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Erosion and redeposition of materials is a critical issue in determining the lifetime of plasma-facing components as well as 
the plasma cleanliness in fusion reactors. In this work, both experimental and modeling efforts have been made to 
understand the fundamental aspects of the materials erosion and redeposition behavior under plasma bombardment, using 
the PISCES-B Mod facility, the WBC impurity transport code, and the VFTRIM and ITMC surface codes. A small impurity 
source made of molybdenum or boron embedded in a host surface of graphite is exposed to a steady-state, magnetically 
confined argon plasma. The plasma density is about 2 X 10” cme3, and the electron temperature is about 18 eV. The ion 
bombarding energy to the surface is set at 100 and 150 eV. The magnetic field is about 500 G. Under these experimental 
conditions, about 70% of the sputtered impurity atoms are calculated to be redeposited on the graphite surface, resulting in 
a distribution of impurity atom concentration on the graphite surface. The measured impurity redeposition profile indicates 
a decay across the magnetic field, and reaches a steady-state profile after a certain plasma exposure time. A good agreement 
has been found between the experimental data and the results of modeling. 

1. Introduction 

In magnetic fusion devices, materials eroded from 
the plasma-facing components can be ionized due to 
electron impact, trapped by the magnetic field and 
then redeposited elsewhere. The materials transport 
associated with erosion and redeposition can affect the 
lifetime of plasma-facing components and has a direct 
impact on the plasma cleanliness. 

To understand the edge impurity transport and 
material redeposition, several experiments have been 
performed in tokamaks such as the Tokamak Fusion 
Test Reactor (TFTR) [l] and the Doublet III-D (DIII- 
D) [2] during extended campaigns consisting of many 
tokamak discharges of a few second duration. Gener- 
ally, data on the archaeology of impurity redeposition 
can be obtained only during vacuum openings. It is also 

true that such archaeological analysis of the impurity 
transport may be significantly affected by off-normal 
events such as disruptions and run-away electrons. A 
number of single pulse erosion/ redeposition measure- 
ments are being planned for DIII-D using the Divertor 
Materials Evaluation System (the DIMES probe) [3]. 
However, these are limited in number and duration 
due to tokamak operation constraints. 

One finds, therefore, an important role that non- 
tokamak, steady-state plasma devices can play in un- 
derstanding the details of materials transport associ- 
ated with erosion and redeposition processes. Using 
the Plasma Interaction with Surfaces and Components 
Experimental Station, PISCES-A facility, the first 
non-tokamak experiments on materials redeposition 
were carried out for selected materials under con- 
trolled conditions [4]. In this work simple analysis was 
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performed to explain the net erosion data under rede- 
position conditions. Due to the incompleteness of 
plasma diagnostics on PISCES-A and the lack of mod- 
eling capability, it was not possible to analyze the 
details of materials transport associated with redeposi- 
tion. 

In the present work, the PISCES-B Mod facility 
[5,6] is used to study these details under well-diagnosed 
experimental conditions. The redeposition-driven 
cross-field transport behavior of selected impurities 
(boron and molybdenum) over a graphite target has 
been investigated under argon plasma bombardment 
with a normal incidence of the magnetic field. The 
WBC code [7] is used to model the impurity transport 
in these experiments with the help of the Vectorized 
Fractal TRIM (VFTRIM) code [9,10] which provides 
information on the velocity distribution of sputtered 
atoms. The effective erosion yield of the molybdenum 
marker contaminated by redeposited impurities is cal- 
culated using the Ion Transport in Materials and Com- 
pounds (ITMC) code [ll]. 

2. Experimental 

In PISCES-B Mod, high-density, steady-state cylin- 
drical plasmas of argon, nitrogen, hydrogen, deuterium 

and helium can be generated in a linear magnetic field 
that is parallel to the main axis of the vacuum cham- 
ber. Shown in fig. la is a schematic diagram of the 
present experimental setup. An “impurity” marker 
made of molybdenum or boron is embedded in the 
center of a graphite target circular plate with a diame- 
ter of 5 cm. The target is exposed to a steady-state 
argon plasma for a total time duration of about one 
hour. The effective ion bombarding energy is con- 
trolled by applying a negative dc-bias on the graphite 
target. Two effective ion bombarding energies of 100 
eV and 150 eV are used in these experiments: one is 
below the calculated threshold energy for physical 
sputtering of graphite by argon [8] and the other is 
above the threshold. The target is positioned normal to 
the plasma axis and the axial magnetic field is set at 
about 500 G. Under these conditions, material sput- 
tered from the impurity marker can be ionized in the 
plasma and has a relatively high probability of redepo- 
sition on the graphite surface, as will be described 
later. Shown in fig. lb is an example of the trajectory 
of a sputtered atom modeled by the WBC code, details 
of which will be described in section 3.2. 

A fast-acting pneumatic double probe [6] is used to 
measure the radial profile of the plasma density and 
electron temperature near the substrate surface. The 
radial plasma density and space potential profiles are 

0 denotes an ionization event 

Fig. 1. (a) A schematic diagram of the experimental setup. (b) A particle trajectory calculated with the WBC Monte Carlo code [7], 
showing the sputtering and redeposition paths of a MO atom. 
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Fig. 2. Typical argon plasma density and potential profiles in 
PISCES-B Mod. 

shown in fig. 2. The plasma density over the target area 
is maintained at about 2 X 10” cmm3 and the electron 
temperature is set at about 18 eV. The ion bombarding 
flux is about 1 X 10” ions/cm2 s. The space potential 
profile is measured across the plasma column. Data 
indicate a radial electrostatic field such that the center 
of the plasma is at a lower potential than the edge. 
Under these conditions, the radial velocity component 
of impurity ions will be reduced, leading to an im- 
provement of ion confinement. Therefore, this electro- 
static field enhances the redeposition of ionized impu- 
rities. In order to analyze the time evolution behavior 
of impurity transport, the plasma exposure time is 
increased in steps up to a total exposure of one hour. 

After plasma exposure, surface analysis is per- 
formed to obtain the impurity distribution profile. Since 
the MO marker is at the center of the circular graphite 
target, for a given radial distance from the center of 
the MO marker the concentration of redeposited MO 
over the graphite surface is expected to have a az- 
imuthal symmetry. Hence the radial MO concentration 
profile is obtained by measuring the MO concentration 
along a single radius of the graphite substrate. Energy- 
dispersive X-ray analysis (EDX) and Auger electron 
spectroscopy @ES) are used to determine the surface 
impurity concentration. The depth of analysis with 
EDX is about 50 nm for MO and 150 nm for carbon. 
EDX analysis has a high sensitivity to MO. Hence, the 
radial impurity concentration profile after each plasma 
exposure is obtained by EDX. Quantitative analysis is 
performed using pure element standards as references. 
The error in this analysis ranges from 2% at the high 
concentrations (2 1 at%,) to 20% at low concentrations 
(I 0.1 at%) measured. The depth of analysis with AES 
is a few nm. The error in AES quantitative analysis is 
about 5%. 

3. Results and discussion 

3. I. PISCES experiments 

The MO radial concentration profiles from EDX 
analysis are shown in fig. 3. During EDX analysis no 
carbon contamination was detected at the MO marker 
even after 60 min exposure. Hence in fig. 3, the MO 
concentration is shown to be 100 at% on the marker 
surface. The MO concentration on the graphite surface 
is observed to decrease with increasing radial distance. 
As shown in fig. 4, the MO concentration at several 
radial positions along a single radius on the graphite 
surface changes as a function of time in such a way 
that 

C = C,[l - exp( --t/T)], 

where C is the MO concentration, T is the characteris- 
tic time constant and C, is the steady-state concentra- 
tion. The calculated values of the characteristic time 
constants are shown in table 1. Notice that the calcu- 
lated time constants at 100 eV are significantly higher 
than those at 150 eV. The MO steady-state concentra- 
tions at 100 eV energy are higher than at 150 eV. In 
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Fig. 3. Radial concentration profiles of MO redeposited on the 
graphite target obtained by EDX analysis along a fixed radius. 
The target was bombarded with (a) 100 eV Ar+ ions, (b) 150 

eV Ar+ ions. 
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Time evolution of MO concentration at different radial 
positions along a fixed radius on the graphite surface. The 
target was bombarded with (a) 100 eV Arf ions, (b) 150 eV 
Ar+ ions. The numbers in the legend indicate the distance 

from the center of the marker. 

general, the time dependence of MO concentration on 
the graphite surface at a given radial position is ex- 
pected to be determined by the respective sputtering 

Table 1 
Characteristic time constants for MO concentration buildup 

Impurity Argon Radial position Characteristic 
marker bombarding from the center time constant, 
material energy (cm) 7 (mitt) 

(eV> 

MO 100 0.25 16 
0.15 25 
1.25 29 
1.75 40 
2.25 36 

MO 150 0.25 8.3 
0.75 5.8 
1.25 7.2 
1.75 4.6 

rates of MO at the marker and in the carbon, and by 
the transport of the sputtered MO. The observed be- 
havior is found to be consistent assuming that rede- 
posited carbon atoms gradually cover up the marker, 
thereby reducing MO erosion. To confirm this point, 
in-situ AES was performed. AES is more sensitive to 
the presence of carbon on MO than EDX because, the 
MO has a very high absorption coefficient for carbon 
X-rays generated during EDX analysis. AES data indi- 
cates that the MO marker surface is indeed covered 
with redeposited carbon to a concentration of 23 at% 
after a 60 min exposure at 150 eV energy, and to a 
concentration of 16 at% at 100 eV. Possible effects of 
the carbon coverage over molybdenum are discussed in 
section 3.3. 

The transport of boron has also been studied under 
identical experimental conditions. Generally, trends 
similar to molybdenum have been found for boron. 
The only difference observed is that the steady-state 
profile for boron was established much more rapidly 
than that for molybdenum. In fact, the characteristic 
time constant for boron is typically about a few min- 
utes. This appears to be due to the fact that the 
sputtering yield of boron is generally high, providing a 
strong intensity impurity source. 

3.2. WBC simulation of impurity redeposition 

Impurity redeposition under the PISCES-B Mod 
conditions has been simulated using the WBC Monte 
Carlo code [7]. WBC is a 3-D kinetic code which 
computes the subgyro orbit motion and the charge 
state of sputtered impurities in a fixed background 
plasma. It contains models for sputtering, electron 
impact ionization and recombination (and other rele- 
vant atomic and molecular processes), velocity chang- 
ing collisions with the plasma, and sheath parameters. 
In the code, a sputtered neutral is launched from the 
surface with velocity determined by a sputtering sub- 
code, or in some cases by an analytic model. The point 
of neutral ionization is then determined based on the 
locally-varying electron density and temperature. Once 
ionized, the particle velocity is computed based on the 
Lorentz force motion plus impurity-plasma collisions. 
Collisions are computed via a Monte Carlo solution of 
the Fokker-Plank equations, which as discussed in ref. 
[7], involve terms for collisional friction of the impuri- 
ties with the background plasma, and velocity diffu- 
sion. The ion charge state is computed simultaneously, 
via a standard Monte Carlo method. The simulation is 
performed using the plasma parameters obtained from 
measurements done in PISCES-B Mod: 
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(1) Argon plasma with an ion temperature of 0.2 eV. 
(21 Plasma density and electron temperature profiles 

corresponding to the measured values. 
(3) A Debye-type sheath region with a negative bias of 

100 or 150 V. 
(41 A presheath electric field of about 30 V/m. 
(5) A radial electric field corresponding to a parabolic 

potential difference with a measured value of A@ 
= 6 V at a radius of r = 3 cm (see fig. 2). 

(6) Bohm diffusion for radial transport. 
The sputtering process is modeled by the vectorized 

fractal TRIM (VFTRIM) code [9,101 to provide the 
velocity distribution of sputtered neutral atoms to the 
WBC code. In the VFTRIM code the effect of surface 
roughness on ion-surface interactions is handled using 
the fractal concept. For comparison, a cosine angular 
distribution and a Thompson energy distribution hav- 
ing a maximum cut-off energy for the sputtered atoms 
is also used as an input to the WBC code. It was found 
that the VFTRIM-based simulations show a consider- 
ably better agreement with the experimental data, as 
will be shown later. 

The WBC code computes the charge state of an ion 
due to electron impact ionization (recombination being 
negligible here) as a function of time. Approximately 
10000 particles are launched (corresponding to about 
70000 incident Arf ions at 100 eV1, from the 3 mm 
diameter marker (for MO and B), or from the 5 cm 
diameter substrate (graphite) for each simulation. A 
particle history terminates upon the particle’s reaching 
anywhere on the surface, or upon its leaving the plasma 
column in PISCES-B Mod. 

WBC runs were made for MO and B transport and 
also for carbon transport. In the latter case carbon is 
sputtered uniformly from the entire carbon surface. 
Fig. lb shows an example of a sputtered particle trajec- 
tory. As shown, the particle is sputtered as a neutral 
atom which has a straight line trajectory until it is 
ionized. Once ionized, due to the presence of magnetic 
and electrostatic fields, the particle undergoes a com- 
plex motion dependent upon its radial diffusion, ther- 
malizing collisions with the plasma, gyro motion, and 
its changing charge state. In the case shown in fig. lb, 
the particle is redeposited on the target. Table 2 sum- 
marizes the results of the WBC simulations. The WBC 
results show the following trends: the elevation angle, 
0, measured from the normal to the surface is only a 
few degrees and indicates that redeposited ions of B as 
well as MO impact the graphite surface at essentially 
normal incidence, with energy, E, determined primar- 
ily by their acceleration through the sheath due to the 
dc-bias applied. The MO ions reach a higher charge 

Table 2 
Results of WBC analysis of the PISCES MO and B transport 
experiments. An overbar denotes average value. All parame- 
ters except the first two refer to redeposited particles. The 
plasma parameters used are: T, = 20 eV, N, = 2 X 10” cm-’ 
for molybdenum and carbon redeposition and T, = 17 eV. 
N, = 2.5 X 10” cme3 for boron 

Parameter MO MO B C 

Incident Ar+ ion 
energy (eV) 
Sputtered particle 

energy, U, (eV) 
Redeposition 
fraction, f 
Ion transit time, 
i (ILS) 
Elevation angle, (0) 
(degrees) 

Charge state, i? 
Energy of 
redepositing ions, 

E (eV) 

100 150 

4.4 5.9 

0.76 0.72 

19 20 

4 3 

2.3 2.4 
240 368 

100 150 

2.4 4.4 

0.65 0.42 

7 11 

2 3 

1.0 1.1 
103 170 

state, K, than the B ions. The spatially averaged rede- 
position fraction, f, is somewhat higher for MO than 
that for B. This is primarily due to the increased radial 
confinement of the MO ions as a result of their attain- 
ing higher charge states. 

Normalized MO concentration profile data at the 
exposure period of 0.5 min is compared with the WBC 
simulated redeposition flux profile in fig. 5. Here, 
normalization is done using the data at a position 0.25 

s ._ 1.2- 
z - WBC Sml”lalwn L 
; l.O- --e WBC+YFTRlM s,mu,a&an 

E -Q- PlSCES experhnen, 

5 0.6 - 0 
s 0.6 - 

T) 0.4- 
: .- 
z 0.2 _ 
E 

2 0.03 
0.0 1.0 2.0 3.0 

Distance from the marker (cm) 

Fig. 5. Comparison of molybdenum redeposition data from 
the PISCES experiments with those from the WBC simula- 
tion. The total exposure time is set at 0.5 min for this 

comparison to avoid the time accumulation effect. 
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cm from the center because in the case of the PISCES 
experiments, the redeposition of MO on the marker 
surface cannot be differentiated from the marker ma- 
terial. Considering that there is a factor of two uncer- 
tainty in the measurement of the plasma parameters 
and in the ionization rate coefficient data used as input 
to the WBC code, the WBC profile with the VFTRIM 
input agrees quite well with the experimentally ob- 
served trend of decrease in MO concentration with 
increase in the distance from the marker. 

In the case of the experiments performed in 
PISCES, the impurity concentration on the graphite 
surface increases with increasing time and tends to 
reach a steady state value as described earlier. The MO 
redeposited on the graphite acts as a secondary source 
of impurity and can be expected to influence the mea- 
sured redeposition profile. The WBC code cannot take 
into consideration changes in marker size or purity 
with time. We discuss the issue of sputtering of MO 
deposited on graphite in the next section. In our com- 
parison of the WBC results we have used the PISCES 
data for the smallest exposure period of 0.5 min to 
minimize the effect of a change in the impurity source. 
Also, we have normalized and compared data obtained 
for all the exposures up to one hour and there is no 
difference between the normalized MO concentration 
profiles for the smallest or the longest exposures. 
Therefore, we can assume that the nature of the nor- 
malized profile does not change appreciably with time 
and that the comparison shown in fig. 5 is valid. 

3.3. MO impurity concentration on graphite 

In this section, we attempt to explain the observed 
time evolution of the MO redeposition behavior. The 
net MO atom flux on the graphite substrate is related 
to the difference between the redeposited flux of MO 
sputtered from the marker and the flux of MO atoms 
eroded from the graphite substrate after redeposition. 
The flux of redeposited MO atoms is proportional to 
the flux of MO sputtered off the marker surface (the 
redeposition fraction is calculated from the WBC code 
to be around 75%). The MO sputtering from the marker 
surface, however, is sensitive to the surface contamina- 
tion. As mentioned earlier, from in-situ AES analysis 
performed after 60 min plasma exposure, we have 
found evidence of 16 and 23 at% of carbon deposited 
on the marker surface in the case of 100 and 150 eV 
Ar+ bombardment, respectively. A partial surface cov- 
erage of the MO marker with carbon redeposited from 
the graphite surface can substantially reduce the sput- 
tering yield of molybdenum due to a screening effect 

[12]. In order to analyze this screening effect, we have 
run the ITMC code. 

The ITMC code [ll] is a 3-D Monte Carlo code 
which computes ion penetration and sputtering in tar- 
get materials. The sputtering yields of single element 
targets as well as alloys with different surface and bulk 
compositions, or of layered structures of different ma- 
terials can be simulated. The layer thickness can be as 
small as a monolayer. The code computes incident 
particle and recoil particle trajectories based on a 
binary nuclear collision model. A variety of energy loss 
models are used in the code as appropriate for the 
surface composition in question. For each species, the 
individual contribution of primary and secondary 
knock-on atom cascades to the total sputtering yield is 
also evaluated. 

The ITMC results for 100 eV Arc ions incident on 
a (MO + Cl homogeneous mixture are shown in fig. 6a 
as a function of MO concentration. The effect of an 
increase in thickness of the surface layer of carbon on 
molybdenum is shown in fig. 6b. It is clear from fig. 6a 

MO concentration (at %) 

100 80 60 40 20 0 

0.'2j(a) 0.12 
--e- MO y,eia 

Carbon concentration (at %) 

0.02 

1 
0.00 4 

KJh---ko2 
I so.00 

0.0 0.1 0.2 0.3 0.4 0.5 

Thickness of carbon layer on MO (nm) 

(b) 

Fig. 6. Sputtering yield calculated with the ITMC code for (a) 
MO and carbon homogenous mixture, (b) MO covered with 

carbon up to a few monolayers. 
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that even a slight increase in MO concentration can 
increase the carbon sputtering yield noticeably. This is 
mainly because of the near-surface collisional cascade 
effects of MO atoms. Thus, as the MO concentration on 
the graphite surface increases, the sputtering rate of 
graphite increases. Also, in the case of an homogenous 
mixture of (MO + C) the erosion yield of MO reduces 
linearly as the carbon concentration increases. In the 
case of the carbon layer coverage shown in fig. 6b, the 
erosion yield of MO reduces by a factor of 5 for a 0.2 
nm thickness of carbon layer and is indicative of a 
complete suppression when the carbon layer thickness 
is above 0.3 nm. This occurs because when the MO 
marker is covered by carbon, the contribution of the 
primary knock-on cascades to the sputtering of MO is 
substantially reduced, and the energy transfer from 
secondary cascades of the light carbon atoms is poor. 

In summary, the observed time evolution of MO 
transport can be qualitatively explained as follows: as 
the MO impurity concentration increases on the 
graphite surface, the effective sputtering yield of car- 
bon increases and hence carbon redeposition on the 
MO marker increases. The increase in carbon redeposi- 
tion on the marker in turn contributes to a decrease in 
the MO flux sputtered from the marker and rede- 
posited on the graphite. At some point the fluxes of 
redeposited MO to the graphite surface and MO eroded 
from the graphite surface balance each other, which 
leads to the steady state MO concentration. More elab- 
orate analysis using a fully coupled WBC/ITMC calcu- 
lation can be done for the time-dependent impurity 
transport, but this is beyond the scope of the present 
work. 

4. Summary 

With the main emphasis of understanding the fun- 
damental processes of impurity transport, materials 
redeposition experiments have been carried out in 
PISCES-B Mod. The effect of redeposition due to the 
cross-field impurity transport has been clearly demon- 
strated in these experiments. It is also found that as 
plasma exposure proceeds, the impurity concentration 
profile exhibits a breakthrough time evolution with an 
exponential increase followed by a steady-state behav- 
ior. These experimental data have been analyzed using 

the WBC impurity transport code. The experimentally 
observed decreasing trend for the MO concentration 
with increasing distance from the marker is predicted 
quite well by the WBC code. Considering that there is 
a factor of two uncertainty in the plasma parameters 
and the ionization rate coefficients we believe that the 
agreement between the experimental data and the 
WBC code results with VFTRIM input is good. Also, 
using the effective sputtering yield calculated by the 
ITMC code, the experimentally observed steady state 
is qualitatively explained. 
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