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Abstract

Calculations and analyses are made on the interaction between the carbon

nanotube and the incident positron of high cnergy. The results obtained show that it is
possible to use carbon nanotube as hard X-radiation source with high intensity and good

monochromaticity.
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1 Introduction

The research work on the synthesis of so-
called carbon nanotubes!!?l—another impor-
tant discovery after carbon 60, has achieved
great success in recent years. These carbon
nanotubes have a length of up to a few cen-
timeters, while only a few nanometers in di-
ameter. Hollowness is an important charac-
teristic of nanotubes which is supposed to lead
to their applications in various nanodevices for
transporting both neutral and charged parti-
cles. On the other hand, high-energy electron
or high-energy positron which can be gener-
ated by high-energy particle accelerator, when
propagating in the carbon nanotube, interacts
with the wall of the nanotube and can thus
produce various electromagnetic radiations. It
is mainly due to the Coulomb interaction be-
tween the charged particle and the charge of a
nucleus partially screened by the electron shell
of the atom. This kind of radiation emitted
by a charged particle propagating in a carbon
nanotube, just like the channel radiation due
to charged particles channeling in crystal, has
its particular properties and is different from
the coherent bremsstrahlung, the transition ra-
diation or synchrotron radiation; especially, it
might have high intensity and good monochro-
maticity, therefore it can be of special interest
in theoretical and experimental studies.

Recently, Klimov and Letokhov3] have
presented their study on the hard X-radiation
emitted by a positively charged particle moving
in a carbon nanotube, but the exploited poten-
tial between the charged particle and the car-
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bon atom in their work is too simple to im-
itate the real potential. In the present pa-
per, we make the similar calculation and anal-
ysis while exploiting Moliere potential which is
based on Thomas-Fermi statistic model and is
much closer to the real potential, and present
the primary theoretical analyses and calculation
results.

2 Theoretical method

Studying the collision between the inci-
dent charged particle and the target atom, de-
scriptions on either of the two objects are usu-
ally needed. There are two ways to describe
the atomic system. One is Hartree-Fork self-
consistent field method. It is pretty precise,
but too complicated for dealing with multielec-
tron system. The other is Thomas-Fermi statis-
tic method, in which the electrons in the atom
are regarded as degeneration gas. The electron
density n.(r) and the total potential V(r) at
the point = are regarded as functions with the
only variable of », where r is the distance be-
tween the electron concerned in the atom and
the centre of the atom (i.e., nucleus).l4]

According to the Thomas-Fermi statistic
method mentioned above, the Coulomb inter-
action potential V(r) between the incident ion
with the charge Zje and the target atom with
the nuclear charge Z,e can be described by the
following expression:

2
) (1)

where 7 is the distance between the propagating
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ion and the target atom, a is the screening pa-
rameter which can be given by the expression:

a=0.8853ap(22% + 22/°)~V2  (1q)

ap = h*(me?)~! = 0.529A

ap is the Bohr radius. And u(r) is the Thomas-
Fermi atom screening function which has only
numerical solution instead of analytic solution.

Moliere provides a very good approxima-
tion expression* for u(r):

3
WZ) = um(Z) = Y evexp(—fir/a)  (1b)

i=1

{e:i} = {0.1,0.55,0.35}; {B:} = {6.0,1.2,0.3}

Propagating in the carbon nanotube, the inci-
dent ion interacts with not only the single atom
in the wall, but also the continuous atom ar-
ray, especially when its speed is close to that of
light. With the simple potential superposition
principle, continuous potential U(p) on the ion
can be obtained, in a first approximation, by
summing Eq.(1) over a string of atoms:

1 [t
U(p) = E/ V(2 + p*)dz

where d is the average inter-atomic distance; p
is the perpendicular distance between the ion
and the atom string.

In the case of a continuous tube, we can
make simple extensions from the above expres-
sion, that is, the above expression for the inter-
action potential can be averaged over the peri-
odic coordinates (z, ) to obtain the expression:

N 2x + o0 2 /2
U(r') = m/; / V(z* + r"*)dzde (2)

where N is the number of elementary periods
present along the tube perimeter; and

7 = (R? + p* — 2Rpcosy)!/?

here R is the radius of the tube, i.e., the dis-
tance between the target atom located at the
perimeter of the circular cross-section perpen-
dicular to axis z and the center of the circle; p

is the distance between the moving ion on the
cross-section and the circle center.

Substituting the above Eqs.(1), (1a) and
(1b) into Eq.(2) and integrating it over z, we
obtain the expression:

!

62 T
U(r') = ——-——ZIZZ il ZaiKo(,Bi;) (3)

where Kp is the second modified Bessel func-
tion.

The further integration of Eq.(3) over ¢ is
hard to be obtained analytically. In this case,
Eq.(2) is numerically integrated to obtain U(p),
and thus further to get the Uj, here U, is de-
fined as:

10%U(p)

Uz = 2 9p?

(4)

|p=0

3 Results

In the present paper, the propagating ion
concerned is a positron with high energy. The
positron is more likely to be moving close to
the axis of the nanotube than to the wall be-
cause a positron coming close to the surface of
the nanotube is acted upon by a repulsive force
due to the incomplete screening of the positively
charged nuclei. Generally, the positron develops
a fast spiral motion in a direction paralle] to the
axis of the nanotube. The equation of motion
of the positron in the transverse plane may be
taken as the following form:

ou
dp
where m 1s the mass of the positron and

V.
(1 _pan-Vy2 g_ Y
1=V p= G

Here we consider the case where the positron
enters the nanotube close to its axis, i.e., R >> p.
In this case, the potential U(p) can be described
by the harmonic approximation:

U(p) = Uo(p = 0) + Uzp® (6)

and then, we can easily solve the equation of
motion (Eq.(5)) in the radial direction:

= (rmv,) = 5)

p = pocos(2t) (M)
where pp is the radius of the point of entry of

the positron coming into the tube and  is the
radial oscillation frequency defined as follows:

0% = ET;L[% (8)
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Supposing a typical nanotube with 114 in
diameter and substituting the U, into Eq.(8),
which is obtained by numerical integration men-
tioned above, we may have the following expres-
sion:

1.7 x 10%®  _,
Q= —\/,7—-[3 ] (9)

For positron with an energy of 1 GeV, we have:
Q
5 7~ 062 10**Hz (10)

This result is almost one order greater than
that estimated by exploiting the simple Linhard
potential 3]

It is well known that a charged particle
moving with the acceleration may emit electro-
magnetic radiation. Obviously, the positron in
a fast spiral motion as mentioned above does
emit the electromagnetic radiation. For the
spatialtemporal structure of the radiation, ac-
cording to the theoretical analysis, the radiation
maximum is located at w(6), while the relation
between the radiation frequency w and the an-
gle 8 (the angle between the nanotube axis and
the observation direction) is showed as follows:

Q
w(®) = 1 — fcosf (1)

One can see from Eq.(11) that with the
angle 0 fixed, the radiation is emitted at a per-
fectly definite frequency. The radiation emitted
forward (# = 0) has the maximum frequency
Wmax €xpressed as:

Q

1-p
In the case of the nanotube with a diameter of
11A and the positron entering at po &~ 4.34, we
have:

(12)

Wrax =

Wmax & 3.3 x 10'6y%/2[s7!] (13)

For the positron with an energy of 1 GeV,
one has y=2000, the energy of the quanta with

the maximum-frequency can be obtained to be
hwmax = 2.0 MeV. Obviously, hard X-radiation
is emitted.

As for the total radiation power P, it can
be defined by the following well known formula:

2 4.5 € 4042

In consequence, for the loss of energy per
unit length by the radiation, we may have:

A€ = PJc ~ 1.5p3y210™  [erg/cm]  (15)
where p, = po/3d. For the positron with an en-
ergy of E=1GeV, y=2000 and the point of en-
try of the positron into the nanotube at py = 1
(i-e., po = 4.3A), we can obtain:

Ac =~ 3.6 x 10’ [MeV /cm)] (16)

The results obtained above show that the
positron with high energy propagating in a car-
bon nanotube does emit the hard X-radiation
with the high intensity and the good monochro-
maticity. It is bound to be a bright future in the
study of this area.
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