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Abstract: This paper treats the characteristic topics of MeV /atom cluster ion beams produced using
tandem accelerators both in the production stage and in the penetration stage from the viewpoint
of fundamental processes. The former is related to atomic collisions in that production and decay
of a cluster ion C, ™ (n = 1 — 4) colliding with a charge-changing rare gas underlined through the
electron-loss process. Regarding the latter, relatively small carbon clusters C,+ (n = 2 — 10) are
treated. The reduction effect of the average charge of cluster ions in a material is first presented. Next,
the electronic stopping power and the energy loss, the polarization force, and the coulomb explosion
under cluster-ion impact are described in the dielectric function form. Alignment and structure effects
are stressed. As a large and highly symmetric cluster, the electronic stopping power and the average
charge are shown for a Cg cluster ion moving inside a solid. Throughout the paper, it is emphasized
that the vicinage effect originating from correlation on spatial structure and orientation of constituent
ions plays the key role. Moreover, results obtained in cluster production and penetration phenomena
are mostly different from multiplication of those under single-ion impact.

Keywords: carbon cluster; electron loss; energy loss; stopping power; LET; coulomb explosion;
dielectric function; cluster effect; independent electron model

1. Introduction

Since the development of accelerators, controlled single-ion beams have been inten-
sively utilized in various fields of application, e.g., surface analysis, ion implantation,
material modification, and cancer therapy. Basic and essential phenomena working on
these fields are elastic and inelastic collisions, on which the theories in the early stage [1-3]
were instructive. After that, the knowledge accumulated for a long time on the stopping
powers of materials for single ions and their ranges were compiled as a series of data
book [4] and have been utilized in SRIM computer code [5]. Here, the average charge of a
moving single ion, which is representative of the charge of a moving ion inside a material,
is a characteristic quantity because it governs the coupling strength of the ion-material
interaction. The compiled data on the single ion intruder were published [6]. In these
two decades, progress in technology has made it possible to research irradiation phenom-
ena with polyatomic projectiles or cluster ions [7-10]. With this progress, new information
has become available on the polyatomic irradiation effects such as the energy deposition
rate (or LET), secondary particle emission, and fragmentation, which have never been
gained by single-ion irradiation. In fact, under cluster-ion impact, unique phenomena
have been reported, e.g., on the sputtering yields [11,12], reduction of average charge per
atom [13-17], enhanced and suppressed energy losses [18-24], suppressed low-energy
secondary electron emission [25-27], and enhanced convoy electron emission [21]. These
situations intensively attract our attention to the size (the number of constituent atoms) of
cluster ions and the spatial structures since those quantities are known to newly affect the
irradiation effect. Moreover, MeV cluster ion beams were recently utilized to obtain SIMS
(Secondary Ion Mass Spectroscopy) signals from biomolecule targets [28-30] and track
formation in solids [31,32]. In addition, the SIMS yield depends on the structure and orien-
tation of the incident carbon cluster ion [29,30]. Cluster ion impact has several advantages:
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Reduction of the kinetic energy per atom at a given accelerated voltage.
Suppression of the charge-up effect at ion implantation.
Performance of high-density particle irradiation.

On the other hand, regarding a projectile, the basic and elementary approach to de-
scription of ion beams is a point-charge picture, where only two parameters, i.e., net charge
and speed, characterize the moving ion. This simple picture was extended to a dressed
ion which has attached some bound electrons in a frozen state during the passage [33-36].
The average number and the spatial distribution of those electrons is included in the term
‘effective charge’. After that, using molecular ion beams, the number and spatial distribu-
tion of constituent ions/atoms play an important role in electron excitation. In a special
case, the swift single and molecular ions in the frozen charge state provide us important
information on the energy deposition to materials. Up to here, ion beams are characterized
by net charge, speed, and spatial distribution of bound electrons.

As for cluster ion beams, two more parameters, i.e., the number of constituent atoms,
and the spatial structure, are added to the previous three parameters. In basic viewpoints,
these five elements cooperate with each other and display cluster impact phenomena. In fact,
they cause a strong correlation in time and space in collision phenomena with electrons.
A simple characteristic term to highlight cluster impacts is the quantity per atom, denoted
by Y(n)/n for a C, cluster impact and compared with Y (1) for a single C ion impact at
equivalent speed, where the quantity Y is the average charge, the energy-loss, the secondary
electron yield, etc. The term of positive (negative) cluster effect is used for the cases of
Y(n)/n—Y(1)>0((n)/n—Y(1) <0)orY(n)/(nxY(1)) >1(X(n)/(nxY(1)) <1).
Another identical term is the super-linear (sub-linear) dependence Y(n) >n x Y(1)
(Y(n) < n xY(1)) on the number n of atoms in a cluster.

Cluster-ion technology has been in progress and spread into wide ranges. Speaking
of the application side, a lot of significant and interesting results have been obtained in
various fields. It is not the purpose of this paper to pick up those things. I pick up, rather,
the energy transfer to a target material because it is a dominant mechanism in cluster impact
phenomena. Compared with single-ion impact, we have less ample information clarified
on this process in spite of a lot of application works. This review is intended to make
help early-career researchers grasp the cluster impact events comprehensively. The aim of
this paper is to clarify the above-mentioned cluster effects from a theoretical point of view.
The topics treated are the average charge, the energy loss via electron excitation, and some
related quantities on the penetration stage, while the electron loss process is treated on the
production stage. This paper presents the interaction of carbon cluster ions with materials at
kinetic energies of MeV region. So, the speed of those ions is assumed to be around or higher
than the Bohr speed. Carbon cluster ions are typical and representative projectiles. They are
predicted to have several spatial structures, e.g., linear-chain, ring, and fullerene, with the
adjacent-atomic separation of 1.27 x 10~!% m (linear-chain and ring) and 1.41 x 1071 m
(fullerene) [37]. These separations tend to correlate with electron excitation both at close and
distant collision in materials, especially in solids. First, production and decay of MeV cluster
ion beams is described in the production stage. The ion yield produced with a tandem
accelerator depends on the pressure of charge-changing gas. The above-mentioned cluster
effect in the cross sections will be shown in Section 2. In Section 3, the cluster average charge,
the electronic stopping power, and related things are described in the penetration stage.
Finally, the relation between the electronic stopping power and the secondary electron yield
under cluster impact will be mentioned. Throughout the paper, the Bohr speed, the Bohr
radius, and the Planck constant divided by 27, are denoted by vy = e2/h =219 x 10° m/s,
ag = h?/(me?) = 0.53 x 1079 m, and i = h/(27r) = 1.05 x 10~3*J-s, respectively.

2. Model for Production of Cluster-Ion Beam

This section is devoted to theoretical models, firstly describing swift cluster ions in
collision with rare gases, which relates to controlled cluster ion beams produced in tandem
accelerator, and secondly describing electron excitations in materials and friction forces
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induced by swift cluster ions. In the latter, the cluster effect in the average charge is
also presented.

2.1. Production of Carbon Cluster Ion Beams

Swift (MeV /atom) cluster ion beams are mainly produced with Tandem accelerator
facilities. Here, singly negative cluster ions, which are originated at the ion source, are firstly
accelerated to the charge exchange region, and secondly, some of them are converted to
singly positive charged cluster ions by passing through that region, and finally subtracted
as a positive cluster ions beam after second acceleration. The production rate of utilized
cluster ion beams is determined by production and destruction processes occurred in
charge-exchange region. Then, we consider these processes on the basis of rate equation.
The charge state fraction ¢;(x) of a cluster in charge state i at penetrating depth x of
charge-changing gas layer, is governed by the following equation:

de;(x) _ Z o
T = i 0i(x) — | Y o+ 0 | pi(x). 1)
Ndx oY i@

Here 0;; and 0j; denote, respectively, the charge-changing cross section to charge
state j and the destruction cross section for a cluster in charge state i in collision with a
gas, and N denotes the number of charge-changing gas atoms per unit volume. If we
concentrate on the carbon cluster, E = 0.3 MeV /atom corresponds to the speed v = vy.
Then, for MeV /atom carbon cluster ions, the speed is greater than the Bohr speed so that
the electron-loss process may be dominant in comparison with the electron capture process.
Thus, under the initial condition ¢_1(0) =1, ¢;(0) = 0(j = 0,1), we obtained analytical
expressions for ¢;(x) (i = —1,0,1). Especially, the fraction of singly charged cluster is given
by three electron-loss cross sections, 0_19, 091, 0_11, and three destruction cross sections,
O_14, Opd, 014 as follows [38]:

0.7100.01 e*NU_] X _ e*N(T]d X 0-7100-01 eiNoﬁld X _ e*NUO X

x)=(0_11+ T ’ 2
¢r1(x) = (0-n 00_01) 014 — 01 0y — 01 014 — 0p 2

where we use the symbols 0y = 01 + 094, 0-1 = 011 +0_10 + 0_14.

Regarding relatively small clusters in which the number of the constituent atoms is
small, the charge state fraction for clusters with more than +2e charge is negligibly small.
However, in large clusters such as Cgg fullerene ion, the fraction of doubly charged ions is
not negligible. In this case, the rate equation should be extended to include ¢ »(x). Under
the similar initial condition ¢_1(0) =1, ¢;(0) =0 (j = 0,1,2), the analytical expressions
could be obtained (see Appendix A).

2.2. Estimation of Cross Sections

Next, we move to consider how to estimate the cross sections for a carbon cluster ion.
Carbon cluster ions C,, (1 = 2 —4) are assumed to be composed of isolated atoms and
ion, with a linear-chain structure of equal spacing of 2.4a [37]. To do this, three kinds of
particles were prepared, i.e., a singly negative ion, a neutral atom, and a singly charged
ion, for whose electrons the Roothaan-Hartree-Fock (RHF) atomic wave functions were
tabulated by Clementi and Roetti [39]. As the electro-static interaction between a cluster
and a rare gas is in very short range, we could adopt the binary collision scheme between
a constituent atom/ion and a neutral gas. Then, we made use of the time-dependent
perturbation method to estimate the electron stripping probability from a constituent
atom/ion as a function of impact parameter b. Based on this quantity, we set the electron-
loss probability from multiple atoms with multi-electrons in the independent-atom model
(IAM) and the independent-electron model (IEM).

First, we explain the one electron-loss probability from a carbon atom/ion in collision
with a rare gas. The problem is considered in the rest frame of a carbon atom/ion impacted
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by a rare gas moving with relative speed v along a straight-line trajectory with impact
. = . S .

parameter b. The wave function ¢(r,t) of an active electron (i.e., ionized electron) is

excited via the interaction potential energy between a moving neutral gas atom, denoted

- —
by position vector R, and the active electron, denoted by position vector r, of the form:

= ze ()
V(R, 7)= - 2% | ez/df"r’ AR 3)

—
’R? ’R+r’7‘

/
In the above, Z and p(7 ) denote atomic number of a rare gas and the number density
of the bound electrons on the atom, respectively. According to first-order perturbation
theory of the time-dependent Schrodinger equation, the transition probability Cyq(oo) at

time f = +oo0 from the initial state ¢ (7) exp(—iwt)attime t = —oo to the final (ionized)
state q)k(7) exp(— i w k t) is obtained by the following expression

+o0 L
Cio= 75 [ (@il VIR, T)lgo) explilwr — wo)i). @

—0o0

- =
Since R = b + 0 t, the above transition probability is a function of impact parameter

—
vector b. @q (7) is given by the RHF wave-functions which are linear combinations of the
slater-type functions, tabulated in the reference [39] and gok(7) is described by a distorted
—
plane wave with wave number k, including a residual charge [40]. Thus, the one electron
—

loss probability is obtained by integrating over k as

P(b) = Y_|Crol*, )
k

for the electronic shell of the 1s, 2s, and 2p states in C~, C%and C* [39].

Based on the above one electron loss probability for a single atom/ion, the independent
electron model (IEM) and the independent atom model (IAM) allow us to define the
multiple electron loss probabilities for cluster ions. For example, for a neutral carbon atom
with two 2s and two 2p electrons, one-electron loss probability p;(b) and no electron-loss
probability po(b) at impact parameter b are given in the IEM by

p1(b) = 2y, (0) (1 = Py, (8))[ps, (D)2 + 2, (B) (1 = o, (B)) s, (D)2,

po(b) = [1 = po. (0)*[1 = py, (V)]

where the 1s electrons are assumed frozen since they are hard to be lost much more than
those in other states. For a cluster ion composed of two carbon atoms, the one electron loss
probability is given in the IAM by

p1(b1,b2) = p1(b1)po(b2) + po(b1)p1(b2), (6)

where by , by refer to impact parameter with respect to atom 1 and atom 2, respectively,
and they depend on the spatial arrangement of two atoms, i.e., cluster-axis orientation.
Then, if we assume that a trajectory of a projectile is a straight-line parallel to the
—

z-axis, the projection of the trajectory on the xy plane is denoted by a 2D vector b = (by, by)
so that by, by are functions of by, by, 0 as

b = /b2 + (by — Rosin0/2)%, b, = \/b? + (b, + Rosin0/2)>
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Here, Ry is the distance between two atoms, and 6 is the polar angle between the
cluster axis and the z-axis (see Figure 1). As a function of 6, the one-electron loss cross
section for the cluster of two carbon atoms is calculated in the following:

0(6) = [ b Pi(by,ba) = [ dbadb, Py(b, o). )

The cross section op; for a C; cluster is finally obtained by averaging () over the
polar angle 6 as

1 /7 .
0p1 = 5/0 dfsinf o(0). (8)

For other electron loss processes, we can define in a similar manner the charge-
changing cross sections, 0_17 , 0_1¢ , for other carbon clusters. However, in order to avoid
complexity, we dare not write them down in an explicit form. Regarding the destruction
cross sections, 0_14, 0yy, 014, We took a position that small carbon cluster ions with more
than or equal to +2e charge have not been reported up to now from the experimental
viewpoint. Therefore, we assume that the destruction of clusters occurs when the resultant
charge state of a cluster is equal to or greater than +2e.

-

Rare gas

b3
s
o

Figure 1. Schematic side (y-z plane) view and x-y plane view of two atom cluster colliding with a
rare gas atom projectile.

2.3. Calculated Cross Sections and Charged Fraction

Figure 2 shows the electron-loss cross sections 0_1¢ , 0p1 , 0—11 and the destruction
cross sections 0_14 , 0py , 014, calculated for the 1.2 MeV /atom (v = 2 vg) C, (n = 2-4)
clusters in a linear chain structure, colliding with Ne atoms. These cross sections are
obtained by averaging over the cluster-orientation angle. For reference, we added the plot
for the one electron loss cross sections calculated for a single carbon atom. These cross
sections show the sub-linear dependence on the number of constituent atoms in a cluster.
Namely, if we denote the cross section for a C,, cluster by o(n) as a representative, these six
cross sections are approximated by a linear relation as

o(n) =0c2)[1+a(n—2)]. 9)

Here, « is the relative increasing rate per atom. If 0 < a < 0.5 holds, this relation indi-
cates the sub-linear dependence of the cross section on the atom number. In practice, we ob-
tained & ~ 0.07 — 0.08 in 0_1p, 0_17 and & ~ 0.13 — 0.20 in 03 (i = —1,0, 1) using Ne gas.
In the case of C~ in collision with a Ne atom, 0_19 and 0_1; are the 0_1y same magnitude
of those for a C, ion. The same calculation was performed for He gas and this sub-linear
tendency holds valid too [38]. Sanders et al. [41] reported the one electron loss cross section
of a carbon atom, colliding at v = 2 vy with a He atom, is 0y = 1.8 0.54 X 10716 cm?.
Judging from the error bar, our result shows a slightly greater value but is in agreement.
Regarding the destruction cross section, Zappa et al. [42] reported data fora C, ™ (n = 2 —4)
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cluster ion colliding at speed v of 0.3 < v/7y < 1.0 with He and Ne gases. The values of
data are nearly constant in the order of 101> cm? irrespective of speed, the magnitude of
which is in the same order as in our case. On the other hand, Mezdari et al. [43] reported a
single ionization cross section for a C, ¥ (n = 2 — 4) cluster ion colliding at speed v = 2.6 v
with a He gas, the values of which are 3,5,7 x 10716 em forn = 2,3,4, respectively. These
values are close to our result, though ion speed is a bit higher.

(10716 cm?) (10716 cm?)
14 14
Ne
iz |- Ne - = 2 O
c | .2
o - - ] 5 |
."8 10 § 10 |-
o 8 * @ 8 a
= ¢ - A
S 6 [ - 6 I A o
&) * A (@)
4 ° ® L . 4l o
2 ] | | ] . J | L
0 1 2 3 4 5 : 2 3 4 5
nof Cn nof Cn
(a) (b)

Figure 2. (a) The electron-loss cross sections o_1o(M), o9 (®), 0_11 (e) for 1.2 MeV/atom
Cy (n =1—4) and (b) the destruction cross sections 014 (), 0_14 (A), 0pg (O) for 1.2 MeV /atom
Cyn (n = 2 —4) clusters in a linear chain in collision with Ne atom [38].

Using these six cross sections, we obtained the singly charged fraction ¢ (x) of C;;
(n = 2,4) in case where He and Ne gases are used as a charge-changing gases. In order to
compare the results, the calculated values of ¢ (x) are displayed together with the data
obtained at TIARA for the 2.5MeV C, and C; clusters using Ne gas. The experimental data
were obtained as relative values so that, in order to compare quantitatively, the calculated
values and the experimental data are both normalized at the maximum value, as shown in
Figure 3. It is noticed that the speeds of the 2.5 MeV CZ+ and Cj are 2.04 vy and 1.443 vy,
respectively. From the figures, the normalized curves are in good agreement with the
TIARA data in structure, except a small difference (within 1 x 10'* atoms/cm?) in the gas
pressure at which the yield reaches maximum. We also performed a similar calculation on
the charge fraction of C3T in ring structure with use of He and Ne gases [44]. Compared
with C37 in linear chain structure, the normalized charge fractions show a small amount of
structure dependence. It is noted that both the experimental data and the theoretical curves
seem to be described by a very simple formula such as ¢; ~ (1 — e~*)e~¥, and so far this
simple treatment was sometimes adopted. In this case, however, the physical meaning of
the parameters 4, b is not simple, and it is difficult to correspond these experimental data
to the theoretical cross sections, except for the decay cross section, which can be obtained
from the asymptotic value of the charged fraction data. This is the reason why we started
with the basic rate equation and included six cross sections. If one wants to obtain the
charge state fraction of doubly positive cluster ions, the calculation method becomes more
complicated (see Appendix A). Because four more (in total, ten) cross sections have to be
estimated. This is a future problem.
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Figure 3. The normalized charged fraction of the 2.5 MeV (a) C2+ and (b) CI ions as a function of Ne
gas pressure. Calculated lines with the experimental data (®, ) [38].

3. Model for Electronic Stopping Power and Related Quantities

In the previous section, we presented the subtraction of swift cluster ion beams using
a tandem accelerator. This section is devoted to presenting the interaction of a cluster ion
beam with materials. One of important and basic topics is the energy loss of moving ions
inside a material via electron excitation process, where electric charges of moving ions
play an essential role in coulomb interaction. Swift cluster ions moving in a material at
a speed over the Bohr speed tend to have a positive charge and explode with each other
(so-called coulomb explosion). In general, these charges of constituent ions in a cluster
are a bit fluctuating via electron capture and loss processes, and passing through a given
distance, the charged fraction of ions attains an equilibrium state, where the average value
of charged fraction, i.e., the average charge, is dependent of the ion speed. For a cluster
ion, similar physical processes will occur for a single ion. We assume each ion in a cluster
has an average charge depending not only on speed but also on neighbor ions. Thus, first
we have to treat the average charge theory for a cluster ion, and after that, the electron
excitation by a moving cluster ion will be formulated.

3.1. Cluster Average Charge

Compiled data on the average charge show that the average charge of single ions
will tend to depend on ion speed in matter and roughly speaking not to depend on target
materials [6]. In this respect, most average charge theories are based on the statistical
model. The resultant formulae are summarized as the relative average charge Q/Z vs.
the reduced ion speed v/Z?/3vy, where Z and v denote atomic number and speed of an
ion, respectively. In case of cluster ion incidence, on the other hand, this simple picture is
found to be invalid [13-17]. In general, the average charge of constituent ions of a cluster
ion emerging from a foil presents the following features: (1) the average charge value is less
than that for a single ion with equivalent speed, (2) with increasing thickness of penetrating
foil the average charge value is approaching that of a single ion with equivalent speed,
and (3) the reduction of cluster average charge increases with the size of a cluster, i.e.,
with increasing the number of constituent atoms. We call this effect the cluster effect in the
average charge. It is noticed that this reduction effect occurs inside a material, not on the
out-going surface, and then affects energy loss of a moving cluster ions in matter. In order to
explain this effect, we proposed the fluid-mechanical model theory based on the statistical
model, which can predict the average charge of not only a single ion but also a cluster ion
on the same theoretical background [14].

First, let us consider the electron stripping from a single atom. If we denote by Ve the
—

velocity of an electron bound on the atom, and by V' the ion velocity, the relative velocity of
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—
the electron at the rest frame of the ion is v, — V so that the fluid-mechanical model says that

2
the electron excitation occurs when the energy condition of %m(z?e -V) > %m(vg)2 +1Iis

fulfilled. Here, I denotes the activation energy. The velocity distribution function f (z?g) of
the bound electrons in a single neutral atom with atomic number Z is determined by the
maximum entropy theory under the conservation of the total number of electrons and the
total kinetic energy. As a result, we have

f(vp) = z(%)y2 exp(—a vﬁ) with a = 3/(2V,2). (10)

Using Thomas-Fermi-Moliere electron distribution in real space, we obtain
V}, = 1.04522/30y, which connects with the average binding energy per electron, E, = mV;?/2.
Moreover, if we set I = 0 for a neutral atom, the relative average charge is expressed in the
following form:

Y
_ 2 2y =Y
= \/Eo/dtexp( ), y= sV, (11)

The formula including the activation energy is also presented [14]. Figure 4 shows
the calculated value of the average charge of single-atom ions as a function of the reduced
speed. It displays a good agreement with the experimental data.

1 . ﬁ £ i
08 =

Q
Z

0.6
N
S 04
0.2
0 ]
0 1 2 3 4 )
v/ {Zja.{ l:')

Figure 4. The average charge Q of single ions at speed V with atomic number Z. The solid line shows
Equation (11) with the experimental data (l [6], OJ [13]) [14].

As for cluster incidence, the above expression is modified by taking into account the
modification of the binding velocity V;. For the active electron (i.e., ionized electron) in
the host positive ion, the existence of positive ions surrounding the host ion enhances the
binding energy of the active electron, which results in increase of V}, value. An example
is seen between a hydrogen and a H; molecules. The ground state energy of the former
is —13.6 €V and that of the latter is —28 eV. This is due to the participation of one more
proton in electron binding. As a consequence of including the effect of surrounding ions,
the increase of the binding energy per electron on the i-th ion with atomic number Z; allows
us to replace V} in the simplest form by

1/2

Vi = | 1.092Z}/3 + 22% vo, (12)
j() i
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where Q) is the average charge of the j-th ion and r;; denotes the relative separation between
i-th and j-th ion in units of ay. Here we assume the point charge model to describe each ion
for simplicity. Then, the average charge of the i-th ion, Q;, is given by the equation

Yi
%_i/ 2y =2V
7.~ \/EO dtexp(—t°), y; = 8 Vi (13)

We remark that Q; depends on the average charges Q; (j # i) of the other ions so
that they have to be determined self-consistently. In addition, if the relative separations
due to the mutual repulsive coulomb force evolves to be large enough, the term relating
to the surrounding ions in Equation (12) vanishes and resultantly V} ; reduces to V},. Thus,
the cluster average charge depends not only on the speed of ions but also on the spatial
structure of the cluster. As an additional result, atom position in the cluster tends to clarified.
Namely, the average charge of the centered ion in a linear chain structure is smaller than
those of the atoms at the end positions since the binding effect acting on the centered atom
is stronger. Examples of the present results will be seen later.

3.2. Electronic Stopping for a Cluster Ion

The energy loss of swift cluster ions penetrating a material was governed by the
excitation process of target electrons. Especially in solid materials, electrons are classified
by core (or inner shell) and conduction electrons. The dielectric function formalism has
been used for estimating the electronic stopping power of an electron gas for a single
ion [45]. We employed the dielectric function formalism in an extended way for a cluster
ion, where using the dynamical dielectric function (k, w), the electronic stopping power S
is expressed as

N
Pext (k)

S=__ [dk-. = P & 14
_27'52V/ k2 / ww\g[s(k,w)} (w=k-V). (14
—
In the above equation, ik and fw are momentum transfer and energy transfer to a
—
target electron, respectively, and V is the ion velocity. 3(z) means the imaginary part of
—

complex variable z. pext( k) denotes the Fourier transform of the cluster charge density
—
Rj) — pej(

the atomic number and the position vector of the j-th ion in the center-of-mass frame

— —
r— r —

- —
in real space, pext(7) =eY) {Z]- ) R]-)] . Z;j and R; denote, respectively,
i

of the cluster moving with velocity \_} In addition, pej(7 - I?]) is the electron density
attached to the j-th moving ion, which is here described by the Thomas—Fermi-Moliere
statistical distribution function. We assume that the electron density is given by the overlap
of partially stripped ions, which have the average number of bound electrons, determined
by the average charge theory. In principle, this stopping formula includes the individual
position vectors of constituent ions. It is not attainable yet, however, to control the cluster
orientation. Then, we assume the cluster orientation is random and take an average over
the cluster orientation angle. Then, we have

L2
Pext (k)

|Pext(k)‘2 =<

-2 - ] sin(kR;;
>= EZZ{Z]—pe](k)} +322(E){Z]—pl,](k)}{Z,—pel(k)} k(ll;lj‘l) (15)
] ] u#F
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- = —
with R;; = |R; — R;|. The form factor p;(k ), which is the Fourier transform of pj(7)

described by Thomas—Fermi-Moliere type spatial distribution for an ion with atomic
number Z and N, electrons, is given by the following form

2
A2+ B2

with ;7 = 0.10, ap = 0.55, a3 = 0.35 and 51 = 6.0, B2 = 1.20, B3 = 0.30. The screening
length A is given by A = 0.6269N62/3a0/(Z — N./7), where N, = Z — Q and Q is the
average charge, determined from the average charge formula in Equation (13). Up to here,

we obtain
s= nvz/dk < /dww\s{ »

This expression for a cluster ion with keeping the frozen spatial structure and electronic
distribution in random orientation, holds sound in the adiabatic case where the speed of
internal motion (i.e., coulomb explosion) is slow enough compared with the speed of the
center-of-mass motion of the cluster.

3

pe(K) = NY 1 (16)
=

Pext

] (17)

3.3. Dielectric Functions

We employed two types of the dielectric functions. One is the Lindhard dielectric
function [45], which describes the excitation of the conduction electrons in the electron
gas model with the Fermi-Dirac distribution function at zero temperature, and another
is the wave-packet dielectric function [46—48], which was developed to describe the exci-
tation of the core electrons by the Gaussian distribution function. In this model, partial
electronic stopping power per atom is estimated to the contribution of each electronic shell
characterized by principal and angular-momentum quantum numbers. Therefore, total
electronic stopping power per atom is given by the summing up the core-shell contributions
for a gas target, and for a solid target the conduction electron contribution replaces the
corresponding outer-core contribution. Regarding the excitation of conduction electrons,
the dielectric function &(k, w) is expressed by Lindhard as a function of z = k/(2kr) and
u = w/ (vrk) instead of k and w as

2
e(u,z) :1+?Z(—2{f1(u,z)+if2(u,z)}, (18)
fiz) = %+é{1— (z—u)*} tog| > :”J_ri' 81 {1-(z+u?}1og % , (19)
5, forz4+u<1
folu,z) = 8%{1—(2—14)2}, for|lz—u|<1l<z+u , (20)

0, for|z—u|>1

with Xz =¢2/ (mhop). A typical parameter in this theory is the rs-value, which is defined
by the number density p of conduction electrons as

3 \'31
s = (47_[p> %/ (21)

which means the radius of a sphere occupied by one conduction electron in units of ay.
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For metallic materials, we have rs ~ 1.5 — 6.0, e.g., s = 1.526 for carbon, rs = 2.07
for aluminum, rs = 3.0 for gold and silver. The rs-value is connected with the Fermi wave
number kr and the bulk plasmon frequency w) as

9\ /3 1 3 vy
_ (27 L [3 % 2
kr ( 4 ) rsag’ “r rs3 ag (22)

The dielectric function should satisfy the sum rules:

—+o00 —+o00

/ g(e(k_ L)) wio = o, [ Slelhw)}wdo = 0 (23)
0 0

As for the wave-packet model [46], the electric function ewp(k, w) is expressed in a
similar form as a function of z = k/(29) and u = mw/ (hgk) instead of k and w as

ewp(z,u) =14+ XZ—(;Z{H (z,u)+iF(z,u)}, (24)
Rz ) = Y2 G +2) - Glu -2}, 25)
B(z,u) = %{exp[—(u — z)z] —exp[—(u+ z)z]} . (26)

In the above equations, xZ = mvy/ (7hg) and G(y) =y exp(—y?) ®(3,3;y?), where

®(3,3;y?) denotes a degenerate hypergeometric function. The function G(y) is also ex-

“+o0
pressed as an integral G(y) = 3 [ dt sin(yt)e~"/4 [49]. The parameter 7 is the orbital
0

parameter classified by a set of the principal quantum number and angular momentum
quantum number, (1, {) and determined as

1/2

7= N0, Q= [{fur(0)} *?/n] 27)

from the momentum distribution function at the origin, frr(0), which is calculated from
tables of Roothaan-Hartree—Fock wavefunctions [39,46]. Nj is the number of equivalent
electrons on the (1, £) shell per atom. The calculated values of Q are tabulated for target
atoms from He (Z = 2) to U (Z = 92) [46]. As a summary, we need two quantities Ny and
Q to use the one-shell dielectric function in the wave packet theory. The electronic stopping
cross sections of solid and atom targets for a proton are also listed [46]. It is noted that
in Equations (18)—(20), the original expression of the dielectric function in z — u space is
adopted. In Equations (24)-(26), however, we consider the correspondence of variables,
i.e., z instead of k, and u instead of w. Therefore, the order of variable in the dielectric
function produces no essential difference.

One proves that the dielectric function in the wave packet model satisfies the
sum rule [46,48]

+00

/ Sewp(kw)} wdw = g&“)pz, Wy = 7'(1/4;(0%ﬁ2. (28)
0

This equation corresponds to one of the sum rules if we replace w, in Equation (23) by
@p. Itis noted that @,? = 4’;1—32;) and p = % =N %, where % is the number of atoms per
unit volume.

In this sense, two sum rules are the same if we regard the number density of equivalent
core electrons per atom as the number density of conduction electrons per atom. Recently,
the wave-packet model was extended [49,50] by introducing the binding energy E;, = hiwg of
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inner shells into &) (k, w) via substitution of w — \/w? — wp?. This extended model was re-
ported to give the inner-shell ionization cross section by protons even at lower impact energies.
3.4. Polarization Force

Up to here, we discussed the electronic stopping power by taking into account the
cluster structure and assuming the coulomb explosion adiabatical. In order to include the
electronic polarization force acting on individual ions, in this subsection we express the
polarization force, induced by impinging cluster ions. Here we also assume the coulomb
explosion acts adiabatically among constituent partially stripped ions (PSIs). Let us find

—

the polarization force acting on the j-th PSI moving at velocity V in a dielectric media.
— —
The charge distribution of the PSI is given by pj(7, t)y=e[Z (5(? —Vt) — pje(7 — V)],
—
where pj, (? — V't) denotes the spatial distribution of bound electrons on the j-th ion. Using

the induced scalar potential ¢;;,4 (7, t), the polarization force on the j-th ion is

—

Using the dielectric function of the media, this expression is rewritten as follows:

+oo -
= 1 7= ik [ 1 > P
lfj_—ﬁ/dk/dwk—z |:€(kr(u)_ } Zps expz ‘Rjs) 6(w — k-V). (30)

— - = —
where Rjs = Rj — Rs. We decompose the above force in the perpendicular component F;

N
and in the parallel one F; , as follows [22]:

— — —
- < 2+oo 7 =7 Ji(kiRjs ) —
F, = %‘OfdkL(kL) { dw P]( k) Zps(k)kjbrl(iwl/;)znjsi ’ (32)
X [COS(%RJ'SZ) %{s(kl,w) - 1} sin (¥ Rjsz) %{s(k,w) - 1”
— 0 +oo — —
_ 2 ]O(kLR:,L) —

0
x [COS(VRfsz) ey — 1) +5in($R) Ry 1]
with k? = (kJ_)2 + (w/ V)% In the above, Ju(kiRjs1) (n = 0,1) is the n-th order Bessel

functions of the first kind, and n; n (”;z) is the unit vector of the perpendicular (parallel)

-
component of Rjs. In addition, $(z) and (z) denote, respectively, the real part and the
imaginary part of a complex variable z, and Rjs | (Rjs;) is the magnitude of the perpendicular

(parallel) component of 1{75. We remark that the above expressions of the force consist of
two types. One type is the conservative force, which is the term including the real part of
the dielectric function, satisfying the action-reaction law. The other type is the dissipative
(friction) force, which is the term consisting of the imaginary part of the dielectric function
and absorbing the energy from impinging ions.

Another force is the repulsive coulomb force acting among constituent ions. This is
obtained from the gradient of the potential energy. We write the force acting on the j-th
partially stripped ion from other partially stripped ions as follows

- — (r 5(7’2)
E=-VV(R) , /m/m e . (34)

g —

R R5—|-7’1—1’2
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Here, ps (r_2>)(p]-(r_1>)) is the charge density of s-th (j-th) ion at position r_>2(r_1> ) from the

ion nucleus at position vector I?s(l?j). In a dielectric media, this force reduces to a screened
coulomb force if it is combined with the polarization force, which is brought from the real
part of the dielectric function.

It is of interest to average the force over the cluster orientation when the cluster
orientation is assumed random. The orientation average is to average the factors, in-
cluding Rjs; = Rjssin® and Rjs; = Rjs cos 6, over the angle 6 with keeping Rjs constant.
This procedure leads to

(Jo(aR ) cos(bR,)) = sin(v/a? + b2R) /a2 + 2R, (Jo(aR | )sin(bR,)) =0.  (35)

Therefore, by summing up the force acting on every ion with orientation average,
we obtained a familiar expression of the electronic stopping force acting on a whole

cluster as
+00 19%

2 1 [ -1
Fz = ;<F]Z> = W! dkk<|pext(k)|2>0/da) w \S|:£(k,w):|’ (36)
(Ipe®)) = Tl 0 + T (z)pj<k>ps<k>sm,f’j$">, @)
j jos (#i s

- =
with Rjs = |Rj — Rs ‘ Thus, the sum of the z-component forces reduces to the conventional

expression of the electronic stopping force for a cluster ion with random orientation.
The perpendicular force for a cluster resultantly vanishes since the orientation average
means the axial symmetry with respect to z axis.

3.5. Coulomb Explosion of Constituent Ions

Apart from single ion incidence, the internal force, i.e., repulsive coulomb force,
works among constituent (or fragment) ions. This is due to the phenomenon that the
electron-loss process surpasses electron capture process, which makes the charge state of
each ion higher. Thus, the internal force expands relative distances between ions moving
in material. Therefore, in order to obtain the total energy loss of constituent ions after
penetration of a foil, one has to pile up the energy losses in each sliced thin layer, where
the coulomb explosion force and the resultant expansion of inter-nuclear separation are
taken into account. To do so, we need to know the time evolution of the inter-nuclear
separation due to coulomb repulsive force. Regarding two ions with mass M; and charge
Qi(i = 1,2), the time evolution of the inter-nuclear distance R is governed by the following
equation-of-motion

>R 10, 1 . MM,
a2 M R? _M1+M2.

The solution of this differential equation is solved with initial separation Ry at t = 0.
We obtain the expression described in the reduced form

T:\/E\/(fj-i-ln(\/g-i- @) (39)

Here, the reduced separation ¢ and the reduced time T are defined as T = t/ty,
¢ = R/Rgwithty = [RgM /204 QZ] 1/2. This expression was extended to highly symmetric
clusters such as ring structures. Regarding the clusters composed of # homo atoms in
the 2D ring structures, because of having equal average charge Q and equal mass M,
the characteristic time ty is given by

(38)

ty = RoM ) F:z’sm(f) (40)

2Q2F
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By direct substitution, for example, we obtain F =2, 3, 4%5 forn = 2, 3, 4, respectively.

4. Calculated Results on Penetration of Cluster Ions

The noticed quantity Y () for the impact of a homo-atom cluster C,, e.g., the average
charge Q(n) and the energy loss AE(n), etc., is usually characterized by the following
two values:

RE, =Y(n)/n—Y(1) , RE =Y(n)/[nY(1)], (41)

where Y (1) is the corresponding quantity for a C ion at equivalent speed. The former is
the relative difference per atom and the latter is the ratio per atom. The positive (negative)
cluster effect corresponds to RE; > 0 (RE; < 0) or RE; > 1 (RE; < 1). We show that
between these two aspects, there exists the threshold value of the incident speed or kinetic
energy under cluster impacts.

The results shown below are classified into two parts. One is on relatively small
clusters C, ™ (n < 10) and the other is on a Cgo " fullerene.

4.1. Average Charge and Energy Loss of C, ™ (n < 10) Cluster lons

In order to check the calculation algorithm, we first show the average charge Q and the
kinetic energy E are calculated for a carbon ion as a function of foil thickness D. Figure 5
shows (a) the average charge Q and (b) the kinetic energy E, where the solid line refers
to the results of 0.96 MeV C ion incident on carbon foil together with the experimental
data [51], and the broken lines does to the results of 1 MeV C ion incident on aluminum
foil [15]. In these calculations, first, the speed-dependent average charge was determined
and second, the energy loss was determined by integrating the stopping power in thin
layer that includes this average charge. The theoretical curves are obtained by repeating
this calculation cycle.

25

(a)

05 I [N N NN N R
0 5 10 15 20 25 30 35 40

D (pg/enr’)

Figure 5. (a) Average charge Q and (b) kinetic energy E of 0.96 MeV C ion on carbon foil (solid line),

and for 1 MeV C ion on aluminum foil (broken line) vs. foil thickness D [15]. Solid squares are the
experimental data for carbon foil [51].
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Regarding a cluster-ion incidence, the calculation scenario was slightly changed.
(1) The foil is divided into thin computational layers. The constituent ion/atom positions
and their speed are input first. (2) In a layer, average charges of constituent ions in a cluster
are determined for given ion positions by taking into account the cluster speed. Using the
stopping power and the coulomb explosion force, the degraded speed and the expanded
spatial positions of constituent ions are both determined. (3) Move to next layer and repeat
calculation carried out in the previous layer.

Comparison with Experimental Data

The first prominent data on the reduction effect in the cluster average charge Q(n)
per fragment ion were obtained by Brunelle et al. [13] for a C,, (n = 3,5,8,10) ion with
kinetic energy of 2 MeV /atom, emerging from carbon foils, shown in Figure 6. Their data
show that (1) Q(n) is smaller than Q(1) for a single carbon ion with equivalent kinetic
energy, (2) reduction rate of Q(n)/Q(1) is maximum in very thin foil and it increases with
increasing foil thickness, and finally attains unity, and (3) reduction rate of Q(n)/Q(1)
increases with increasing the cluster size n. These phenomena are explained by the present
average charge theory in Equation (13) with inclusion of coulomb repulsion inside a
target material. In Figure 6, the solid lines indicate the results for fragment ions of a
Cy, (n = 3,5,8,10) ion in linear-chain structure. In addition, in cases of n = 3,8, 10,
the broken lines indicate the results in the ring structure. Compared with these theoretical
curves, the ring structure tends to yield the lower average charge Q(n) when emerging
from very thin foils. Figure 7 shows the cluster size dependence of the average charge for
2 MeV/atom C,* emerging from a carbon foil of 2.2 ug/cm? thickness. It clearly shows a
monotonous decrease with increasing the number of atoms [14]. Another important feature
of this theory displays that the average charge of fragment ion originating from a linear
chain cluster, differs in atom position belonging to the initial cluster ion, e.g., edge position
or center position, as shown in Figure 8.

1.1 = 1.05
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0.8 ~—————————r - 0.7
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Figure 6. Foil-thickness dependence of Q(n)/Q(1) for 2 MeV /atom C,* cluster ions, emerging from
carbon foil, with the experimental data [13]. (a) n = 3, (b) n = 5, (c) n = 8, (d) ... Solid lines and
broken lines refer to linear-chain structure and ring structure [14].
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Figure 7. Cluster-size dependence of Q(n)/Q(1) for the 2 MeV/atom C, ™ emerging from a carbon
foil of 2.2 pug/ cm? thickness [14]. Linear chain structure (O) and ring structure (<&, ). Solid symbols
with error bar indicate the experimental data [13].
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Figure 8. Atom position dependence of the average charge Q of constituent ions in the 2 MeV /atom
Cy (n = 3,6) ions, traversing carbon foil of 2.39 pg/ cm? thickness. Linear chain (Ml for n = 3; e for
n = 6) and ring structure (< for n = 3; O for n = 6) [14].

Figure 8 shows the atom-position dependence of the self-consistently calculated aver-
age charges of constituent ions in the C,, (n = 3, 6) cluster with the initial kinetic energy
of 2 MeV /atom, penetrating the carbon foil of 2.39 ng/cm? thickness. The symbols refer
to the linear-chain structure (M) and the ring structure (&) for n = 3, and the linear chain
structure (o) and the ring structure () for n = 6, respectively. The atom position order
is indicated by atom number. In linear chain structure, the middle atom position yields
the lowest value, due to the largest binding effect. In ring structure, triangle structure
of C3 is assumed regular so the average charges of three ions are the same, while in Cg
the ring structure is not regular and two kinds of atom positions exist symmetrically so
that two different values appear cyclically with atom position. These theoretical aspects
were proven experimentally at TIARA Takasaki using the 1 MeV C3* cluster ions passing
through a carbon foil [16]. They used CCD camera to detect charge states and 2D position
of three fragment ions, and to classify the original structure by deducing with the use of
computer simulation results on coulomb explosion force. The experimental results are
listed with the calculated results in Table 1, which clarified (1) the average charge in the
ring structure is lower than that in linear chain structure and (2) the average charge of an
ion in center position is lower than that in the edge position. These results also prove that
charge changing process occurs inside a solid.
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Table 1. Average charge of fragment ions for the 1 MeV /atom C3* cluster ion, penetrating a carbon
foil of 2.4 pg/ cm? thickness. (A) structure dependence, (B) atom position dependence in a linear
chain structure [16].

(A) Linear Triangle (B) Center Edge
Exp. 1.96 + 0.03 1.89 £+ 0.02 Exp. 1.86 + 0.04 2.01 £0.03
Calc. 1.91 1.89 Calc. 1.88 1.93

Making use of this method, we show in Figure 9 the cluster size dependence of the av-
erage charge Q(n) calculated for 1 MeV/atom C,, (n = 1 — 10) ions in linear chain structure
incident on carbon foils of (a) 5 pug/ cm? (b) 8 ng/ cm? () 15 ng/ cm? (0). The experimental
data obtained by (M [13]) and by Chiba et al. (e [52]) are in good agreement with the
calculated result. These figures indicate the average charge ratio decreases monotonously
with increasing cluster size. A similar figure was also obtained for a carbon cluster ion
moving in aluminum foil, as shown in Figure 10. Compared with the carbon foil case,
characteristic features look similar but the thickness dependence of the average charge
varied a bit, since it was brought via the degradation of the cluster speed due to material
dependence of the electronic stopping power. The growing of the inter-atomic separations
due to coulomb explosion is a main reason why reduction rate becomes smaller with
increasing foil thickness. As a summary of this topic, the present method works well to
predict the average charge and the energy loss in the thickness range displayed.

i L 5 (a)

0.8 ] ] | I | I | | |

09 |- £ 0o g
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0.8 | I ] | ] | | | ] I

0.8 | 1 | ] ] | | ] |
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Figure 9. Average charge ratio Q(n)/Q(1) calculated for 1 MeV/atom C, (n = 1 — 10) ions in
linear-chain structure penetrating carbon foil of (a) 5 ug/ cm? (b) 8 ug/ cm? (c) 15 ug/ cm?. Calculated
results (0J) with the experimental data (e [52], B [13]) [15].
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Figure 10. Same as in Figure 9 calculated for aluminum foil with thickness of 5 pg/cm? (#),
8 ug/cm? (o), and 15 pg/cm? (M) [15].

As a final part of this section, we show the average charge of carbon cluster ions in
a wide range of speeds and cluster sizes. Figure 11 shows the speed dependence of the
average charge for a C, ™ (n = 2 — 20) ion in ring structure with inter-atomic separation of
R = 2.4ay. As a general feature, one sees the average charge increases with increasing ion
speed and decreases with increasing the number of atoms.

6

1 2 3 456 7 8 910
ViV,

Figure 11. Average charge of a C,* (n = 2 — 20) ion with equal separation of R = 2.4ay in ring
structure. Long dashed line (n = 2), short dashed line (n = 3), dot dashed line (n = 4), dot-dot-dashed
line (n = 6), dotted line (n = 10), dashed line (n = 20) [21].

4.2. Energy Loss of C, ™ (n < 10) Cluster Ions

The energy loss of cluster ions is related to the average charge reduction, through
which the energy loss per ion presents both positive and negative cluster effects. First,
we show in Figure 12 the ratio of the stopping power per ion, S(n)/(n S(1)), of carbon,
aluminum, and silicon targets for a carbon cluster ion C,* (n = 2 — 10) in linear chain
structure with interatomic separation of R = 2.4ag at speed v of vy < v < 109y, calculated
using two types of the dielectric functions in the electron-gas model and the wave-packet
model. Calculation scheme is, first, to estimate the average charge of constituent ions at
a given speed. Next, using the average charge and the form factor, the stopping power
for the cluster is calculated but the coulomb explosion effect is not taken into account.
Then, the estimated values would correspond to the energy loss of the cluster ions in a
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thin layer around the incident surface since the initial inter-atomic separation is assumed.
The values of parameters in individual electron shells of these targets needed in calculation
are listed in reference [46]. In Figure 12, solid lines, short dashed lines, dot-dashed lines,
dot-dot-dashed lines, and dashed lines refer to n = 2, 3,4, 6, and 10, respectively. These
figures display that the stopping power per ion, S(n)/n , for a C,™ ion is found to be
greater than that for a C* ion at equivalent speed v of v > 1.5vy. Moreover, the ratio
S(n)/(n S(1)) increases with increasing speed. The results corresponding to ring structures
are also obtained for aluminum and silicon targets [21]. The super-linear dependence on
the number of constituent ions is clearly appreciated for all targets listed here, except at
low speed.
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Figure 12. Ratio of electronic stopping power of (a) carbon, (b) aluminum, and (c) silicon for a C;
(n = 2,3,4,6,10) cluster as a function of speed [21].

In Figure 12, we look over the calculated stopping-power ratio presents the cluster
effect. In order to look in detail, we calculated the energy loss value for a cluster by taking
into account the slowing down, the average charge, and the coulomb expansion making use
of the Runge-Kutta method. The results are presented in Figure 13 for C, (n = 2 — 10) ions
in linear chain structure and ring structure passing through a carbon target of thickness
26.5 nm at initial speed of 1 < v/vy < 4.5 [14]. We are able to see that the threshold
speed, at which the energy loss ratio per ion yields unity, is located between 2 and 2.5 for a
linear-chain structure, and between 2 and 2.8 for a ring structure, unity, though it depends
on the cluster size. We realize two points: (1) Over the threshold, the ratio is larger than
unity though the average charge ratio is reduced to be less than unity and (2) below the
threshold, the energy loss ratio per atom is less than unity. These features originate mainly
from the correction of constituent ions penetrating a target material. Moreover, the average
charge reduction plays a significant role. In order to see the second point clearly, we present
Figure 14, where inclusion of the average charge reduction works significantly (about five
percent reduction) compared without inclusion (at best two percent reduction) [22].
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Figure 13. Velocity dependence of energy-loss ratio per atom for a C, (n = 2 — 10) cluster ion in
linear (a) chain and (b) ring structures, penetrating a carbon foil of 26.5 nm thickness: (left) thick solid
line (n = 2), broken line (n = 3), dot-dashed line (n = 4), dot-dot-dashed line (n = 6), dotted line
(n = 8), thin solid line (1 = 10), (right) broken line (n = 3), dot-dashed line (n = 4), dot-dot-dashed
line (n = 6), dotted line (n = 8), and thin solid line (n = 10) [14].
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Figure 14. Atom number (1) dependence of the relative energy loss per ion AE(n)/AE(1) calculated
fora C,* (n = 2 — 6) ion incident at E = 0.5 MeV /atom on carbon foil of thickness d. Inclusion
of average charge reduction (d = 400a, (M), d = 4804y (O)) and without average charge reduction
(d = 480aq (V)) [22].

Up to here, we have presented the results on the energy loss or stopping power and
the average charge taking into account the coulomb explosion. In a final part of this topic,
we show the results including the electron polarization force. As described previously,
this polarization force contains the conservative force and the friction force. The latter
is characterized by the imaginary part of the dielectric function. As an example of high
energy cases, Figure 15 shows the average charge and the energy loss of a linear-chained
Cut (n = 2 — 6) ion with kinetic energy of 4.8 MeV per atom, passing through a carbon
foil of 4804y thickness as a function of the initial orientation angle 6 [22]. At a glance,
the average charge is almost constant with respect to 6 for all cases, while the average
energy loss per atom displays a strong 6-dependence. Especially for larger (n = 5,6)
clusters, the energy loss in the region of 0 < § < 30° is suppressed compared to in the
region of 45 < 6 < 90°.
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Figure 15. (a) Average charge Q(n,6) and (b) energy-loss per ion AE(n,0) fora C,™ (n =2 — 6) ion
with 4.8 MeV /atom, penetrating carbon foil of 4804 thickness, calculated as a function of initial
orientation-angle 0. Dashed lines (n = 2), dot-dashed lines (n = 3), dot-dot-dashed lines (n = 4),
dotted lines (n = 5), solid lines (n = 6) [22].

Regarding smaller cluster ions, the 8-dependence of the average energy loss looks
weaker in the case of the high incident energy (4.8 MeV /atom). The features in average
charge and the energy loss tend to vary at lower kinetic energy. As a typical case, we show
in Figure 16 the individual energy loss of the leading ion (dashed line) and the trailing ion
(dot-dashed line) for the 0.50 MeV /atom C,™ incident on carbon foil of 4004, thickness.
The solid line shows the average energy loss per atom, which gradually increases with
increasing the orientation angle 6. This example clearly displays the orientation dependence
of the energy deposition, namely, the C,* cluster in the perpendicular orientation (the
cluster axis is perpendicular to the incident direction i.e., 8 = 90°) tends to deposit the
energy more than that in the parallel orientation (the cluster axis is parallel to the incident
direction, i.e., § = 0°). The difference in the energy loss of about 14 keV for § < 60° becomes
smaller with increasing 0 and at last vanishes at 8 = 90° [22].
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Figure 16. Energy-losses of the trailing ion (dot-dashed line) and the leading ion (dashed line) for the
0.50 MeV/atom C, T ion incident on carbon foil of 400aq thickness [22].

Figure 17 shows the cluster-size dependence of the energy loss and the average
charge per atom of a carbon cluster C,* (n = 2 —6) at E = 4.8 MeV/atom and at
E = 675 keV/atom. These energies are chosen as a representative of the incident energy
over and under the threshold energy, respectively. One sees the energy loss difference
per atom in high (low) energy case is positive (negative), though the average charge ratio
Q(n)/Q(1) shows a negative cluster behavior in both cases. This feature implies that the
spatial correlation of constituent ions plays a dominant role in the energy loss of a cluster
ion, that works positively at high energies, and negatively at low energies.
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Figure 17. Contrast in (a) the average charge and (b) the energy-loss of a C, ™ (1 = 2 — 6) calculated
at E = 675 keV/atom (e) and E = 4.8 MeV/atom (H) [22].

Figure 18 shows the energy dependence of the average charge ratio for C, (n = 2,4,6)
cluster penetrating carbon foil of 4804 thickness together with the experimental data [13].
The calculated data reflect well the experimental ones though the error bars are a bit
large [22]. Figure 19 shows the energy loss difference per ion of C;*, C4 ™, and Ce™ cluster
ions from that of a C ion at equivalent speed, penetrating carbon foil of 4804 thickness.
These results are in quite good agreement with the experimental data. It is remarkable that
the energy loss per atom difference at lower (less than 1.5 MeV /atom) incident energies
display negative [23,51]. This is a sensitive problem but Tomita et al. [23] clearly showed
the experimental results with very small error bars.

1

09 -

On) 1 O(1)

E (MeV/atom)

Figure 18. Average charge ratio Q(n)/Q(1) of a C, (n = 2,4,6) cluster, penetrating carbon foil of
480ag (=5.7 ug/ cm?) thickness. Calculated results (dashed line (1 = 2), dot-dashed line (1 = 4), solid
line (n = 6)) and experimental data [13] for 5.30 pg/ cm? thickness (Bl (n = 3), o (n = 5)) [22].

The present results in Figures 12, 13, 17b and 19 imply the existence of the threshold
energy (or speed) of incident cluster ion, which changes from negative to positive cluster
effect in the energy loss. Finally, we add a report on the quantitative evaluation of cluster
charge reduction [52], where the relationship was treated in detail between the charge state
and the interatomic distance of the constituent ions of 6 MeV C,* cluster ions traversing a
carbon foil of 8 nm thickness.
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Figure 19. Difference of energy-loss per ion AE(n) for (a) C; ™, (b) C4+ and (c) C¢ cluster ions from
AE(1) of single C ion at equivalent speed, penetrating carbon foil of 4804y thickness. Solid lines are
the calculated result, and other marks are experimental data (l [24], e [23], ¥ [51]) [22].

4.3. Average Charge and Energy Loss of a Ceg Fullerene Ion

It is known that a Cg¢p molecule has an icosahedral symmetry. A Cgy molecule is a
truncated icosahedron, including 60 carbon atoms. A Cgy molecule has a peculiar structure
called a ‘hollow atom’ in that 60 atoms are on the surface of a sphere of radius R.; = 6.6 a9
in the ground state structure. We assume here 60 isolated atoms are located on the positions
of a truncated icosahedron and do not discern single and double bonds, because we regard
a Cgp as an ensemble of isolated homo-atoms. In general, the average charge per ion of swift
carbon clusters with speed higher than the Bohr speed tends to be greater than unity and
consequently the outer-shell electrons are almost stripped off. Then, we suppose that the
molecular effect will play a negligible role. The spatial positions of 60 atoms are determined
by considering symmetry on 5-fold axis, as shown in Figure 20.

Figure 20. Plots of atom positions in 3D coordinates of a Cy fullerene located on a sphere of radius
R = 6.6a9 [53].



Quantum Beam Sci. 2022, 6, 6

24 of 30

First, in order to see the spatial correlation of atoms, we show the pair-distribution func-

— —
tion G(R) in real space structure for a cluster composed of 7 atoms located at R; (j = 1,-- -, n),

defined as .
- - - - -
G(R) = /d7 p(7)p(7+R) =Y Y 8(R; — Ry + R), 42)

j=1m=1

— -
using the distribution p(?) = 5(7 — R;) in real space. The Fourier transform of G(R)

is given by

j=1
G(Z) = n—l—n(n—l)g(?), (43)

— —
where g( k) is the pair-correlation function in k space as

— 1 n o n R die —
g(k) = m;éé) exp{z k~(Rj — Rg)}. (44)

%
If we take an average over the orientation of k, we obtain

Gl = n+n(n—g®), g0 = ot 5) 3 )
]

0(#) k‘R'—Rg

~

As another example to be compared, we take the angular average of atom distribution
on a sphere of radius R.;. Then, one obtains

— n - = n - = A explik-R 2 sin 2
s(k) = ihewpli kR)sly L ew(—i kR = |LOSEED) < [S58]% we)
and G(k) reduces to
in(kRy) 1>
Gt (k) = n+n(n—1)[smk(Rd)} . (47)
cl

It is instructive to show the structure factor of a C¢( in Figure 21. The values of G(k)
and Gt (k) at k = 0 are both 3600, which corresponds to the square of the total number of
atoms (n = 60). At very small k values, both quantities are very close to each other, while
at k greater than 1 (a.u.), Gs (k) looks to smear out the fine structure of G(k). This curve
affects the magnitude of the electronic stopping power, especially contribution of the
distant collision.

10,000
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Figure 21. Gt (k) of a CCyg with R;; = 6.6ag. The atomic unit (a.u.) of k is in units of (1/ap) [53].
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Next, we see the relation between pair correlation function and the charge distribution
—
function of a superposition of partially stripped ions as pgxt(7) = Y104 7 —R j)- Then,
—
the Fourier transform of pex¢( 7 ) and its square of absolute value are of the following forms:

2 (48)

—
Pext (k)

n — 2 n — — - - —
=Y o) + X L pi(k)pm(—k) exp{ik-(Rj—Rm)}
j=1 j=Lm(#))=1

The second term in the second equation corresponds to the pair correlation function if

o
we replace the partially stripped charge p;(k) (j =1, -+ ,n) by unity. In this sense, the sec-

42

Pext (k)

indicates that the sum of isolated charge squares, which implies no correlation in charge

distribution. Later, we will see the super- and sub-linear cluster effect in the electronic
2
o
stopping or energy-loss. This feature originates from the second term of ‘ Pext(k)| . As men-

ond term of the charge density reflects the pair correlation. The first term of

tioned, the average of the second term over the orientation angle yields the expression
of Equation (15).

Average Charge of a CCgq Ion

Figure 22 shows the average charge per atom,Q(60), of a CCq¢ at speed of v = 1-10v.
Assuming the expansion of a cage, three cases are shown in Figure 22 (left) for the initial
cluster radius R,; = 6.6 ap (dot-dot-dashed line), and two expanded radius R.; = 8 ag (dot-
dashed line) and R = 10 gy (dashed line). The solid line shows the average charge Q(1)
of a single C ion. From this figure, one sees that (1) Q(60) is about 60 percent magnitude of
Q(1) in the range of 2 < v/vy < 7, and (2) Q(60) does not vary so highly with increasing
the radius. Regarding point (1), this reduction rate is much larger compared with those of
small linear chain clusters. This is due to the fact that each atom has three nearest-neighbors
and six second-nearest-neighbors.

(a) © (b)20.000
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Figure 22. (a) Average charge per atom and (b) electronic stopping power of carbon for a Cgp
fullerene at speed V to 10vy. (left) The solid line, the dot-dot-dashed line, dot-dashed line, and dashed
lines refer to a single C ion, a Cgg with cluster radius of R, = 6.6 a9, R;; = 8 a9, and R; = 10 ao,
respectively. (right) The solid line, the long dashed line, and the dot-dashed line refer to the case of
R =6.64a9, Ry = 8ap, and R = 10 ay, respectively [53].

Figure 22 shows the average charge per atom Q and the electronic stopping power
S of carbon in units of 1071% eV ¢cm?/atom for a Cg fullerene ion as a function of ion
speed V in unit of vy [53]. As for average charge, the dot-dot-dashed line, dot-dashed
line, and dashed lines refer to a C¢y with a fixed cluster radius of R, = 6.6 ag, R;; = 8 ay,
and R.; = 10 ay, respectively, with reference of the single C ion (solid line). Regarding the
electronic stopping, the solid line, the long dashed line, and the dot-dashed line refer to the
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case of a Cgp with Ry = 6.6 ag, Ry = 8 ap, and R; = 10 ay, respectively. The dot-dot-dashed
line and the short dashed line indicate the contribution of the single-electron excitation and
that of the plasmon (collective) excitation in the case of R,; = 6.6 a9, respectively. In the
electronic stopping of carbon for a single ion, the peak value locates about at v ~ 2vj.
Moreover, for a point charge intruder, the so-called equipartition rule holds valid so that
the contribution of the single-electron excitation is equal to that of the collective excitation
in the high-speed limit. This theorem was proved by Lindhard [45]. However, in the Cgg
case, the contribution of the collective excitation is found to rapidly grow and overcome the
single-electron contribution with increasing speed. In addition, the collective contribution
has a giant peak over the speed of v > 4v;. This proves that the sum rule does not hold valid
for cluster ion intruders. The appearance of this effect originates from the collaboration of
the reduction of average charge and the vicinage effect of collective charges. The effect of
the latter part only was reported on hydrogen cluster ions. At present, however, as far as
the author knows, there has been no report on a Cgp ion. One reason is that the accelerated
voltage is too high to accelerate a C4p molecule up to the kinetic energy 288 MeV using a
tandem accelerator, corresponding to the speed v = 4vj.

Next, we move to a lower energy case. Figure 23 shows the average charge per
atom, Q, and the electronic stopping power S for a C4p molecule at the kinetic energy of
2-10 MeV, together with ratios of those quantities to corresponding values of the single C
ion at equivalent speed (0.333 < v/vy < 0.745). From this figure, both the average charge
per atom and the electronic stopping power of carbon for a Cgp are found to be roughly
80 percent in magnitude of the corresponding value of a single C ion in the energy range
studied. This reduction rate of the electronic stopping may affect the stopping of other
materials.
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Figure 23. (a) Average charge per atom Q and its ratio to single C ion, Q(60)/Q(1), and (b) stopping
cross section S of carbon in units of 107 1%eV cm?/atom for a Cg ion and its ratio S(60) /(60 S(1)) to
a C ion with equivalent speed as a function of the incident energy.

4.4. Relation between the Electronic Stopping Power and the Secondary Electron Yield

It is well known that the secondary electrons (SEs) are emitted from a material by swift
ion impact. The emitted electrons are classified as the low energy electrons (the electron
energy is roughly less than 50 eV), the convoy electrons (the speed of the electrons is almost
same as the emerging ion), the binary electrons (the average energy is near the four times
the energy of convoy electrons), Auger electrons, etc. The yield (the number of electrons
per incident ion) of the low energy electrons occupy a dominant contribution among
them. As for the light-ion impact as a proton, the yield of SEs tends to be approximately
proportional to the electronic stopping power of a material over a wide energy (a few
keV/u-10 MeV /u) range [54].
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However, as for the cluster ion impact, this proportionality does not hold [25,27].
Tomita et al. [25] reported that the SE yield per ion emitted with low energy from carbon
foils under the 0.5 MeV/atom carbon cluster impact is suppressed very much, compared
with the yield under the single carbon ion impact at equivalent speed. For example, in the
case of Cg incidence, the SE yield per atom reduces to about 70 percent of the yield in the C
ion incidence. This reduction in the SE yield was contributed from the reduction effect of
the cluster average charge, but it was found to be at best 20 percent reduction [26]. On the
other hand, the convoy electron yield was so much enhanced. At present, what mechanism
works there is an open question. As a conclusion of this topic, apart from the single ion
incidence, the SE yield is not proportional to the electronic stopping power for an incident
cluster ion [25,27].

5. Conclusions

In this paper, fundamental processes incorporated in the production and penetration
stages of swift carbon cluster-ion beam are described. Regarding the production state, on the
basis of independent electron and atom models, three electron loss cross sections and three
decay cross sections were estimated for the MeV /atom carbon clusterion C, ™ (n = 1—4) in
a linear-chain form, colliding with a rare gas (Ne and He). The calculated cross sections were
found to show the sub-linear dependences on the number of atoms in a cluster. Making use
of these cross sections, the target-gas pressure dependences of the singly charged fractions
were in good agreement with the experimental data. This means the present approach is a
useful tool for relatively small MeV /atom clusters. Regarding the penetration stage, it was
shown that the average charge of cluster ions presents the sublinear dependence on the
number of atoms. This reduction effect is needed to estimate the energy loss of swift cluster
ions C, ™ (n = 2 — 10) moving in a material. The energy loss of carbon cluster ions per atom
shows the super-linear tendency at higher speed, and the sub-linear tendency at lower
speed. This boundary is characterized by the threshold speed, which lies around two times
the Bohr speed. The alignment of constituent atoms affects the energy loss of fragment
ions. Regarding the electronic stopping power of carbon target for a C4 ion, the resonance
(i.e., the plasma excitation) mode contributes dominantly in a wide-speed range of v = 4v.
This feature has never been seen for the single ion incidence. The electronic stopping-
power per atom displays the super-linear dependence on the number of atoms. At lower
energies (2-10 MeV), the average charge value and the electronic stopping power per atom
for a Cg ion are both about 80 percent of the corresponding single carbon ion values.
These show the sub-linear dependences. These features will be expected for other targets.
As a concluding summary, there are two achievements. One is the presentation of the
average charge reduction for the cluster impact, irrespective of the incident speed. Another
is the presentation of the sub-linear and super-linear features in the electronic stopping
power. Especially, the super-linear feature appears in spite of taking the average charge
reduction into account. These remarkable results originate from the spatial correlation in
constituent atoms in a cluster ion, moving inside a material. On account of this situation,
the multiplication of the single ion stopping data by the number of atoms in a cluster
does not explain the cluster effect in the stopping power in most cases. The estimation
of the stopping power per atom will be useful in applied fields since the stopping data
accumulated for the single ion incidence are fully utilized. In this sense, this review article
could play a role in leading researchers’ interest to fundamental processes and in deducing
some quantities.
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Appendix A

In Equation (1), if four cross sections, o1, 0_12, 0 and 0,4, are newly added to six
cross sections, 0_19, 0p1, 0—11, and 0_14, 04, 014, the following analytical expressions for
charged fractions are obtained:

010001 e~ No_1x _ ,—Noyg x 0_10001 e~ Noygx _ ,—Nop x

$1(x) = (011 + ) + , (AD
0p — 01 01d =01 00 — 01 014 — 0o
—No_1 x —Noy; x —Noy x —Noy; x —Noy x —Noy; x
e -1 —e 2d e 0 —e 2d e 1 —e 2d
Pa(x) =A + B +C , (A2)
024 —0-1 024 — 00 024 — 01

where o1 =0 10+ 011+ 012+ 0_14, 0 = 01 + 002 + 0o, 01 = 012 + 014,

010902 011012 010901012
A=c_ 1090,
2tag=e, Ta—o, T (c0—0-1)(o1—0-1)"

_ 0-10002 __ 010901912
B= 00—0-1  (0p—0-1)(c1—00)’ (A3)
C = _cn% 010901012 010901912
c1—0_1  (0p—0-1)(c1—0-1) ' (00—0-1)(c1—00)
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