


2. The motion of fast positively charged particles in
the field of nanotubes rope

The motion of a fast charged particle in the field
of nanotubes at small angle  relative its axis (z-
axis) is determined mainly by a continuous po-
tential of the nanotube, i.e. by the potential of the
nanotube, averaged over the z coordinate

Un(p):%/+xd22u(r—r[), (2.1)
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where u(r —r;) is the potential of the nanotube
atom located in the point r;, p = (x,y) are the co-
ordinates in the plane, orthogonal to the nanotube
axis and L is the nanotube length.

Nanotubes are formed in the rope of a period-
ical hexagonal structure in the orthogonal plane
with the distance between neighboring nanotubes
equals to 0.315 nm [9,10]. The total potential of
such structure is equal to the sum of nanotubes
potentials

U(p) = Z Ui(p — p0), (2.2)

where p, is the position of nanotubes axis in the
orthogonal plane. An example of such potential is
presented on Fig. 1(a). The Moliere approxima-
tion [11] for the potential of a single atom was used
for calculation.

The momentum component py parallel to the z-
axis is conserved in the field (2.2). In this case the
motion in the transversal plane will be determined
by the two-dimensional equation
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where ¢ = pﬁ +m? and m is the particle mass

(the velocity of light ¢ equals unity). For high-en-
ergy particles moving along the nanotube axis the
value g is close to the energy ¢ of incident particle.
Therefore, below, we suppose that ¢ ~ e.

As is well known [4-7], the integral of the en-
ergy of transversal motion is conserved in the field

(2.3)
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6L = % 1 U(p). (24)

Fig. 1. Equipotential surfaces for proton interaction with a
continuous potential field of a nanotube (10,10) rope in the
plane orthogonal to its axis (a), and typical trajectories of
positively charged particles in such field (b). Numbers near the
curves correspond to the potential levels values in eV (a), and to
the transverse energy of the particles in eV (b).

In dependence from the value ¢, the particle mo-
tion can be finite (channeling) or infinite in the
transversal plane of the nanotubes rope.

Thus, the problem of a fast particle motion in
the nanotubes rope is similar to the problem of a
particle motion in the periodic field of crystal
atomic strings (see [12,13] and references herein).
The only difference is that the continuous potential
of crystal atomic strings has maxima on the axis of
each string, while in the nanotubes rope the po-
tential maxima are on the surface of each nano-
tube. The potential minima of each nanotube are
on its centerline (axis) (see Fig. 1(a)).






The results show that there are regions of im-
pact parameters in which small changes of impact
parameters lead to the considerable changes of the
particle scattering. This calculations for Fig. 2(c)
were carried out with the step Ab = 1072R, where
R is the nanotube radius. Reducing the step of the
calculations to the value Ab = 10>R we see that
for the region of impact parameters where the
function 7 = T(b) changes essentially, the struc-
ture of this function does not differ from the initial
one. This result is conserved also for subsequent
changing of the scale. Such behavior of the func-
tion 7(b) is called fractal [14].

The analogous situation was discussed in an
investigation of the particle scattering by disks
[14,15], at scattering by the field of several centers
for which the potentials change slowly in space
[15-18] and at scattering of the fast charged par-
ticles in a crystal [19].

4. Fast particles passage through bent nanotubes

Let us consider now a fast charged particles
passage through a bent nanotube rope. Let us
show, that in this case, like in the case of the
particles passage through a bent crystal (see for
instance [19,20]), the beam deflection on the an-
gles, which sufficiently exceed the critical chan-
neling angle is possible.

There are two mechanisms for the beam de-
flection by bent crystals. One of them is connected
with the particle channeling along bent atomic
planes of a crystal. The beam deflection is possible
in this case if the following condition is fulfilled
[19-21]

R>Rc:dp%, (4.1)
P

where R is the radius of crystal planes bending, dp,
is the distance between planes and U, is the depth
of the potential hole, which is formed by contin-
uous planes of the crystal. The other mechanism
deals with multiple scattering of particles by bent
atomic strings of a crystal. The effective beam de-
flection is possible in this case if the condition is
fulfilled [19,22]

R >y VIL, (4.2)

where . = 1/2Uy/¢ is the critical angle of axial
channeling, U, = 2Ze*/d,, Z|e| is the charge of
nucleus of a lattice atom, 4, is the distance between
atoms in the string, [ ~ d*/\arr, d is the distance
between atomic strings in crystal and artg is Tho-
mas—Fermi screening radius for atomic potential.
Such conditions can be fulfilled for the beam
passage through bent nanotube and nanotubes
rope too.

The condition (4.1) means, that the potential
hole, inside which the channeling is performed, is
not destroyed by the crystal bend. In a nanotube a
deep and wide two-dimensional channel is formed.
Thus dechanneling of particles in such structure
will be smaller than in a crystal. If the radius of a
nanotube bending will satisfy the condition (4.1),
the bending will not destroy the potential hole and
channeled particles will follow the nanotube bend.

Fig. 3 presents simulation results for protons
and C%* ions passage through the bent nanotubes
rope (10, 10) along the nanotube axis and through
the bent diamond crystal along the (110) axis. A
simulation was made with the account of inco-
herent effects in scattering. The simulation method
is the same as for a beam passage through a bent
crystal near one of its axes [22]. The simulation
results are presented for a set of length that made
it possible to retrace the beam deflection dynamics.
These results show that for small thickness both of
the crystal and nanotube rope the main part of the
beam follows the axis bend. In the nanotube rope
the beam deflection is mainly caused by channeling
effect, while in the crystal the beam deflection is
mainly caused by multiple scattering at the bent
atomic strings [19,22]. With a thickness growth,
due to incoherent scattering, the part of particles,
moving infinitely in respect to atomic strings, are
captured to the plane channeling regime and fol-
low further along the bend of those planes. Such
particles form side branches of angular distribu-
tions in Fig. 3. Analogous effect takes place for
nanotube rope too, but here it is developed slower.

The dependence of deflected beam fraction
upon the target thickness is presented on Fig. 4. As
“deflected” we determined those particles of the
beam, which are in limits of horizontal angles
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Fig. 3. Angular distributions of C** ions passing through the bent diamond crystal near the (110} axis (left pictures) and through a
nanotubes (10, 10) rope along its axis (right pictures) for different values of target thickness. The beam momentum is p = 10 GeV/c, the
curvature radius is R = 20 cm. Initial direction of the beam and the target axis correspond to ¥, = 0, ¥, = 0; final direction of the target
axis corresponds to ¥, = 1 and 10 mrad, ¥, = 0. Points are the simulations results. Simulation statistics is 1000 particles.
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Fig. 4. Dependence of the deflected beam fraction with target
length for beam deflection by a bent nanotubes rope and a di-
amond crystal. The crystal curvature radius is R = 20 cm, the
beam momentum is p = 10 GeV/c. Simulation statistics is 1000
particles.

—, < ¥ < Y, respectively to the current direction
of the bent axis. A simulation was performed for
protons and C® ions with momentum p= 10

GeV/c passing through the bent nanotube rope
and the bent crystal.

Simulation results show that in the considered
case a beam deflection is possible. In a nanotube
rope, beginning from the thickness of order 100 um,
the part of deflected particles decreases slowly with
the rope thickness. It deals with the fact, that de-
channeling process of ions in this case is caused
mainly by incoherent scattering on the electron
subsystem of a rope.
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