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a b s t r a c t

Channeling of 10 MeV protons in various types of point and area radially compressed chiral carbon nan-
otubes (CNTs) is considered. Monte Carlo simulation program is used for the calculation of the trajecto-
ries, energy losses and angular distributions of protons in (6,4) and (11,9) CNTs of 2000 nm length, where
the potential in Doyle-Turner approximation is used to describe the interaction between a proton and a
nanotube. Carbon nanotubes, which are considered, are radially compressed at two points (500 nm and
1500 nm each), at a middle area of various lengths, at three points (both ends and at the centre) and at
both ends with a middle area remaining uncompressed. The results show that in a specific case of com-
pressed nanotube a decreased angular distribution of the beam is observed, compared even with propa-
gation in a straight uncompressed nanotube. Furthermore, the energy distribution of channeled protons
depends on the type of compression.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of carbon nanotubes (CNTs) [1–3] and the consid-
erable progress that has been achieved on the investigation of their
unique physical properties and production methods, has given a
significant boost on various applications in nanoelectronics,
nanomechanics and other fields [4–6]. Another field were possible
applications of CNTs are examined, is guidance and beam shaping
of high and low energy charged particles beams. One of the main
effects that is examined during guidance of charged particle beams
in CNTs is channeling. Channeling effect of charged particles in
crystals has been studied theoretically and experimentally for
many years, and lately many theoretical works are devoted to
channeling of charged particles in straight or bent carbon nan-
otubes with ideal structure [7,8]. In order to simulate more realis-
tic situations, it is necessary to investigate propagation of charged
particles in carbon nanotubes with less ideal structure. One defor-
mation of nanotubes can be a radial compression [9] and channel-
ing of protons in such structures has been investigated in our
previous works [10,11], were we have shown that such com-
pressed nanotubes may provide a suitable geometrical structure
for particle focusing. Another deformation which has been also
studied recently is that of random curvature of a nanotube [12].
In present work we propose new geometrical structures of carbon
nanotubes, which may approach realistic ones and also may

provide better focusing of the beam. Specifically, we investigate
the cases when CNT has point compression at different points
and when CNT is compressed at a whole area.

2. Theory

It is well known [7,8] that each carbon nanotube can be
described by two indices as ðn;mÞ and it may be considered as a
collection of atomic rows parallel to the axis of the nanotube and
arranged in a specific way along the perimeter of the cylindrical
surface. Thus, each pair of these indices define the nanotube radius
R and helicity or chiral angle h:

R ¼ ðl
ffiffiffi
3

p
=2pÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nmþm2

p
ð1Þ

h ¼ arctan½
ffiffiffi
3

p
m=ðmþ 2nÞ� ð2Þ

where l ¼ 0:142nm is the length of the bond between the carbon
atoms [4,5]. Single wall carbon nanotubes (SWCNTs) with m ¼ 0
(h ¼ 0�) are called zigzag, those withm ¼ n (h ¼ 30�) are called arm-
chair, and all the others (0� < h < 30�) are called chiral. In the pre-
sent study we examine only the case of chiral nanotubes.

Considering the motion of fast positively charged particles (e.g.
protons) in a straight isolated carbon nanotube, in the case when
each such particle enters the nanotube at small enough angle h0
with respect to its axis, then it is governed by the continuum
potential, i.e. the actual periodic potential of the rows averaged
over the direction parallel to the rows. Applying the concept of
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continuum potential to chiral nanotubes, it can be considered as
the continuum potential of the (rolled-up) graphite plane, and thus
we may average the actual potential of a nanotube over the cir-
cumference, i.e. the azimuthal angles. In the Doyle-Turner approx-
imation to the atomic form-factor, the axially symmetrical
continuum potential of a chiral nanotube (without taking into
account the thermal vibrations of the atoms) can be described by
the following expression [7]:

Uðr;uÞ ¼ 3�3=232pZe2L�2R
X4
j¼1

ajb
2
j exp½�b2

j ðr2 þ R2Þ�I0ð2b2
j RrÞ ð3Þ

where Z ¼ 6 is the atomic number of the carbon atom, r is the dis-
tance from nanotube axis and aj; bj are dimensional parameters in
the Doyle-Turner approximation:

fajg ¼ f3:222;5:270;2:012;0:5499g � 10�4nm2

fbjg ¼ f10:330;18:694;37:456;106:88gnm�1

In case of a nanotube that is radially compressed at one end or
at random point, its radius at each transverse plane at a point z of
the axis is defined as:

R ¼ R0 � z � tanu ð4Þ
where R0 is the radius of the uncompressed nanotube and u is the
angle of the slope of the walls of the nanotube after compression
(see Fig. 1). This way, by introducing Eq. (4) into (3) instead of R,
we can obtain the potential in this compressed nanotube. The above
approach is valid, since we consider small radial compression of the
nanotube, so that the geometry of the nanotube doesn’t change sig-
nificantly and therefore we can use the same expressions for the
nanotube potential. In present work we consider 10 MeV protons
incident to nanotubes with different types of compression.

As was proved by Lindhard [13] and explained by Thompson
[14] in case of channeling of particles with mass greater that the
mass of electrons, such as protons, we can always use classical
approach because the transverse de Broglie wavelength
k? ¼ kD= sin h0 (see also [7]) of them is always very small compared
with channel width. We use the right-handed Cartesian coordinate
system for the geometry of our problem, where z-axis coincides
with the axis of the nanotube and x; y axes lie on the transverse
plane (r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
) and as initial conditions we consider coordi-

nates (x,y) of the point of incidence, the angle between incident
proton beam and the nanotube axis, and the angular deviation of
the beam. Equations of motion then can be calculated from New-
ton’s second law as:

m1
d2r

dt2
¼ � @Uðx; y; zÞ

@x
îþ @Uðx; y; zÞ

@y
ĵ

� �
ð5Þ

where m1 is the proton mass and as initial conditions we consider
coordinates (x,y) of the point of incidence, the angle between
incident proton beam and the nanotube axis, and the angular devi-
ation of the beam.

Fig. 1. Geometrical structure of a carbon nanotube radially compressed at one end.

Fig. 2. Standard deviation of angular distribution for theta-x section profile vs. angle of wall slope of various types of radially compressed (6,4) (a) and (11,9) (b) CNTs.
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