
Technical Physics, 2023, Vol. 68, No. 11

02

Particle reflection coefficients during beryllium and tungsten
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Using computer simulation, the particle reflection coefficients for Be and W targets were calculated in the

10 eV−100 keV energy range of incident atoms. H, D, T, He, Be, C, N, O, Ne, Ar, W were chosen as bombarding

particles. The influence on reflection coefficients of the electronic stopping model, the surface potential barrier and

the structure of the target (crystal, amorphous body) is shown.
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Introduction

Deuterium-tritium plasma is to be used in the ITER

tokamak. As known, tungsten has been chosen as a

divertor material for ITER tokamak. Beryllium is a

promising material for the first wall. Accordingly, this study

investigates the beryllium and tungsten particle reflection.

Atom reflection from structural materials affects the energy

and material balance of plasma. Particle reflection shall

be also considered for ion implantation, since it affects the

number of implanted atoms.

The experimental data on reflection coefficients for Be

and W is extremely limited [1,2].

Unfortunately, we do not know the theoretical formula

describing the dependence of reflection coefficients on the

energy of bombarding particles. A chapter in [3] is devoted
to discussion of possible theoretical approaches to the

description of particle scattering on the surface. To describe

light atom scattering in heavy targets, a set of empirical

formulas is offered in [4–7]. An attempt is made in [8] to
describe reflection coefficients in terms of relation of path

length to transport cross-section. A similar attempt has been

made recently in [9].

Computer simulation is widely used to study atomic

particle scattering on materials surface [3,10]. Commonly

used SRIM code [11] is based on the binary collision

approximation (hereinafter referred to as BCA) that was

proposed in [12]. Among other publications, it is important

to note reflection coefficient calculations using molecular

dynamics methods [13,14] and [15] where the surface

shape effect on reflection coefficients was investigated. Our

study [16] used multiple scattering of hydrogen atoms on the

metal surface to obtain the information on the atom-surface

interaction potential.

The presence of potential well results in particle attrac-

tion at long internuclear distances and affects reflection

coefficients. Our studies [17–20] calculated the reflection

coefficients of hydrogen and helium isotopes in the energy

range from 100 eV to 10 keV. Helium atoms are the nuclear

fusion reaction products, therefore scattering coefficients of

helium atoms at the same targets were calculated. The

energy range of bombarding particles was expanded herein

to 10 eV−100 keV. The calculations used the potentials

calculated in the density functional theory (DFT) approach

with spectroscopic data correction of the potential well

parameters [21]. The objective of the study included the

calculation of reflection coefficients for hydrogen isotopes

and data acquisition for He atoms and various impurity

atoms admission of which may be used for cooling edge

plasma.

1. Calculation procedure

Calculations were performed using a code developed by

us in [22], that is based on the Monte Carlo method. To

collect the required statistical data, 1 000 000 bombarding

particle trajectories were usually calculated with randomly

selected initial conditions with equally probable distribution

on the target surface. The bombarding particle trajectory in

solid body is considered in binary collision approximation

(BCA). In this approximation, atomic particle scattering is

considered as a sequence of binary collisions with solid

body atoms. For this, the particle trajectory is replaced

with trajectory asymptotes. BCA acceptance criteria are

addressed in [10]. The presence of short-range order in

polycrystalline target scattering simulation is considered as

follows. An atom cluster randomly oriented in space is

set. The distance between atoms is determined from the

target density. When the next collision occurs, the cluster

orientation in space is simulated again. The surface is

defined as a random cut of the initial cluster. Thermal
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vibrations of the target atoms are taken into account. The

calculations were carried out at room temperature.

Recoil particle trajectories were calculated using many-

particle potentials determined using the density functional

theory [23–27] with potential well parameters correc-

tion [28]. The correction was carried out considering

the experimental data on the well depth and potential

energy minimum position obtained from the spectroscopic

measurements [29–32].

To describe the electronic stopping, we used reliable

experimental data for aluminum [33] and scaling up to the

difference in electron densities of beryllium or tungsten

target material using the procedure proposed in [34].
A correction for multiple collisions was introduced into the

data [35]. The energy loss was calculated as a product

of trajectory length between consecutive collisions and

”
electronic stopping per unit length of the trajectory“.

The difference of our calculations form previous calcu-

lations is as follows: more accurate interaction potentials

are used, for large-angle scattering, the scattering angle is

calculated accurately without using approximated (
”
magic“)

formulas used in SRIM. The effect of surface potential

barrier is considered. The correction for multiple collisions

is introduced in the electronic stopping data [35].

2. Reflection coefficients simulation
results

Figure 1 shows reflection coefficients of H, D, T, He, Be,

C, N, O, Ne in beryllium target scattering at bombarding

particle energies 10 eV−100 keV. Attention is focused on

data grouping for systems with M1 < M2 and M1 > M2,

where M1 is the bombarding particle atomic mass, M2 is

the target atomic mass. This is not surprising, because for

M1 > M2, single scattering at angles larger that 90◦does not
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Figure 1. Calculated particle reflection coefficients or beryllium

target depending on the energy for bombarding H, D, T, He, Be,

C, N, O, Ne atoms. For Be−Be system, the planar potential barrier

calculation is provided.
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Figure 2. Calculated particle reflection coefficients for tungsten

target depending on the energy for bombarding H, D, T, He, Be,

C, N, Ar, W atoms. Data for W−W system is provided for the

planar potential barrier.

occur and only multiple scattering contributes to reflection

coefficients. Reflection coefficients reduction also takes

place with increase of M1.

Figure 2 shows reflection coefficients of H, D, T, He, Be,

C, N, Ar, W atoms from the tungsten surface. In this case,

M1 < M2 is not met only for W−W collisions. As shown

in Figure 2, the reflection coefficient for W−W falls rapidly

due to the exclusion of single scattering at angles larger than

90◦ .

Calculation for collision of similar particles shall be

clarified. Computer modeling allows marking of a bom-

barding particle and tracking its escape from the surface.

It is impossible to distinguish a sputtered particle from

a reflected particle in the experiment. For symmetric

systems (M1 = M2), single collision does not result in

particle escape from the target. Energy spectrum of

reflected particles is characterized by a large number

of low-energy particles. For W−W system, there is a

potential well that results in the occurrence of the potential

barrier near the surface. When the potential barrier is

present, bombarding particle acceleration by the potential

barrier during entrance into a solid body and the presence

of the potential barrier during particle escape shall be

considered. In case of spherical barrier for the surface

consisting of spikes, the bombarding particle energy E0

shall be higher that the sublimation energy Es . In case

of the planar barrier, the condition E0 · cos
2 θ > Es shall

be met for a smooth surface, where θ is the particle

escape angle with respect to normal to surface. As shown

in Figure 3, the presence of surface barriers significantly

changes the reflection coefficients at low energies and

causes the occurrence of thresholds. Sputtering coeffi-

cients are approximately 100 times higher than reflection

coefficients. Thresholds for these two processes almost

coincide (during curve normalization). The obtained
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Figure 3. W−W system. Comparison of reflection and sputtering

coefficients for spherical and planar surface barriers and for the

case without a barrier (reflectance). The line shows the reflection

coefficient calculation from [36] for the planar barrier case.
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Figure 4. Reflection coefficients for H−W system. Calculation

for two electronic stopping models is provided: SRIM package and

dependence corrected for multiple collisions [35], for spherical and
planar barriers. For comparison, Eckstein’s [4] and Meluzova’s [17]
calculations are provided.

data for reflection in case of the planar surface barrier

are in satisfactory agreement with Eckstein’s calculation

data [36].

For H−W collisions, there is also a potential well

4.6 eV in depth, and particle acceleration during target

entrance and deceleration during escape were carried out

by sublimation energy replacement with the potential well

depth.

As shown in Figure 4, consideration of the presence of

surface barriers significantly changes the course of curves

at low collision energies. Eckstein’s calculation coincides

with out calculation for the case when there is no any

surface barrier and when a modified inelastic energy loss

model is used. Data from [17] is lower by 30%. This

appeared to be due to the use of various electronic stopping

models. We have repeated the calculation using the data

from SRIM database, and the calculation coincided with

Meluzova’s data from [17]. We have shown in [35] that

SRIM database contains data for electronic stopping per

unit length of the projective trajectory. At collision energies

lower than 10 keV, this data must be corrected for trajectory

distortion due to multiple collisions. Electronic stopping

data for these models are shown in Figure 5.

Modified data for energy lower than 17 keV are well

described by dE/dx = 1.488 · E0.722, whereby dE/dx are

expressed in eV/Å, and E are expressed in keV. As shown

in Figure 4, the change of electronic stopping significantly

affects the particle reflection coefficients.

As shown in Figure 6, a, our calculation for D−W system

is above the experimental data and almost coincides with

the calculations in SDTrimSP, MARLOWE and PTr (for
a smooth surface). Our data also agree quite well with

PARCAS calculations (molecular dynamics calculation).
Figure 6, b shows that our calculation for He−W system

is between Eckstein’s and Amano’s experimental data and

lower than SDTrimSP, ACAT, MARLOWE (amorphous

target) and PTr (for smooth surface) calculations. TAVERN
calculation is lower than our data. For Ar−W system, our

calculation is lower than the data obtained using SDTrimSP,

ACAT and MARLOWE.

Figure 7 shows that data for crystalline and amorphous

targets are different. For the crystalline target, due to the

channeling effect, the bombarding particles enter deeper

into the target, and their escape from the target is hindered

and causes rapid drop of reflection coefficient. For the
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Figure 5. Dependence of electronic stopping on collision energy

for H−W system. Dots — experimental data from [38-40]. Solid
line — SRIM package data. Dashed line — modified data.
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Figure 6. Reflection coefficients for D−W (a), He−W (b) and Ar−W (c) systems.
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Figure 7. He−W system. Reflection coefficients for crystalline

and amorphous target. ACOCT is an ACAT version for crystalline

targets.

crystalline target, there is a satisfactory agreement with

the experiment [38]. Calculations performed in different

software coincide.

Conclusion

Reflection coefficients are calculated for Be and W target

bombarding by H, D, T, He, Be, C, N, O, Ne, Ar, W atoms

in a wide bombarding atom energy range 10 eV−100 keV.

For M2 > M1, reflection coefficients fall rapidly due to the

absence of single scattering contribution. It is shown that

consideration of a potential barrier has a major influence

on particle reflection coefficients. This has a particular high

effect when M2 > M1. At particle energies of 0.5−1 keV,

the difference becomes less apparent.

Consideration of current understanding of the electronic

stopping also has a considerable effect on simulation. The

example of H−W system shows that correction of electronic

stopping for multiple collisions results in the change of the
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reflection coefficient by a factor of 1.35 throughout the

energy range of interest.

It is commonly known that the calculations are also

considerably affected by the target structure (crystal, amor-

phous body). This difference is demonstrated by He−W

system.

In case when there is experimental data, the provided

calculations agree well with the experiment and other

calculations. The difference of the provided calculations

from previous calculations is as follows: more accurate

interaction potentials are used, for large-angle scattering,

the scattering angle is calculated accurately without using

approximated (
”
magic“) formulas. The effect of surface

potential barrier is considered. The correction for multiple

collisions is introduced in the electronic stopping data.
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