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Abstract We have calculated deposited energies of var-
ious energetic ions in carbon nanotubes, to study nuclear
point mass effects, with the help of a static Monte Carlo
(MC) simulation program. As a result of nuclear point mass
effects, we show that at the same incident energy, the ion-
deposited energy maximizes, while its mass has interme-
diate mass values, such as 11B, 2C and "N ion masses,
under hundreds keV 4He, “B, 12C, 14N, 2°Ne, 2%Si and *°Ar
ion irradiations of a thin-walled carbon nanotube. We also
show that at the same incident energy, the coordination
defect number maximizes, while its mass has an interme-
diate mass (20Ne) value, under hundreds keV 4He, 2Ne and
“OAr jon irradiations of the thin-walled nanotube. We
derive an ion-deposited energy formula to analyze these
maximum phenomena, and compare the MC simulation
results with the MD (molecular dynamics) ones.

1 Introduction

In energetic (<MeV) particle collision fields, stopping can
be distinguished into two kinds, i.e., nuclear stopping and
electronic stopping [1-23]. Electronic stopping of charged
particles in matter is known to be rather insensitive to
specific properties of the stopping material [2]. In particle
penetration and radiation effect theories, Sigmund clarifies
general aspects and stopping of swift point charges [1].
Evidently, according to his theories, the well-known 4Mm/
(M 4 m)* effects may belong to the nuclear point mass
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effects. Here, M and m are ion and atom masses. Based on
the conservation of transverse energy and that of transverse
momentum, the 4Mm/(M + m)* effects mean each colli-
sion between one and another point mass particles along a
straight line, if one and another point masses equal M and
m, respectively. In our opinion, his theories exhibit two
foundational effects, i.e., the nuclear point charge effects
and the nuclear point mass effects. The nuclear point mass
effects are independent of the interaction potentials pro-
duced by nuclear point charges, such as the 4Mm/
(M + m)* effects suggested by us, but the nuclear point
charge effects depend on the interaction potentials, such as
the cross-sectional ¢ effects suggested by Krasheninnikov
et al. [c = mp®, where p is the impact parameter (Fig. 5)].

The interaction of energetic ions with carbon nanotubes
plays a fundamental role both in the field of ion beam irra-
diation and in nanoscience. To understand the basic physics
of damage creation and stopping ions of different types, it is
instructive to dwell first upon the irradiation of single-walled
carbon nanotubes (SWCNTs) due to their simple and well-
defined structure, between SWCNTs and MWCNTSs (multi-
walled carbon nanotubes). Molecular dynamics (MD) sim-
ulation works [7—11] have studied this interaction up to keV
ion-irradiation energies. For stopping studies, reasoning from
the data on He, Ne, Ar, Kr and Xe ion irradiations of
SWCNTs and MWCNTs, it is clear that only the latter could
be used to effectively stop keV ions. Further, MWCNTs with
tens of the graphitic shells can easily stop energetic ions with
energies up to 10 keV. For damage studies, the MD simu-
lations find the irradiation-induced damage which proved to
be higher for heavy ions than for light ones due to higher
values of the cross section for the defect production in the
SWCNT or the MWCNT [23].

In the MD simulations of the energetic-ion-induced
coordination defects from light to heavy ions, in the
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SWCNT or the MWCNT, there is no discussion about
experimental data to validate the modeling [7-11]. H, C, N,
Si and Ar ion beam irradiations are usually thought to
induce defects and disordered structures in materials and
then to destroy the properties of the materials. However,
our recent experiments [24—26] about the ion beam irra-
diations on the carbon nanotubes (CNTs) have indicated
that the ion beam modification mechanism of CNTs is
completely different from traditional one of bulk materials,
and ion beam irradiations can lead to self-organized
structures in CNTs, such as amorphous junctions and CNT
junctions. Moreover, the irradiated CNTs exhibit an
improved conductivity and an enhanced field emission. To
our knowledge, no experiments have measured the ener-
getic-ion mass effects on tube damage, until now.

The MC simulations and the MD simulations have dif-
ferent superiorities. The MC simulations use binary-inter-
action potentials and computational cells with infinite
atoms. However, the MD simulations use multiple-inter-
action potentials and computational cells with limited
atoms, so they are necessary to suppose boundary condi-
tions. In the MD simulations, the energetic-ion collision
with atoms primarily comes from a collision contribution
between the ion and the first neighbor atom, while the ion
should approach the first one. Such a collision contribution
means the classical approach. For the interaction of ener-
getic ions with the MWCNT (or SWCNT), in the MC
simulations, the tube is infinite long; but in the MD sim-
ulations, usual periodic boundary conditions are supposed
along tube-axis direction. By the way, it is noteworthy that
channeling was primarily discovered as a result of com-
puter simulations of ion beam propagation along atomic
rows in a crystal, based on binary collisions of ions with
atoms [3].

It is clearly known that the ion-deposited energy plays
an important role in radiation damage and stopping
mechanisms. Therefore, for better understanding of these
mechanisms [2, 7-23], it might be informative that we
calculate the deposited energies of various energetic ions,
especially at incident energies up to hundreds keV. This is
the main goal of our present simulation works.

The present static MC simulation programs include the
first and the second steps (Sect. 2). At the first step, we not
only calculate ion-deposited energies but also record bro-
ken atomic bond, Frenkel pair, stopped ion and stopped
recoil atom positions, in the MWCNT (or SWCNT). At the
second step, we calculate the coordination defects and use
a Kinchin—Pease model to estimate the number of vacan-
cies produced in the MWCNT (or SWCNT). Therefore, we
can describe the carbon nanotubes how to be disordered.
Under hundreds keV ion irradiations, at the first step, we
find that the hundreds keV incident ion easily and swiftly
penetrates through the thin-walled carbon nanotube while
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Fig. 1 Average ion-deposited energy Eg — Epenctrating (0pen) and the
average angle-correlated energy ') E;sin’(6;:1/2) (solid) as
functions of the ion mass for *He, ''B, '>C, "N, *’Ne, 2%Si and
4OAr jon irradiations of a MWCNT composed of (10,10), (15,15) and
(20,20) SWCNTs, at 50 (circles), 100 (triangles) and 200 keV

(squares) incident energies. Here, Z:‘;OI E;sin?(0;4,/2) comes from
formula (7)

in this tube, the ion-deposited energy is much less than, i.e.,
&, its incident energy. We also find that the 4Mm/
(M 4+ m)* effects dominate the ion-deposited energies
(Figs. 1, 3). At the second step, we find that the 4Mm/
M + m)2 effects dominate coordination defects and
vacancies (Sect. 5).

2 MC simulation program series

Our Monte Carlo (MC) simulation program series has been
employed in investigating particle motions exclusively
along a straight-line segment in amorphous and crystalline
[12, 19, 20, 22] materials. The present static MC simulation
program utilizes a binary collision model [2, 12-22] based
on the Moliere potential for the ion—atom (or atom—atom)
interaction and on the continuously slowing approximation
for electronic stopping, at low temperatures. Carbon nan-
otubes (the MWCNT) in a super-lattice are kept in a
position of equilibrium by van der Waals forces, and the
gap between the walls of neighboring nanotubes is usually
~0.315 nm. The thermal vibration is modeled by giving
each lattice atom a random displacement (commonly below
0.01 nm).

Our recent static MC simulation works have studied
isotopic mass effects for energetic-ion channeling in the
SWCNT [12]. In our present static MC simulation works,
4He, 1IB, 12C, 14N, 20Ne, 285 and *°Ar ion beams normally
irradiate the (20, 20) SWCNT or the MWCNT composed
of (10, 10), (15, 15) and (20, 20) SWCNTs, at incident
energies Ey > 50 keV. The MWCNT is infinite long
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because of atomic-number-infinite computational cells, and
the incident beam size equals the outer diameter of the (20,
20) SWCNT. For the given system, a run consists of an
incident ion normally and randomly entering a new ‘un-
damaged” MWCNT. For better accuracy, statistics need to
be 1 x 10° in simulating the data in this work.

The present static MC simulation programs include the
first and the second steps. At the first step, we not only
calculate ion-deposited energies but also record broken
atomic bond, Frenkel pair, stopped ion and stopped recoil
atom positions, in the MWCNT (or SWCNT). At the sec-
ond step, we calculate the coordination defects and use a
Kinchin—Pease model to estimate the number of vacancies
produced in the MWCNT (or SWCNT). Therefore, we can
describe the carbon nanotubes how to be disordered.

3 MC simulation results

The incident ion carrying E, above 50 keV easily penetrates
through the MWCNT, while it becomes the penetrating ion
with the Epeneiraing Kinetic energy, so Ey — Epencrrating €quals
the ion-deposited energy in the MWCNT.

Figure 1 shows that under hundreds keV 4He, “B, 12C,
14N, 2ONe, 288i and “°Ar ion irradiations, the average ion-
deposited energy Eg — Epenetrating Maximizes, while the ion
mass has intermediate mass values, such as 11B, 12C and
YN ion masses. Namely, the average Ej — Epenetrating
maximizes for 50 keV ''B, 100 keV '2C and 200 keV "N
ion irradiations of three shells. Note that for example,
under hundreds keV “He (light), *ONe (intermediate) and
40Ar (heavy) ion irradiations, the data (three shells) in
Fig. 1 are about three times those (one shell) in Fig. 3.

As derived in Sect. 4 and in Fig. 2, the average ion-
deposited energy Ey — Epenetrating €an be compared with
the ion-normalized energy 4EMm/(M + m)* as follows:
(A) The energy E is the '*C ion-normalized energy, and it
equals the '>C ion-deposited energy. (B) The ion-normal-
ized energy 4EMm/(M + m)* maximizes, while the ion
mass has '’C mass value. (C) The Ey — Epenctrating CUrve
approximates the 4EMm/(M + m)* one, at 50 (circles), 100
(triangles) or 200 keV (squares) incident energies.

In order to simply study ion-induced damage of carbon
nanotubes, we focus noble gas ion irradiations of the
SWCNT. Figure 3 shows that the average ion-deposited
energy Ey — Epenetraing Maximizes, while its mass has an
intermediate mass (20Ne) value, under hundreds keV *He
(light), 2ONe (intermediate) and 40Ar (heavy) ion irradia-
tions of one shell. Correspondently, Fig. 4 shows that the
average coordination defect number maximizes, while its
mass has an intermediate mass (20Ne) value, under hun-
dreds keV 4He, 20Ne and *°Ar ion irradiations of one shell.
We derive an ion-deposited energy formula to analyze
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Fig. 2 Average ion-deposited energy Eg — Epenetraiing (0pen) and the
ion-normalized energy 4EMm/(M + m)? (solid) as functions of the
ion mass for 4He, B, 12C, 14N, 2ONe, 28i and “°Ar ion irradiations of
a MWCNT composed of (10, 10), (15, 15) and (20, 20) SWCNTs, at
50 (circles), 100 (triangles) and 200 keV (squares) incident energies.
Here, the 4EMm/(M + m)® curve (solid) is derived from formula (8),
and the Ey — Epenerraiing ON€ (0pen) comes from Fig. 1
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Fig. 3 Average ion-deposited energy Ey — Epenetraiing @S @ function
of the ion mass for “He, >°Ne and *°Ar ion irradiations of the SWCNT
(20, 20), while incident energies Ey = 50, 100, 200 keV

these maximum phenomena in Sect. 4. The Ar ion-induced
defects are basic data in the MD results [7-11], so the 40Ar
ones are given in our MC results; as further studies, 4He,
*Ne and “°Ar ion-induced defects are also given in our
MC results, in Sect. 5, as comparison.

4 Derivation of formulas of the ion-deposited
energies
As analyzed in Sect. 1, energetic ions and atoms can be

seen as particles with nuclear point charge and nuclear
point mass. Figure 5 describes the energetic ion how to
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Fig. 4 Average coordination defect numbers as a function of ion
mass for ‘He (light), ONe (intermediate) and OAr (heavy) ion
irradiations of the SWCNT (20, 20), while incident energies Ey = 50,
100, 200 keV

collide with an atom, in the interaction potentials produced
by nuclear point charges, in the center of mass system. In
the interaction potentials, we can define the normal dis-
tance p between initial kinetic directions of the ion and an
atom, to be the impact parameter; then we can define the 0
angle between initial and final kinetic directions of the ion,
to be the ion-scattered angle. Namely, the p impact
parameter and then the 6 ion-scattered angle necessarily
exist in the interaction potentials of nuclear point charges.
Therefore, the cross-sectional ¢ (o = mp®) effects sug-
gested by Krasheninnikov et al. belong to the nuclear point
charge effects.

In our present static MC simulation program, recoil
atoms can be distinguished into two kinds, i.e., primary

Mg/ /

Fig. 5 Trajectories of the energetic ion and an atom in the interaction
potentials of nuclear point charges, in the center of mass system.
Here, M and m are nuclear point masses of the ion and an atom, p is
the impact parameter, and 6 is the ion-scattered angle

@ Springer

knock-on atom (PKA) and secondary knock-on atom
(SKA) [22]. The PKA is the recoil atom produced by direct
collision with an incident ion. The SKA is the recoil atom
produced by other recoil atoms. For the incident ion car-
rying the Ej incident energy, at i + 1th collision between it
and a lattice atom, the ion-transferred energy is defined to
be the partial ion-deposited energy, i.e., AE; | dgeposited- The
carbon atom displacement threshold energy 7, is aniso-
tropic, and it may depend on the system geometry, etc. [9].
It is smaller in spz—bonded carbon (15 — 20 eV) than in
diamond-like structures (30 — 48 eV). Here, for compu-
tational convenience, T; is assumed, on the average, to
equal 28 eV energy.
At i + 1th collision, we derive

E; = Ei11 + AEi1 deposited (1)

where E; and E;, ; are initial and final ion kinetic energies
at i + 1th collision.
In n collisions, we derive
n—1
EO - En + AEiJr],deposited (2)
i=0
wheren = 1, 2, ..., c0 and E,, is the final ion kinetic energy
in n collisions.
Based on energy and momentum conservations, at
i + 1th collision, we derive

E;i = Eiy1 + AEiy1 deposited = Eiv1 + Eiy(M,m,0,1,)  (3)

Based on energy and momentum conservations, in
n collisions, we derive

n—1
Ey=E, + ZEiV(]VL m, ;1) (4)
i=0

where y(M, m, 0, ;) is transferred factor, 0;,; is the ion-
scattered angle in the center of mass system and M and
m are ion and atom point masses.

For binary interactions, transferred factor y(M, m, 0;,)
is classical [2, 12-22], that is,

P (M,m, 0;11) = (4Mm/(M + m)z) sin2(9i+1/2) (5)

Combing (4) and (5), we derive
n—1
Ey = Ey + (4Mm/(M +m)*) > " E;sin®(0;11/2) (6)
i=0
For a thin-walled carbon nanotube, if the incident
energy is high enough, the incident ion carrying E easily
becomes the penetrating ion with the E, = Epenetrating
kinetic energy. Thus, formula (6) becomes

n—1

Ey = Epenetrating + (4Mm/(M + m)z) Z E; Sin2(0i+l/2)
i=0

: @
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where, evidently, Ey — Epenetraing €quals the ion-deposited
energy, i.e., (4Mm/(M +m)*) Y1, E;sin® (0,41 /2).

For the MWCNT composed of (10, 10), (15, 15) and
(20, 20) SWCNTs, irradiated by hundreds keV ions, our
present simulations find sin® (0../2) < 1, ie., (0/
2 > 0) as E; 1 > 1keV. For example, sin’ (Oaverage!
2) ~ 0.00337 for 50 keV "B ijon irradiation of the
MWCNT, where 0,yerqge is the average ion-scattering angle
in the center of mass system. Therefore, for the irradiated
MWCNT, because y(M, m, 0,,1) —» 0 as (0,;12) — O,
Ey~E ~. - -=~E~ Ei+1 reerE, = Epenetrating in (7).
Namely, the hundreds keV incident ion easily and swiftly
penetrates through the thin-walled carbon nanotube, while
in this tube, the ion-deposited energy < its incident
energy. Our present simulations also find, for example, that
on the average, an incident 50 keV ''B ion produces about
eight PKAs, for the MWCNT.

Based on above analysis, in (7) for the MWCNT irra-
diated by hundreds keV ions, if the 4Mm/(M + m)2 effects,
i.e., the nuclear point mass effects, dominate over the
angle-correlated energy Z:’;ol E;sin®(0;11/2) effects, in
Fig. 1 the ion-deposited energy Ey — Epenciraing has a
maximum, while the ion mass equals an intermediate mass
value, such as 11B, 12C or N ion masses.

As pointed out by a reviewer, would it be possible (or
useful) to include in Fig. 2 the analytic mass effect ideal
result, e.g., the 4EMm/(M + m)2 curve. The function 4X/
(I + X)* with X = m/M has a maximum at X = 1 (i.e.,
m=M = 12C), the offset can be fixed by E, and it helps in
understanding the role of the simulation with respect to the
simple analytic result. Thus, formula (7) becomes formula
(8), that is,

EO - Epenelrating = 4EMm/(M + m)2 (8)

Indeed, in Fig. 2 the Ey — Epeneirating CUrve approxi-
mates the 4EMm/(M + m)2 one, at 50 (circles), 100 (tri-
angles) or 200 keV (squares) incident energies.

5 MD and MC simulation result comparisons

The MD simulations have works, such as (1) formation of
ion-irradiation-induced atomic-scale defects on walls of
carbon nanotubes [7], (2) carbon nanotubes as masks
against ion irradiation [8], (3) ion ranges and irradiation-
induced defects in multi-walled carbon nanotubes [10] and
(4) relative abundance of single and double vacancies in
irradiated single-walled carbon nanotubes [11]. Compar-
isons between the MD and the MC simulation results are as
follows.

From SWCNT or MWCNT damage studies (1) in the MD
simulations [7-11, 23], under keV-noble ion irradiations,

the cross-sectional ¢ for the defect production increases
from light to heavy ions, as the ion nuclear charge Ze
increases (Z is atomic number of the ion, and e is the
charge on a proton.). Correspondently, the coordination
defect number increases from light to heavy ions. Namely,
the cross-sectional o effects dominate the tube damage.
However, in our MC simulations, under hundreds keV-
noble ion irradiations, the ion-deposited energy Ej -
— Epenetrating Maximizes, while its mass has an intermediate
mass (zoNe) value (Fig. 2). Correspondently, the coordi-
nation defect number maximizes, while its mass has an
intermediate mass (*°Ne) value (Fig. 3). Note that a Ne ion
has the most 4Mm/(M + m)2 value in He, Ne, Ar, Kr and
Xe ions. Namely, the 4Mm/(M + m)* effects dominate the
tube damage, as analyzed by formula (7). (2) In the MD
simulations, under 1 keV Ar ion irradiation, the coordina-
tion defect number equals 15 for one shell, while it equals
45 for three shells (Fig. 2 of [10]). However, in our MC
simulations, under 100 keV 4OAr ion irradiation, the coor-
dination defect number equals 11 for one shell (Fig. 3),
while it equals 35 for three shells. (3) In the MD simula-
tions, under 1 keV Ar ion irradiation, the number of total
vacancies equals 2.4 for (10, 10) SWCNT (Fig. 2 of [7]),
and the number of single vacancies equals 1, while that of
double ones equals 0.5 for (8, 8) SWCNT (Fig. 1 of [11]).
However, in our MC simulations, under 100 keV 4OAr jon
irradiation, the number of total vacancies equals 1.8 for
(20, 20) SWCNT. (4) As further studies, in our MC sim-
ulations, the 4Mm/(M + m)2 effects dominate coordination
defects and vacancies. For example, for the 100 keV ion-
irradiated (20, 20) SWCNT, the “He-induced coordination
defect number equals 10, the 2Ne one equals 13, and 4OAr
one equals 11. Also in this shell, the “He-induced number
of total vacancies equals 1.6, the 2ONe one equals 2.1, and
the “°Ar one equals 1.8.

From SWCNT or MWCNT stopping studies, (1) What is
the maximum energy Ey of incident Ar ions for the
MWCNT with an outer diameter at which no damage is
created in the metal layer below the MWCNT? (Fig. 1 of
[8]). In the MD simulations, the number of recoils (both Ar
and C atoms) per 100 ions equals 0 at Ey, = 0.2 keV for
two shells or at Ey, = 0.75 keV for six shells (Fig. 2 of
[8]). Thus, the MWCNT with tens of shells can easily stop
energetic Ar ions with energies up to 10 keV. (2) Also in
the MD simulations, it equals 100 at E; = 0.7 keV for three
shells or at E; = 1.3 keV for five shells (Fig. 2 of [8]).
Thus, the MD simulation results may imply that at E; -

1 keV for three (or five) shells, incident Ar ions easily
become penetrating ions. This is why at E; = Ey = 50,
100, 200 keV for one (or three) shells, incident 4OAr ions
easily become penetrating ions, in our MC simulations. (3)
As further studies, our MC simulations show that under
hundreds keV “He, !'B, 2C, N, 2°Ne, 28Si and “°Ar ion
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irradiations, these incident ions easily and swiftly penetrate
through the thin-walled carbon nanotubes, because in these
tubes, the ion-deposited energies are much less than, i.e.,
<, their incident energies (Figs. 1, 2).

6 Summary

We have calculated the deposited energies of various
energetic ions in carbon nanotubes, to study the nuclear
point mass effects, with the help of a static MC simulation
program. We derive an ion-deposited energy formula (7)
for the thin-walled carbon nanotube. In this formula, the
Eo — Epenctrating i0n-deposited energy equals the product of
the 4Mm/(M + m)* ratio and the S0~ E;sin(0;1/2)
angle-correlated energy. It should be emphasized here that
the hundreds keV incident ion easily and swiftly penetrates
through the thin-walled carbon nanotube, while in this
tube, the ion-deposited energy < its incident energy
(Fig. 1). For foundational mass-dependent collisions, the
AMm/(M + m)* effects mean each collision between one
and another point mass particles along a straight line, if one
and another point masses equal M and m, respectively.

We show that as a result of the nuclear point mass
effects, i.e., the 4Mm/(M + m)2 effects, at the same inci-
dent energy, the ion-deposited energy maximizes, while its
mass has intermediate mass values, such as ''B, '2C and
N jon masses, under hundreds keV 4He, “B, 12C, 14N,
20Ne, 28Si and *°Ar ion irradiations of three shells. We also
show that at the same incident energy, the coordination
defect number maximizes, while its mass has an interme-
diate mass (20Ne) value, under hundreds keV 4He, 20Ne and
“OAr jon irradiations of one shell. This is because the 4Mm/
(M 4+ m)* effects, i.e., the nuclear point mass effects,
dominate over the Y7~ E;sin?(0;,/2) effects.

As pointed out by a reviewer, would it be possible (or
useful) to include in Fig. 2 the analytic mass effect ideal
result, e.g., the 4EMm/(M + m)2 curve. Indeed, in Fig. 2
the Eo — Epencwrating CUrve approximates the 4EMm/
M + m)2 one, at 50 (circles), 100 (triangles) or 200 keV
(squares) incident energies.
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