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a b s t r a c t

The analytical differential cross section (DCS) of elastic scattering of atoms that reproduces the stopping
power and the straggling of energy loss is proposed. Analytical expressions derived from the DCS for dif-
fusion rd and viscosity rv cross sections of elastic collisions of atoms are in good agreement with known
cross sections of 38Ar-40Ar and H-Li collisions obtained from quantummechanical simulations. The Monte
Carlo modeling of the transport of sputtered Cu atoms in Ar and implantation of Bi ions in B and C mate-
rials made using the proposed DCS demonstrates its accuracy in the modeling of elastic collisions.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Elastic collisions of fast atoms or ionswith atoms ofmatter effect
significantly both on the energy and on the direction of theirmotion
inmater. Therefore inmany processes such as the transport of sput-
tered atoms in gas discharges, the passage of ions through solids or
gases the elastic scattering of fast particles (atoms or ions) by atoms
of matter effects significantly on the energy and the spatial distri-
bution of the particles both in a volume and on a surface they are
impinge on. Monte Carlo (MC) methods are widely used for model-
ing of the propagation of fast particles in matter [1–11]. Individual
collisions of particles in MC simulations are usually modeled using
a DCS. The most accurate description of elastic collisions of atoms
using a real interaction potential is time consuming hence in MC
simulations some simplified approaches are often used to model
elastic collisions. The DCS corresponding to the Variable Hard
Spheres (VHS) model [12] are widely used in the MC modeling of
elastic collisions of atoms [4–6]. But it should be emphasized that
in the VHS model the elastic scattering is isotropic in the center-
of-mass system [12] that is not conform to the scattering in the case
of a real interaction potential and can result in significant incorrect-
ness of the modeling [13].

Let us note that in the MC modeling of elastic collisions of elec-
trons in matter more sophisticated analytical DCSs are used [14–
17]. In [15], the modified Wentzel distribution that reproduces
three moments of a real DCS: the total cross section, the first and
the second transport cross sections is used in simulations. In [16]
it is shown that the reproduction of the total cross-section by the
DCS is not as important in the modeling as the reproduction of
the first and the second transport cross sections. This conclusion
agrees with theoretical results of [18]. The DCS developed in
[16,17] that reproduces the first and the second transport cross
sections is easy for using in the MC modeling and provides good
agreement of MC simulations with experiment.

In our paper we extend the range of application of the DCS of
[16,17] to be used in the modeling of elastic collisions of atoms.
The analytical DCS for elastic scattering of atoms will reproduce
the stopping power and the energy-loss straggling because it is
these parameters that are important for the description of the
propagation of atoms in matter [19].

2. Theory

Let us define the DCS for elastic scattering of atoms by the fol-
lowing analytical expression:
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1þ cosv
2

� �p

; ð1Þ

here v is the scattering angle in the center-of-mass coordinate sys-
tem, dX ¼ 2p sinvdv is the solid angle element. Parameters p and
r0 in Eq. (1) are considered as fitting parameters. It is evident that
the DCS with p ¼ 0 corresponds to isotropic scattering, while
p >> 1 corresponds to strongly anisotropic scattering. Parameters
p and r0 can be defined using known moments of a real DCS. In
[17,20] the DCS defined by Eq. (1) was used for modeling of elastic
scattering of electrons by atoms and the fitting parameters p and r0

were derived through the first and the second transport cross sec-
tions. In the case of atomic collisions the stopping power and the
energy-loss straggling parameters are used to describe the propaga-
tion of atoms or ions in matter [19,21–23]. That is why the DCS
given by Eq. (1) should reproduce the stopping power and the
energy-loss straggling to be suitable for the modeling of elastic col-
lisions of atoms.

The stopping cross section Sn, and the straggling parameter W of
the energy loss can be defined by the following equations [19]:

Sn ¼
Z

Tdr ð2Þ

W ¼
Z

T2dr

where T ¼ Tmaxðsinðv=2ÞÞ2 [24] is the energy loss of the incident
particle in elastic collision with target atoms, Tmax ¼ E 4m1m2

ðm1þm2Þ2
is

the maximal energy loss, E is the energy of the incident particle
in the laboratory coordinate system, m1 and m2 are the masses of
the incident particle and the target atom respectively. Substituting
Eq. (1) into Eq. (2) we obtain the nuclear stopping cross-section and
the straggling parameter in the following form:

Sn ¼ Tmax
r0

pþ 2
ð3Þ

W ¼ T2
max

2r0

ðpþ 2Þðpþ 3Þ
Solving Eqs. (3) we express the parameters r0 and p through Sn

and W:

p ¼ 2SnTmax
W � 3

r0 ¼ Sn
Tmax

2SnTmax
W � 1

� � ð4Þ

Undoubtedly, the DCS defined by Eq. (1) with parameters p and
r0 calculated from Eq. (4) correctly reproduces both the stopping
power and the energy-loss straggling of atoms in elastic collisions.
In principle, experimentally determined Sn and W can be used for
the calculation of the parameters p and r0, but experimental data
are quite restricted. The required parameters can be estimated from
numerical simulations of elastic scattering of atoms using an appro-
priate interatomic potential. In [25] the stopping power and the
energy-loss straggling functions were calculated for several inter-
atomic potentials in the form of the screened Coulomb potential:

VðrÞ ¼ Z1Z2e2

r
Uðr=aÞ; ð5Þ

where Z1 and Z2 are the atomic numbers of the incident particle and
the target atom respectively, e is the electron charge, r is the dis-
tance between colliding particles, U is the screening function, a is
the screening length. The screening function Uðr=aÞ is often approx-
imated by the relation: Uðr=aÞ ¼ Pn

i¼1ci expð�dir=aÞ. Different
potentials characterized by different screening functions and differ-
ent screening lengths are used in the modeling of atomic collisions
[24,26]. In our paper we will consider only two potentials: the

Moliere potential [25] using the Firsov screening length

a ¼ aF ¼ 0:8853a0=ð
ffiffiffiffiffi
Z1

p þ ffiffiffiffiffi
Z2

p Þ2=3 and the ZBL potential [24] with

the universal screening length a ¼ aU ¼ 0:8853a0= Z0:23
1 þ Z0:23

2

� �
,

where a0 is the Bohr radius. These two potentials are widely used
in the MC modeling of the transport of sputtered atoms [3,13]
and ion implantation [10,11].

As in [25] we introduce the reduced energy e defined by the
expression:

e ¼ aEc

Z1Z2e2
ð6Þ

where Ec ¼ Em2=ðm1 þm2Þ is the energy of the particle in the
center-of-mass system. The reduced stopping cross section snðeÞ
and the reduced energy loss straggling xðeÞ can be expressed
through SnðEÞ and WðEÞ by the following relations [25]:

sn ¼ m1 þm2

m1

1
4paZ1Z2e2

Sn

x ¼ 1
p

m1 þm2

4Z1Z2e2m1

� �2

W
ð7Þ

Using Eqs. (6) and (7) we can rewrite parameters r0 and p
defined by Eq. (4) through the reduced parameters snðeÞ and xðeÞ
in the following form:

pðeÞ ¼ 2esnðeÞ
xðeÞ � 3

r0ðeÞ ¼ pa2 � snðeÞ
e

� 2esnðeÞ
xðeÞ � 1

� � ð8Þ

In [25] the parameters snðeÞ andxðeÞ were computed for the set
of screened Coulomb potentials in the range of 10�4 6 e 6 10. Thus
we can assume that fitting functions for snðeÞ andxðeÞ proposed in
[25] are valid only at e P 10�4. It is easy to estimate from Eq. (6)
that in the case of collisions of Cu with Ar atoms the reduced
energy e ¼ 10�4 corresponds to the energy of Cu atom
E = 18.82 eV. This value exceeds the peak energy in the energy dis-
tributions of sputtered atoms [27]. Consequently, the use of the
DCS defined by Eqs. (1) and (8) for the modeling of elastic collisions
of sputtered atoms requires the functions snðeÞ andxðeÞ to be spec-
ified not only at e P 10�4 but also at e � 10�4. We simulated snðeÞ
and xðeÞ in a wide range of energies: 10�7 6 e 6 100, using the
same approach as in [25]. Results of our simulations of snðeÞ and
xðeÞ and fitting functions snðeÞ ¼ 0:5 lnð1þ eÞ= eþ AeB

� �
and

xðeÞ ¼ 1= 4þ Ae�B þ Ce�D
� �

from [25] are presented in Figs. 1 and
2 for the Moliere potential. It is seen from the figures that the fit-
ting functions of [25] really provide accurate values of snðeÞ and
xðeÞ only at e > 10�4.Parameters r0 and p simulated from Eq. (8)
through the parameters snðeÞ and xðeÞ for the Moliere and the
ZBL potentials are shown in Figs. 3 and 4. It is seen from Figs. 3
and 4 that r0 is decreasing function of e while the p parameter is
increasing function of e. The parameters r0 and p defined from
the ZBL and the Moliere potentials differ significantly only at
e < 1. Parameters r0 and p shown in Figs. 3 and 4 were fitted by

the series exp
Pn

i¼0biðlnðeÞÞi
� �

. Coefficients bi corresponding to

r0=pa2 and p parameters defined from the ZBL and the Molier
potentials are listed in Table 1. The number of coefficients in the
series is chosen to provide the desired precision of the fitting func-
tion. In our case the maximal deviation of the fitting function from
the parameters r0 and p is less than 3% in the energy range
10�7 6 e 6 100.The simple analytical expression of the DCS given
by Eq. (1) allows one to obtain analytical formulae for diffusion
rd and viscosity rv cross-sections that are derived through a DCS
by the following equations [28]:

E.G. Sheikin / Nuclear Instruments and Methods in Physics Research B 405 (2017) 36–42 37



Download English Version:

https://daneshyari.com/en/article/5467412

Download Persian Version:

https://daneshyari.com/article/5467412

Daneshyari.com

https://daneshyari.com/en/article/5467412
https://daneshyari.com/article/5467412
https://daneshyari.com

