finitesroomd
temperatures.

We started with the following question: What happens
during the collision of an Ar ion with a SWNT and how does
the ion trajectory depend on the ion energyE and the inci-
dence angleQ1 fthe angle between the tube axis and the
original ion velocity vector, see Fig. 1sadg? We considered
ions with energies of 0.1–20 keV andQ1=8° –20°. For each
ion energy and angle we simulated 100 impacts and collected
the statistics. The polar anglesthe projection of the ion ve-
locity vector onto the plane perpendicular to the tube axisd
and the impact points were randomly chosen. To understand
the role of the tube atomic structure we considereds10,10d
armchair,s17,0d zigzag, ands12,8d chiral SWNTs with diam-
eters of 1.3–1.4 nm.

We found that at low energies the ion is always bounced
back by the wall without creating any damage to the tube. At
higher energies the ion can sputter 1–4 carbon atoms from
the tube, but it still remains inside the tube, as schematically
shown in Fig. 1sad. At a certain energyEdc sthe dechanneling
energy—the maximum energy for channeling; in practice,
we definedEdc as an energy at which the ion remains inside
the tube with a probability of 95%d which depends onQ1,
the ion goes through the wall. The probability of dechannel-
ing sthe number of dechanneled ions per incident iond as a
function of ion energy is shown in Fig. 2 for the zigzag
SWNT. It is seen thatEdc is critically dependent on the angle,
but even when ion energy is higher thanEdc, the ion has a
finite probability to stay inside the tube after the collision.

We obtained qualitatively similar results for the armchair
and chiral tubes. Using the data presented in Fig. 2, one can
plot Edc versus the angle, or the other way around, one can
present the maximum, or critical, anglecc as a function of
ion energy, see Fig. 3. The results for zigzag and chiral tubes
are very close to each other. However, as seen from Fig. 3,
for a given angle the ions start penetrating through the arm-
chair tube at lower energies than for other SWNTs. This can
be associated with the orientation of the graphene network
with respect to the ion beam direction. For armchair SWNTs,
the CuC bonds are oriented perpendicular to the ion beam,
see the inset in Fig. 3. Due to a larger projected distance
between the atoms in the armchair tubes, the ion can more
easily go through the middle of the bond than in all other
SWNTs.

The simulations results shown in Fig. 3 can be described
by a universal curve fit to the data. We found that the results
can well be reproduced by an equationcc=const/ÎE,
see also Fig. 3. This is in line with a general equation1

cc=ÎUsrcd /E, whereUsrcd is the ion potential energy at the
critical approach distancerc. The latter equation has been
derived within the framework of the continuum theory of
channeling, and it is of limited validityssee, e.g., Ref. 1, and
references thereind, as only one row or plane of atoms is
taken into account to calculateccsEd. However, the open
structure of SWNTs motivates well this approximation for
evaluating the critical angle.

Because lattice vibrations play a significant role in ion
channeling,1 we further simulated collisions of Ar ions with
nanotubes at room temperature. The critical angle as a func-
tion of ion energy is shown in Fig. 3 at room temperature for
the chiral SWNT. As expected, for a givenCc finite tempera-
tures resulted in a decrease in maximum ion energies, but the

FIG. 2. sColor onlined Dechanneling probability as a function of
Ar ion energy at different angles of incidenceQ1 for a zigzags17,0d
SWNT.

FIG. 3. sColor onlined Critical angle as a function of ion energy
for nanotubes with various chiralities. The dashed line is a fit to the
data. The inset shows the orientation of the armchair and zigzag
nanotube atomic network with respect to the ion beam direction.
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effect was small—about 10%–20% of the corresponding
values atT=0. Qualitatively the same results were obtained
for other tubes considered. The relatively weak influence
of finite temperatures can be understood in terms of small
atom vibration amplitude as compared to the inner diameter
of the tubes.

The next highly important issue to be addressed is the
average scattering angleQ2 of the ion, see Fig. 1. One can
expect that an ion propagating through the MWNT core will
collide many times with the inner wall of the MWNT. Thus,
if Q2 quickly grows after each impact, this should inevitably
result in ion dechanneling.

Figure 4 showsQ2 as a function of ion energy at different
Q1 for various SWNTs. It is evident that for armchair and
zigzag tubesQ2–Q1 at smaller values ofQ1 and lower en-
ergies, when the energy losses are small, which means that
the ion trajectories are nearly reversible.20 However, at larger
angles of incidences.10°d, Q2.Q1, as the ion loses a sub-
stantial part of its kinetic energy and thus it is not possible to
reverse the ion path.

For chiral tubesQ2 is always larger thanQ1. The reason
for that is clear from the inset in Fig. 4 showing the atomic
networks of armchairsAd, zigzagsZd, and chiralsCd SWNTs.
In chiral tubes, the rows of atoms are not parallel to the ion
direction, which gives rise to enhanced scattering and energy
losses. This result indicates that effective channeling of
heavy ions is possible only through achiral tubes. Finite tem-
peratures were found to slightly increase scattering angles
sby 1%–4% atT=300 Kd. We received similar results for the
ions colliding with flat graphene planes.

Because for ion energies lower thanEdc, the ion trajecto-
ries are close to reversible, the number of collisions governed
by the total length of the tube will determine the ion energy
at the output from the other tube end and set the lower limit
on the initial energy of the ion to go through the tube of a
given length. As our simulations indicate, energy losses
at E=Edc/2 are 0.05–0.1 keV per single collision. Assuming

that Q2=Q1 one can estimate the averaged number of
collisions and the final energy of the ion. For example, if
Qini =8° and Eini =12 keV, the ion should go through a
micron-long SWNT with an inner diameter ofd=1.5 nm
and have at least 7 keV at the output from the other end
of the tube.

As mentioned above, in our simulations we did not ac-
count for the electronic stopping of the ions, as in the energy
range considered the nuclear stopping dominates. For higher
ion energies, when the electronic effects become more im-
portant, our model can be augmented with the formalism
developed in a recent work21 on propagation of particles
through cylindrical nanochannels. In that work, the interac-
tion of ions and neutral particles with the channel was mod-
eled within the framework of the classic electromagnetic
theory. It was concluded that the particles can be transmitted
through nanochannels with lengths up to hundreds of mi-
crons without significant energy losses. However, for carbon
nanotubes these estimates seem to be too optimistic, as
nuclear stopping was not properly taken into account, while
our simulations indicate that every collision with the nano-
tube wall gives rise to energy losses.

Having analyzed propagation of energetic ions through
SWNTs, we moved on considering MWNTs. Simulations
for double-walled and triple-walled MWNTs with account
for vdW interactions between shells22 gave basically the
same results for single ion impacts.23 We also simulated
effects of the high-dose irradiation on the atomic structure
of the MWNT for Qini =5° –15° and an ion energy of 1 keV.
To account for annealing of defects at the microscopic time
scale sseveral microseconds or more at the typical ion
currentsd between ion impacts but at low temperatures, we
first simulated the collisional phase at room temperature,
then kept the system at 500 K for 0.1 ns, after which
the system was quenched down to 300 K before the impact
of the next ion. We found that the open end of the irradiated
tube becomes completely amorphous at an irradiation
dose ofF,1015 cm−2, but for MWNTs with inner diameters
of about 1.5 nm the inner core remained open ut to
F=431015 cm−2. This means that MWNTs, especially the
MWNTs with larger inner cores can survive “shooting”
about a hundred ions with higher energies before the end of
the tube is completely destroyed and closed. Amorphization
of the atomic structure near the end will also decrease the
number of ions channeling between the shells, although one
can expect that even without account for this effects the
ranges of ions between the shells will be much smaller than
in the core due to higher electron density and larger number
of collisions with the walls. At the same time, a substantial
part of defects in the central part of the MWNT should an-
neal due to the migration of carbon interstitials24 and by
saturating vacancy dangling bonds.14

The efficient channeling of ions through achiral MWNTs
can be employed to make a MWNT-based apertures to make
a nanobeam and to steer the beam. Such an aperture can be
produced by employing a combination of techniques rou-
tinely used nowadays for handling supported CNTs. A
MWNT deposited on a substrate can be straightened25 and
cut26 to open its ends by the tip of the atomic force micro-
scope, then by applying a combination of etching and

FIG. 4. sColor onlined Scattering angleQ2 as a function of ion
energy at different angles of incidenceQ1 for various SWNTs. The
inset shows the atomic networks of armchairsAd, zigzagsZd, and
chiral sCd SWNTs. Finite angles between the rows of atoms and ion
trajectories increase ion scattering angles in chiral nanotubes.
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electron-beam lithography techniques27 the metal shield can
be produced, see Fig. 1sbd. The beam can be steered by mov-
ing the whole unit or, ideally by bending the MWNT. Thus,
the target can be irradiated in predetermined positions by a
beam just several nanometers across. Such a device can be
used for implanting ions or even single ions, which is highly
important for the further progress in the solid-state quantum
computing.8 As channeling is possible through bent tubes,
the technique should make it possible to direct ions onto the
regions unattainable by direct ion irradiation. Note also that
CNTs have been suggested as possible conduits for atoms
and molecules with thermal energies.28–30 Extensions to
higher energies of the particles might also result in develop-
ing other promising applications in biology and materials
science.

To conclude, we theoretically studied channeling of Ar
ions through carbon nanotubes. We found that the ions
can channel through the empty cores of the MWNT with

a very low probability of dechanneling if the inner shell is
an achiral tube. We showed that the dependence of the
critical angle on ion energy obeys a simple universal
equation. As interactions of energetic ions with the target
are well described by the universal repulsive potential,19

such a behavior should be general for not only Ar but
also other heavy ions. We finally suggested making a
nanotube-based conduit for energetic ions, which should
work as an aperture and allow one to manipulate the beam at
the nanoscale.
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