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To provide some reference data for estimation of the erosion rates and lifetimes of some candidate plasma facing

component (PFC) materials in the plasma stored energy explosive events (PSEEE), this paper calculates the sputtering

yields of Mo, W and deuterium saturated Li surface bombarded by energetic charged particles by a new sputtering

physics description method based on bipartition model of charge particle transport theory. The comparisons with

Monte Carlo data of TRIM code and experimental results are made. The dependences of maximum energy deposition,

particle and energy reflection coefficients on the incident energy of energetic runaway electrons impinging on the different

material surfaces are also calculated. Results may be useful for estimating the lifetime of PFC and analysing the impurity

contamination extent, especially in the PSEEE for high power density and with high plasma current fusion reactor.
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1. Introduction

The damaging impacts of the energetic charge

particles on material surface in the ‘plasma stored

energy explosive events’ (such as accident of power

supply suddenly terminated, major disruption, etc.)

are key issues of concern in determining plasma per-

formance and the lifetime of plasma facing compo-

nents (PFC) in a fusion reactor.[1] Especially for

the high power density fusion reactor and with high

plasma current during the above-mentioned devastat-

ing events, almost about 100–1000MW/m2 average

energy fluxes will be dumped on the PFC surface.

The divertor target plate surface should endure even

much higher peak particle and energy fluxes. Gener-

ally speaking, the damaging impacts of the energetic

charged particles on material surface refer to several

different kinds of fundamental processes, such as melt-

ing and vaporizing resulting from high energy flux,

physical sputtering of material surface bombarded by

energetic ions and electrons, the reflections of ions

and electrons from the surface, the secondary elec-

tron emission from wall surface induced by ion and

electron incidences, ion implantation and re-emission,

etc. Among them, the physical sputtering process

is one of the most important processes in determin-

ing the erosion rate of the divertor plate and the

extent of impurity contamination of the fusion core

plasma.[2] The impurity concentration makes decisive

impact on the particle and energy balances of fusion

plasma. The higher the impurity level is, the less fu-

sion power will be produced due to the fuel dilution

and the impurity radiation. Therefore, it is important

to keep the impurity level as low as possible for an

economically competitive fusion reactor. New bipar-

tition model of charged particle transport theory has

been developed[3,4] to calculate the sputtering yields

of several candidate divertor materials. But it can-

not directly solve the above-mentioned problems and

can only provide some reference data to the issues in

discussion. As we know, the physical sputtering pro-

cess is that the energetic ions or atoms, escaping from

the scrape of layer and impinging on the material sur-

face, undergo a series of elastic collisions and deposit a

fraction of their kinetic energies onto the atoms of the

target materials. Then the recoiling atoms are pro-
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duced and the recoiling atoms with sufficient energy

continue in turn undergoing secondary collisions which

give rise to the next generation of recoiling atoms and

thereby lead to the formation of a cascade. As a re-

sult, it is then possible for both the ions and the en-

ergetic recoil atoms to be scattered backward to the

surface. If their kinetic energies are high enough to

overcome the surface potential barrier they can get

out of the surface. This is the so-called sputtering

process. The sputtering phenomenon was discovered

in the last century, but it had not been explained cor-

rectly until Sigmund[5] proposed the sputtering model

based on the binary collision cascade concept in 1969.

The semi-empirical formula for sputtering yield cal-

culation derived from the Sigmund model could fairly

predict the experimental results.[6] However, Sigmund

theory still needs to be further improved. In his sput-

tering theory, a backward transport equation was in-

troduced. This is not beneficial to the description

of the cascade atoms going through the surface po-

tential barrier and emitting to the outside surface of

the target materials. This is because the backward

transport equation is valid only for a homogeneous

medium. However, the medium with a surface should

also be treated for the sputtering issue. Therefore, the

backward transport equation is not appropriate to de-

scribe the sputtering process. In order to improve the

Sigmund theory, based on a bipartition model of ion

transport theory, we have developed a new quantita-

tive physical sputtering theory. In this new model,

the Sigmund sputtering model has been retained basi-

cally, but the description method of cascade atoms is

modified. In brief, the usual ion transport equation is

directly utilized to describe the cascade collisions in-

duced by the incident ion. Especially, the detailed de-

scription of the process for the cascade atoms passing

through surface barrier and emitting out of the surface

has been given. Thus the formulation of the sputtering

atom is described in more detail. From the viewpoint

of the physics mechanism, this method is similar to

the application of Monte Carlo simulation for study of

the sputtering process. Both this new model and the

Monte Carlo method maintain Sigmund’s three-step-

model of the sputtering process, but the description

methods of atom cascade collisions are different. The

former solves the transport equation of cascade atoms

by using analytical transport theory, while Biersack

and Eckstein have developed the statistical random

sample method. It is anticipated that this new model

and the Monte Carlo method should give very close

sputtering yields, if the same input parameters are

used.

In the present paper, the sputtering yields for en-

ergetic H+, D+, T+ and He+ ion bombardments on

Mo, W and deuterium saturated Li of the candidate

materials of PFC are calculated by using this new

model.

The main ideas of Sigmund’s three-steps-model

are as follows. (1) An impinging ion undergoes a series

of elastic collisions in the target medium, and continu-

ously deposits its energy to the target atoms. (2) The

target atom acquiring sufficient energy breaks from

the lattice, and becomes a recoiling atom, which can

move among the lattices. The recoiling atom with suf-

ficient energy continues in turn undergoing secondary

elastic collisions giving rise to another generation of

recoiling atoms thereby leading to the formulation of

cascade atoms. (3) A fraction of the cascade atoms

move to nearby material surface, and if their kinetic

energies in the normal direction of surface are greater

than surface potential barrier, then these atoms can

get out of the surface and become the sputtered atoms.

According to experimental study on the sputter-

ing phenomenon, the sputtering process usually hap-

pens within only 10–20-atom layers or so near the sur-

face. It is possible to explore an important simplified

approach for sputtering yield calculation. That means

actual sputtering yield is only dependent on the distri-

bution function of incident ions near the surface, and

independent of incident ion transport deep in target

materials. Based on this fact, we have developed the

new description model of sputtering.

2. New theoretical model

As mentioned above, the sputtering phenomena

take place within only 10–20-atom layers or so close

to the surface. This is the so-called emission thick-

ness. Under most circumstances, the energies of inci-

dent ions are greater than 100eV. The ranges of in-

cident ions in the target medium are usually more

than 100Å. However, the thickness of the 10–20-atom

layer is about 10Å in order of magnitude. The dis-

tribution function of incident ions changes exiguously

within the emission thickness and is quite close to the

distribution function of incident ions at the surface.

Therefore, it is reasonable to substitute the distribu-

tion function of incident ions at the surface for the dis-

tribution function within the emission thickness. The

distribution function at the surface f
(i)
0 (0, µ, E) con-
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sists of two parts: one is the distribution function of

primary incident ions at the surface, and the other is

the distribution function of reflected ions at the sur-

face. Thus the ion distribution function at the surface

can be written as

f
(i)
0 (0, µ, E) ≈ δ(E−E0)δ(1−µ)/2π+N(0, µ, E). (1)

The first term of Eq.(1) refers to the distribution func-

tion of directional incident ions with mono-energy and

the second term is the distribution function of the re-

flected ions at the surface.

The number of first generation cascade atoms

with energy E ± dE per unit volume and per unit

energy interval generated by elastic collisions between

the target atom and the primary incident ion or re-

flected ion can be given by

S(ia) =N

E0
∫

(E+Ed)/γ

dE′

∫

4π

duuu′f (i)(0, µ′, E′)

× σia
n (E′, E + Ed)

× δ

(

uuu · uuu′ −
M1 + M2

2M1

√

M1(E + Ed)

M2E′

)

/2π.

(2)

The intensity of new generation of cascade atoms gen-

erated by elastic collisions between the target atoms

and the cascade atoms knocked off from lattices is

S(aa) =N

γE0−Ed
∫

E+Ed

dE′

∫

4π

duuu′f (a) (x, µ′, E′)

× σaa
n (E′, E + Ed)

× δ

(

uuu · uuu′ −

√

E + Ed

E′

)

/2π, (3)

where N is the target atom number per unit volume;

σia
n is the differential cross section of elastic collision

between the incident ions and the target atoms. σaa
n

is the differential cross section of elastic collision be-

tween the target atoms and the cascade atoms. Ed is

the averaged displacement energy of target atoms and

γ = 4M1M2/(M1 + M2)
2. M1, E0 is the mass and

initial energy of the incident ions respectively, M2 is

the mass of the target atoms. uuu and uuu′ are the solid

angles. µ is the directional cosine of uuu.

Based on the statistical balance principle, we find

that the distribution function of cascade atoms obeys

the following transport equation:

−
∂ρ

(a)
e (E)f (a)(x, µ, E)

∂E
+ µ

∂f (a)(x, µ, E)

∂x

=N

γE0−Ed
∫

E

dE′

∫

4π

duuu′f (a)(x, µ′, E′)

× σaa
n (E′, E′ − E)δ

(

uuu · uuu′ −

√

E

E′

)

/2π

− Nf (a)(x, µ, E)

E
∫

0

dτσ(aa)
n (E, τ)

+ S(ia)(x, µ, E) + S(aa)(x, µ, E), (4)

where ρ
(a)
e (E) is the electronic stopping power of the

cascade atoms. Because the cascade atoms undergo

many times of collisions, the angular distribution of

cascade atoms approaches relatively isotropic distribu-

tion, hence the Pn-approximation is applicable, then

we have

f (a)(x, µ, E) ≈

n
∑

l=0

2l + 1

4π
Pl(µ)N

(a)
l (x, E). (5)

Similarly, Pn-approximation can also be made for

S(ia)(x, µ, E) and S(aa)(x, µ, E) as

S(ia)(x, µ, E) ≈
n

∑

l=0

2l + 1

4π
Pl(µ)S

(ia)
l (x, E),

S(aa)(x, µ, E) ≈

n
∑

l=0

2l + 1

4π
Pl(µ)S

(aa)
l (x, E).

(6)

In Eq.(5), N
(a)
l is the lth spherical harmonic moment

of f (a)(x, µ, E), and satisfies the following equation:

−
∂ρ

(a)
e (E)N

(a)
l

∂E
+

1

2l + 1

×

[

(l + 1)
∂N

(a)
l+1(x, E)

∂x
+ l

∂N
(a)
l−1(x, E)

∂x

]

= − ϕ
(a)
l (E)N

(a)
l (x, E) + S

(ia)
l (0, E)

+ S
(aa)
l (x, E), l ≤ n, (7)

where ϕ
(a)
l (E) is the scattering parameter for the cas-

cade atom with energy E, S
(ia)
l (0, E) and S

(aa)
l (x, E)

are the lth spherical harmonic moments of the source

terms in the Pn-approximation of S(ia)(x, µ, E) and

S(aa)(x, µ, E) respectively, they are given by
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S
(ia)
l (0, E) =

N

µ0
σ(ia)(E0, E + Ed) × Pl

(

M1 + M2

2M1

√

M1(E + Ed)

M2E0

)

Pl(µ0)

+ N

E0
∫

(E+Ed)/γ

dE′σ(ia)
n (E′, E + Ed) × Pl

(

M1 + M2

2M1

√

M1(E + Ed)

M2E′

)

N
(i)
l (0, E′), (8)

S
(aa)
l (x, E) =N

γE0−Ed
∫

E+Ed

dE′N
(a)
l (x, E)σ(aa)

n (E′, E + Ed) × Pl

(

√

E + Ed

E′

)

. (9)

|————————————————————————————

In order to calculate the sputtering yield, a proper

boundary condition is required to match Eq.(7), which

is different from the Mark boundary condition; the lat-

ter condition is valid only for free surface case. The

effects of surface barrier should be taken into account

in this boundary condition by introducing a critical

angle ϑc, which is determined by the relation:

cosϑc = µc =

√

U

E
, (10)

where U is the surface binding energy ( or barrier po-

tential ). The proper boundary condition is

f (a)(0, µi,E) =







f (a)(0,−µi, E), 0 < µi < −µc,

0 −µc < µi < 1,

(11)

where µi(i = 0, 1, · · · , n) are the roots of Legen-

dre polynomial Pn+1(µ). The above boundary con-

dition refers to the following physical picture of cas-

cade atoms in the vicinity of the surface. The cascade

atoms in the angular interval of µc < µ < 0 would be

reflected back into the materials by the surface barrier,

while only the atoms moving in the angular interval

of −1 < µ < µc would get out of the surface. Solving

Eq.(7) with boundary condition Eq.(11), we find that

the sputtering yield can be calculated by

Y =

γE0
∫

0

N
(a)
1 (0, E)dE. (12)

3. Deuterium saturated surface

However, in the most realistic circumstance, the

material surface is often saturated by the fuel atoms

of deuterium (or tritium) in fusion device. It can be

regarded as a multi-component surface. In this case

the expression derived by Sigmund[7] based on the lin-

ear cascade theory can be used to calculate the partial

sputtering yield

YLi

Y
=

cLi

cD

(

MD

MLi

)2m (

UD

ULi

)1−2m

. (13)

In order to compare with experimental data, only deu-

terium saturated lithium is calculated in this work. In

Eq.(13) Y is the absolute sputtering yield, as given in

Eq.(12), if no any deuterium atoms were present on

the lithium surface. cD is the concentration of deu-

terium atoms in a lithium matrix and cLi = 1 − cD.

The ULi and MLi correspond to the surface binding en-

ergy and mass of lithium respectively. We assumed a

50%Li–50%D surface coverage and with homogeneous

composition profile. The surface binding energies are

taken from Fig.5 of Ref.[8]. The UD should be re-

placed by the surface binding energy of Li–D compo-

nent rather than pure solid phase deuterium.

4. Results and discussions

The sputtering yields of W, Mo bombarded nor-

mally by the energetic fusion charged particles H+,

D+, T+ and He+ can be obtained. The results are

shown in Fig.1 and Fig.2 respectively. For comparison,

the Monte Carlo data[9] with D+ and T+ bombard-

ments are also plotted together on the same figures.

Figure 3 shows the sputtering yields of deuterium sat-

urated Li bombarded by He+ and D+ at normal in-

cidence, and the comparisons with experimental data

provided by Allain and Ruzic.[10] We can find that the

results obtained from this new model are reasonably

consistent with the Monte Carlo results from TRIM

code and experimental data, but the calculation of this

new model is much faster and more effective in com-

parison with Monte–Carlo calculations. We find that

the TRIM code data is a little higher than that ob-

tained from bipartition model in the region of higher

incident energy, this may be resulted from neglect of
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the contributions from the atoms farther away from

emission thickness in this model. These results can

provide some reference data for estimation of the life-

time of PFC, and some reference data of the source

terms for analysis of the impurity transport in the

core plasma of fusion reactor.

Fig.1. Sputtering yield of tungsten bombarded by the

fusion charged particles.

Fig.2. Sputtering yield of molybdenum bombarded

by the fusion charged particles.

Fig.3. Deuterium saturated solid lithium bombarded

by D+, He+.

We have also developed a new transport code for

energetic electron to calculate the maximum energy

depositions on the different material surfaces for dif-

ferent incident energies of the energetic runaway elec-

trons escaped from core fusion plasma during the dis-

ruption or plasma current collapse events, which lead

to the increase of the impinging heat flux on the wall,

meanwhile, some cooperative cascade fortified dam-

age processes, such as vaporizing and melting, might

occur especially for the liquid lithium surface. The

other important processes will be discussed in our

later work. The results are shown in Fig.4 and Fig.5

for different wall materials. E0 refers to the incident

energy,
dE

dx

∣

∣

∣

∣

max

is the maximum energy depositions

on the different material surfaces for different incident

energy of energetic runaway electrons. RN and RE

are the particle reflection coefficient and energy re-

flection coefficient of energetic electrons respectively.

Since liquid lithium is considered as having a poten-

tial application[11,12] to liquid curtain as the first wall

of blanket in a high power density reactor, so it is

covered in this research.

Fig.4. Maximum energy deposition versus runaway

electron energy for different materials.

Fig.5. Particle and energy reflection coefficients of

energetic electron on different material surfaces.
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