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Simulation study of sputtering erosion and impurity
deposition on carbon and tungsten surfaces irradiated
with deuterium plasmas including carbon impurity
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Abstract

Sputtering erosion and impurity deposition on C and W surfaces irradiated with Dþ plasmas containing C4þ

impurity have been studied. For the C target, the net erosion is suppressed by the local redeposition resulting from

charge exchange reactions of chemically sputtered CDx with Dþ at the high plasma density and low plasma temper-

ature. The D/XB values for CD4 reaction chains with electrons plus deuterium ions are lower than those for CD4

reaction chains with electrons at the low temperature. At the high temperature, these D/XB values which reproduce the

experimental data are almost the same. For the W target, in association with the C4þ impurity concentration, the

erosion and deposition occur near to and far from the LCFS, respectively, which qualitatively reproduces the exper-

imental data. The erosion and deposition fluctuate depending on the target temperature. The fluctuation is explained by

an interrelation between the diffusion and the reflective scattering collision.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

In the ITER divertor, carbon (C) and tungsten (W)

materials are simultaneously used as plasma facing

materials [1]. Because of their advantageous points, the

C material has a high thermal shock resistance and the

W material has a low erosion rate. However, due to

chemical sputtering resulting from chemical reactivity

with deuterium (D) plasmas via formation of methane

(CD4), the C material is eroded easily. The C erosion

brings about contamination of the plasmas with a C

impurity concentration of a few percent or less in the

current ITER design [2]. During exposure to the plasmas

including C impurity, erosion of the W material and

deposition of the C impurity on the W material result
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[3]. This complicates prediction of the net erosion of W

material. For the C material, the similar problem occurs.

Thus, there is a strong concern how the contaminated D

plasma exposure influences the net erosion of both C

and W materials.

In this study, the influence of chemical erosion of C

targets associated with the transport of eroded CD4 in

the edge plasmas has been studied using a plasma-sur-

face interaction code, EDDY [4,5]. Also, the net erosion

of W targets at elevated temperatures when irradiated

with D plasmas including C impurity has been studied.

The code calculates net erosion, including not only

redeposition of physically and chemically sputtered

impurities but also thermal diffusion of impurities

deposited on the target. The paper describes changes in

net erosion of the C targets as functions of various edge

plasma temperature and density. Emphasis is put on a

difference in the net erosion between CD4 reaction

chains with electrons and those with electrons plus

deuterium ions in the edge plasma. The paper also de-

scribes a dependence of net erosion of the W targets on
ed.
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the various target temperature. These results are com-

pared with experimental data obtained in TEXTOR-94

[3,6].
2. Simulation code for interactions between edge plasmas

and targets

Based on the binary collision model [7] and the

Monte Carlo impurity transport model [8], net erosion

of targets at elevated temperatures irradiated with the

edge plasma is calculated by EDDY. The energy of

plasma ions impinging on the target is given by the

drifting Maxwellian distribution with an acceleration

energy due to the electrostatic sheath potential of

Vs ¼ ðkTe=2eÞ lnð2pfme=migf1þ Ti=TegÞ [9]. Here, Te
and Ti are plasma electron and ion temperatures in

front of the targets, respectively, me is the electron mass

and mi is the ion mass. For the targets, local atomic

composition changes near the surfaces due to collision

cascades by moving particles and thermal diffusion of

impurities deposited on the target are simulated in the

same manner as TRIDYN/PIDAT [10]. From the local

atomic composition changes, a decrease (erosion) or an

increase (deposition) in the thickness of the target is

calculated. The thickness of the deposited C is simply

calculated using the density of C element (1.136 · 1023
cm�3).

For the edge plasmas, impurities released from the

surfaces by physical sputtering (C release or W release)

and chemical sputtering (CD4 release) are followed

based on the Lorentz force motion, including the ion-

ization and dissociation reactions with electrons as well

as the ionization reactions with deuterium ions. The

released impurities are assumed to leave the surfaces as

neutrals. The ionization and dissociation events are

modeled using their rate coefficients for proton (Pþ)

and CH4, instead of Dþ and CD4 [11]. The use is based

on the assumption that there would not be a significant

difference in atomic and molecular processes between

Dþ and Pþ and in those between CD4 and CH4. In the

modeling, the ionized particles are subjected to gyro-

motion with collisional friction forces parallel to the

magnetic field. The dissociated particles are scattered

isotropically with an additional energy by the Frank–

Condon principle. The simulation is performed until

the released particles are either redeposited on the

targets or leave the calculation volume. The sticking

coefficient of the hydrocarbons hitting the target is

assumed to be 100%. The contribution of background

hydrocarbons from the next to the calculation vol-

ume is neglected because it is weaker than that of C

impurity transported by a plasma from other wall

targets. Details of EDDY have been described else-

where [4,5].
3. Results and discussion

3.1. Net erosion of carbon targets irradiated with edge

plasmas

For the simulation, experimental conditions for a

spherically shaped C test limiter irradiated with the

TEXTOR-94 edge plasmas has been used. The top of

the test limiter, 10 cm long in the toroidal direction and

8.5 cm wide in the poloidal direction, is located at the

last closed flux surface, the LCFS (at a minor radius of

r � 46 cm). Details of the experiment have been de-

scribed in Ref. [6]. The radial profiles of edge plasma

density and temperature fitted exponentially to those

measured by the Li-and He-diagnostics are used: their e-

folding lengths are 2.0 and 2.5 cm, respectively [12,13].

The density and temperature at the LCFS, neLCFS and

TeLCFS, are variable. Based on features of the TEXTOR-

94 edge plasmas, Dþ and C4þ are used assuming Ti ¼ Te
[14]. The flux ratio C/D, which decreases from 2.0% to

4.4% with increasing r from the LCFS to 49.5 cm, is

used [15]. The target temperature of 600 K (0.05 eV) is

assumed.

A change in erosion and deposition rates of the C

target at r ¼ 47 cm, which is 30� from the toroidal

magnetic field, with neLCFS and TeLCFS is calculated as

shown in Fig. 1. For no chemical sputtering, with

increasing TeLCFS, the deposition rate at a low density of

neLCFS ¼ 1012 cm�3 increases to a maximum, returns to

zero, and changes to erosion (Fig. 1(a)). For a high

density of neLCFS ¼ 1013 cm�3, a similar trend arises, but

the erosion and deposition rates are ten times higher

(Fig. 1(b)). The deposition is because reflection of the C

impurity and physical sputtering of the target do not

occur due to the low plasma temperatures. The increase

in the deposition rate is because the impinging flux in-

creases in proportion to neT 1=2
e . The erosion is due to a

significant contribution of the physical sputtering

resulting from the high plasma temperature.

The addition of the chemical sputtering decreases the

deposition rate, and it increases the erosion rate. When

the chemical sputtering yield YCD4 increases to 0.04, the

erosion occurs even at TeLCFS < 10 eV (Fig. 1(a) and (b)).

The figure also shows that the erosion rate relates to

reaction of eroded CD4 with the plasmas, which influ-

ence their local and prompt redeposition. For low den-

sity, there is little difference in the erosion rate between

CD4 reaction chains with electrons and those with

electrons plus deuterium ions in the plasmas (Fig. 1(a)).

For high density, however, a different trend arises (Fig.

1(b)). The erosion rate is decreased by the additional

reactions with deuterium ions (the charge exchange

reactions with deuterium ions: Dþ þ CDx ! CDþ
x þD

for x ¼ 1–4 and Dþ þ C ! Cþ þD). At TeLCFS < 10 eV,

the erosion rate for the additional reactions with deu-

terium ions is half that for CD4 reaction chains with
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Fig. 1. Erosion and deposition rates of a C target irradiated

with Dþ plasmas including C4þ impurity (C: 2.5%) for different

plasma temperatures at LCFS, TeLCFS, at plasma densities at

LCFS of (a) neLCFS ¼ 1012 cm�3 and (b) neLCFS ¼ 1013 cm�3. The

chemical sputtering yield YCD4
is assumed to be YCD4

¼ 0:04. On

the vertical axes, plus and minus signs indicate the deposition

rate and the erosion rate, respectively. Thick dotted and solid

curves correspond to the results for CD4 reaction chains with

electrons and those with electrons plus deuterium ions in the

plasmas, respectively.
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Fig. 2. Redeposition rates of chemically sputtered particles, as

a function of TeLCFS, for CD4 reaction chains with electrons

(dotted curves) and those with electrons plus deuterium ions

(solid curves), at (a) neLCFS ¼ 1012 cm�3 and (b) neLCFS ¼ 1013

cm�3. On the vertical axes, 0% means that no chemically

sputtered particles are redeposited promptly and locally on the

target. Other notations are the same as those used in Fig. 1.
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electrons. This decrease is explained using a redeposition

rate defined by a rate of locally redeposited particles to

chemically sputtered particles. For neLCFS ¼ 1012 cm�3,

the redeposition rates for the two reaction chains are

almost the same, and at TeLCFS < 10 eV they are close to

0% (Fig. 2(a)). For neLCFS ¼ 1013 cm�3, however, the

redeposition rate for the additional reactions with deu-

terium ions at TeLCFS < 10 eV is increased (Fig. 2(b)),

which results in the decrease in the erosion rate. This

reason is that, at neLCFS ¼ 1013 cm�3 and TeLCFS < 10 eV,
the charge exchange reactions of hydrocarbons with

deuterium ions are more pronounced, and the ionized

particles are easily redeposited by the magnetic field

directed to the target. From the result, net erosion of C

targets irradiated with the detached plasma in the di-

vertor is expected to be significantly compensated by the

local redeposition resulting from the charge exchange

reactions with deuterium ions.

In general, for measurement of the chemical sput-

tering yield, the D/XB value which is defined by a ratio

of the CD4 flux to the intensity of the CD band emission

(430 nm) is used [15]. As shown in Fig. 3(a), at

neLCFS ¼ 1012 cm�3 and TeLCFS > 10 eV, the D/XB values



100

101

102

103

1 10 100

Chemical sputtering (e- impact) 

Chemical sputtering (e- and D+ impact) 

TeLCFS (eV)

D
/X

B

(b)   neLCFS = 1013 cm-3  

100

101

102

103

1 10 100

Chemical sputtering (e- impact)

Chemical sputtering (e- and D+ impacts)

TeLCFS  (eV)

D
/X

B

(a)   neLCFS = 1012 cm-3 

Experiment

Fig. 3. D/XB values of CD from eroded CD4, as a function of

TeLCFS, for CD4 reaction chains with electrons (dotted curves)

and those with electrons plus deuterium ions (solid curves), at

(a) neLCFS ¼ 1012 cm�3 and (b) neLCFS ¼ 1013 cm�3. Solid circles

correspond to the experimental data obtained in TEXTOR-94

[6]. Other notations are the same as those used in Fig. 1.
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for the two reaction chains are almost the same. They

increase with TeLCFS because the hydrocarbons are

redeposited promptly and locally before becoming CD

radicals. The result is in good agreement with the

TEXTOR-94 data [6]. This agreement indicates that

there is little influence of the additional reactions with

deuterium ions on the D/XB values at TeLCFS > 10 eV.

For neLCFS ¼ 1013 cm�3 and TeLCFS > 10 eV, there is the

similar trend as shown in Fig. 3(b), but the D/XB values

increases more steeply due to the higher redeposition

rates of Fig. 2(b). However, there is a difference in the D/

XB values between the two reaction chains at

TeLCFS < 10 eV. The D/XB value for the additional

reactions with deuterium ions is lower. The trend is more
pronounced at high density. This is because the hydro-

carbons can change to CD radicals by additional reac-

tions with deuterium ions. The result indicates that, at

low temperature, the D/XB value is strongly dependent

on the CD4 reaction chains.

3.2. Net erosion of tungsten targets irradiated with edge

plasmas

For the simulation, experimental conditions for a W

layer 300 nm in thickness on a graphite sample, which is

at 20� to the toroidal magnetic field and irradiated with

the TEXTOR-94 edge plasmas have been used. Details

of the experiment have been described in [3]. Similarly,

the exponentially fitted density and temperature are

used: neLCFS is 2 · 1012 cm�3, TeLCFS is 50 eV, and their e-

folding lengths are 2.55 and 7.5 cm, respectively. The

features of the TEXTOR-94 edge plasmas described

earlier are used.

The temporal evolution of erosion and deposition on

a W target exposed near to the LCFS, at r ¼ 49 cm, for

different target temperatures, T , is simulated as shown in

Fig. 4(a). The result is calculated using the diffusion

coefficient measured by other experiments for thermal

diffusion of C in W, D0 ¼ 3:15� 10�7 m2/s and Q ¼ 1:78
eV [16]. If diffusion is not taken into account, the target

is eroded due to the high plasma temperature and low C

impurity concentration. However, the addition of dif-

fusion causes a change from the erosion to deposition

(Fig. 4(a)). With increasing temperature, the erosion is

slightly enhanced (T < 950 K), but it is suppressed and

then changes to deposition due to deep penetration of

the deposited C atoms in the W target by diffusion

(T > 950 K). The enhancement of erosion is explained

by an increase in physical sputtering of the deposited C

atoms, which results from the reflective scattering colli-

sions at W–C mixed layers near the surface [17].

For a W target exposed far from the LCFS (at

r ¼ 50:1 cm), there is a different temperature dependence

of the erosion and deposition, as shown in Fig. 4(b).

With increasing exposure time, a transition from erosion

to deposition occurs if no diffusion is taken into account.

This transition is due to the low plasma temperature and

high C impurity concentration. The depth profile for no

diffusion shows formation of a C film on the target (not

shown here). As the temperature increases (T < 600 K),

the amount of deposition is increased by diffusion. At

temperatures above 600 K, deposition is suppressed, and

eventually, erosion occurs. The result is explained by an

interrelation between diffusion and the reflective scat-

tering collisions. By the significant contribution of dif-

fusion, the deposited C atoms penetrate more deeply,

which results in formation or growth of a W–C mixed

layer near the surface. As a result, since the reflective

scattering collision occurs easily, physical sputtering

of the deposited C atoms is enhanced by additional
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Fig. 4. Temporal evolution of erosion and deposition on W

targets irradiated with Dþ plasma including C4þ impurity for

different target temperatures. (a) and (b) show the results near

and far the LCFS, respectively. On the vertical axes, plus and

minus signs indicate deposition of C impurity and erosion of the

target, respectively. Thin curves correspond to the results cal-

culated by taking no diffusion into account.
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emission of the C atoms due to impact of D ions re-

flected from the W atoms. Physical sputtering of the W

atoms is also enhanced because of the decrease in the

deposited C atoms (due to no protection layer of the C

atoms on the W target).

A comparison between Fig. 4(a) and (b) indicates

that there is erosion at T < 1350 K on the target near to

the LCFS, whereas there is deposition at T < 930 K on

the target far from the LCFS. This result qualitatively

reproduces the TEXTOR-94 experimental data [3].

From the agreement, the erosion and deposition on the

W targets is found to fluctuate significantly in response

to the plasma temperature, the plasma density and the
target temperature. For the calculation, a choice of the

diffusion coefficient is a crucial issue. If using the

smaller diffusion coefficient, there may not be a signifi-

cant change of the thickness at the given target tem-

peratures.
4. Conclusions

Sputtering erosion and impurity deposition on C

and W surfaces irradiated with Dþ plasmas containing

C4þ impurity have been studied using the EDDY

simulation code for plasma–surface interactions. For

the C target, emphasis is put on a difference in the net

erosion between CD4 reaction chains with electrons

and those with electrons plus deuterium ions in the

plasma. At high plasma density and low plasma tem-

perature, net erosion is significantly suppressed by the

local redeposition resulting from the charge exchange

reactions of chemically sputtered CDx molecules with

deuterium ions. The D/XB values for the two CD4

reaction chains are not the same at the low tempera-

ture, whereas at the high temperature the D/XB values

which reproduce the experimental data are independent

of the CD4 reaction chains. For the W target, emphasis

is put on temporal evolutions of the erosion and

deposition on the targets near to and far from the

LCFS. In association with the C impurity concentra-

tion, erosion occurs near to LCFS, and deposition

occurs far from the LCFS, which qualitatively repro-

duces the TEXTOR experimental data. The erosion

and deposition fluctuate depending on the target tem-

perature. Their temperature dependences differ, which

is explained by an interrelation between the diffusion

and the reflective scattering collision.
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