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a b s t r a c t

The method for calculation of the target thickness which is required for the formation of equilibrium
charge distribution of ions is proposed. The description of nonequilibrium processes is based on empirical
estimations of charge-exchange cross sections, taking the density effect for solids into account. The vari-
ation of the average charge and the width of the nonequilibrium charge distribution as a function of the
target thickness is analyzed. The results of calculations for nitrogen and neon ions in carbon are com-
pared with experimental data.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

The interest in the description of processes of ion penetration
through thin films has recently been increased in connection with
the development of nanotechnologies.

It is known that the passing of the ion beam with intermediate
energy through matter is accompanied by processes of electron
capture and loss which lead to a change in the ion charge. If a tar-
get thickness t is large, then the equilibrium charge distribution is
formed in the ion beam. The value of target thickness, required to
form the equilibrium charge distribution, is called the equilibrium
target thickness T. For tP T parameters of charge distribution are
independent on the initial ion charge q0 and the target thickness
t. For t < T the average ion charge and, consequently, the energy
loss depend on q0 and t [1–3].

The equilibrium target thickness T can be calculated if charge
exchange (electron capture and loss) cross sections are known in
a given matter. However, there are only few published studies of
the charge exchange cross sections and nonequilibrium charge
fractions in solids. The experimental data are available for light
ions passing through thin carbon [4–9], beryllium [5] and alu-
minum [10] films. The energy of ions under consideration usually
exceeds several MeV/amu. At the same time, the formation of
charge equilibrium is interesting for investigation in a wide energy

region. The absence of computer programs for calculation of the
nonequlibrium charge distributions of any ions in an arbitrary
matter can also be related to the lack of information about cross
sections. Therefore, the development of methods for estimating
the equilibrium thickness of solid targets is important.

The equilibrium target thickness T was evaluated previously in
our works [11–13] using the experimental data for ions in cellu-
loid, carbon and gaseous targets. Experimental studies of attain-
ment of the charge equilibrium for intermediate energies of ions
in beams passing through solids and gases show that the equilib-
rium thickness of solid films differs from the analogous value in
gases [11]. The difference between equilibrium thickness in solid
and gas increases for q0 > q, where q is equilibrium ion charge,
and also with increasing of the nuclear charge of incident ions. It
was shown that T depends on the velocity and initial charge of ions
[11], and the dependence of T on q0 has a minimum as the initial
charge approaches the charge equilibrium value [12,14].

We proposed the method for calculating the charge exchange
cross sections based on the empirical estimations of experimental
cross sections for electron loss and capture by ions with the
nuclear charges Z (5 6 Z 6 10) in gases with the corrections, taking
density effect for solids into account [15,16]. The obtained cross
sections for structureless (amorphous or polycrystalline) targets
allow evaluating parameters of nonequilibrium distributions of
ions and the equilibrium target thickness. In this paper we present
a method for calculating the dependence of the equilibrium target
thickness on the projectile energy E and the initial charge q0. For
nitrogen and neon ions passing through carbon, we compare the
calculated values with the experimental data.
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2. Method for calculating equilibrium target thickness

The charge distribution of ions passing through the matter can
be described using charge fractions. These dimensionless parame-
ters present a relative number of ions with the charge q in the ion
beam. If the target thickness is small and the equilibrium charge
distribution has no time to establish, then the charge fractions of
ions UqðtÞ depend on both the target thickness t and the initial
ion charge q0. The charge fractions in the ion beam are described
by the system of differential equations:

dUqðtÞ
dt

¼
X
k

UkðtÞrkq �UqðtÞ
X
k

rqk;
X
q

UqðtÞ ¼ 1; ð1Þ

where UqðtÞ are the nonequilibrium charge fractions, rqk are elec-
tron loss (q < k) and electron capture (q > k) cross sections.

The average charge QðtÞ and the width of the charge distribu-
tion DðtÞ are defined as

�QðtÞ ¼
X
q

qUqðtÞ; ½DðtÞ�2 ¼
X
q

½q� QðtÞ�2UqðtÞ; ð2Þ

and reach their equilibrium values q and d, respectively, for tP T
[12]. The charge fractions UqðtÞ become independent on t and q0
for t?1 and UqðtÞ? Fq, where Fq are equilibrium charge fractions.

In this work, we use two conditions for the formation of the
charge equilibrium.

1. In the first case, the equilibrium is assumed to be reached if
�QðtÞ ! q and the average charge deviates from q less than
e � �q , where e is some small value [13]:

jQðtÞ � qj=q ¼ e for t ¼ Tq: ð3Þ
In the presence of two charge fractions in the ion beam, the ana-

lytical solution of the system (1) is known [17] and analytical
expression can be written for average charge:

QðtÞ ¼ qþ ðq0 � qÞ � exp½�bt�; ð4Þ
where the value b depends on the charge exchange cross sections.
The average charge QðtÞ decreases monotonically in the case of
q0 > q when the ion captures electrons during the formation of
the charge equilibrium and QðtÞ increases monotonically in the case
of q0 < q when the ion losses electrons. If jq0 � qj > e � �q the equilib-
rium target thickness Tq can be expressed from Eqs. (3) and (4) as

Tq ¼ 1
b
ln

jq0 � �qj
e�q

: ð5Þ

If jq0 � qj 6 e � �q, then it is assumed that Tq ? 0. It was shown
previously [18,19] that Eqs. (4) and (5) can be used to estimate
Tq in the presence of three and four charge components in the
ion beam. Then, b depends not only on the charge exchange cross
sections but also on q0.

2. In the other case, the equilibrium thickness of the charge distri-
bution is assumed to be reached if DðtÞ ! d. The expression for
D(t) can be written [14]:

D2ðtÞ ¼ d2 þ ðq0 � qÞ2 expð�btÞ
h i

� ½1� expð�btÞ�: ð6Þ

It should be noted that D(t)? 0 when only one charge fraction is in
the ion beam. It can be realized for t? 0 or when the ion energy
increases significantly, so UZðtÞ ! 1, the charge exchange cross sec-
tions decrease, and b? 0. In the presence of two and more charge
fractions, the charge equilibrium is reached when the relative devi-
ation of parameter D(t) from its equilibrium value d is less than e. By
analogy with (3), we can write:

jDðtÞ � dj=d ¼ e for t ¼ Td ð7Þ
At a small difference between q0 and q, the width of the

nonequilibrium charge distribution D(t) is a monotonically
increasing function. For a significant difference between q0 and q,
the function D(t) can be nonmonotonic. For q0 = 0 in energy region,
when q? Z or for q0 = Z in energy region, when q? 0 the function
D(t) at first increases and reaches its maximum and then decreases
and reaches equilibrium value d. In this case, the additional condi-
tion for the determination of Td (7) is used that the derivative dD
(t)/dt is small.

The equilibrium target thicknesses Tq and Td calculated using
the criteria (3) and (7) respectively can differ [13]. It will be correct
to assume that the charge equilibrium is reached when both crite-
ria are fulfilled. So we introduce

Tqd ¼ maxðTq; TdÞ: ð8Þ
The equilibrium charge distribution for ion with initial charge

q0 is established when t > Tqd but Tqd differs for ions with various
q0. Then we define Tmax as the maximum of the all Tqd (8) for
0 6 q0 6 Z. For t > Tmax the equilibrium charge distribution is
formed for any q0 value.

3. Results of calculations

The charge exchange cross sections for solid targets were esti-
mated using the theoretical method [16] based on experimental
cross sections in gases and the gas–solid correction. With the help
of computer code [20] we have obtained the electron loss and elec-
tron capture cross sections for the interaction of nitrogen and neon
ions with carbon target in the interval of ion energy between
1 keV/amu and 10 MeV/amu. We neglected in (1) the processes
of loss and capture of two or more electrons because the ratio
rq,q+2/rq,q+1 is small (rq,q+2/rq,q+1 < 0.2 [4]). We used the value
e = 0,03 for equilibrium target thickness calculations.

The results of QðtÞ calculations for neon ions in carbon and the
experimental data obtained from [7] are presented in Fig. 1. The
comparison shows that the proposed method makes it possible

Fig. 1. Nonequilibrium average charge QðtÞ of neon ions with energies of 0.7 and
2 MeV/amu as a function of the carbon thickness. The solid and dashed lines
correspond to the results of the calculations in approximation (4) with the charge
exchange cross sections determined by the method [16]. The results of the
calculations: 1 – E = 0.7 MeV/amu, q0 = 6; 2 – E = 0.7 MeV/amu, q0 = 7;
3 – E = 0.7 MeV/amu, q0 = 8; 4 – E = 2 MeV/amu, q0 = 8; 5 – E = 2 MeV/amu, q0 = 9;
6 – E = 2 MeV/amu, q0 = 10. The symbols denote the experimental data [7] for
E = 2 MeV/amu: (+) – q0 = 8, (d) – q0 = 9, and (D) – q0 = 10.
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