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Abstract 

To study local particle transport, silane was injected through a hole in a test limiter surface during discharges in 
TEXTOR-94. The gas injection lead to the deposition of a thin layer around the injection hole which was close to the area of 
the highest heat load. The layer was eroded in discharges without silane injection. The layer was not only formed by the 
injected silicon but also by a large amount of carbon which must originate from other plasma facing components. The 
preferential direction (symmetry line) of the deposition pattern is tilted by ~ 25 ° relative to the magnetic field lines. 
Calculations with the ERO-TEXTOR code recover the general shape of the Si-deposition pattern. To get accordance between 
the calculations and the experimental results a strong electric field parallel to B and a sticking coefficient much smaller than 
1 has to be considered to reproduce the low silicon deposition efficiency, whereas the tilting of the symmetry line can be 
explained by the existence of a radial electric field. 
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1. Introduction 

The control of material erosion on first wall elements 
such as a limiter or divertor is a serious problem in future 
fusion devices. High heat and particle fluxes may lead to 
erosion rates which are unacceptably high for long pulse 
operation. Since the net wall erosion is the result of several 
interdependent processes including surface and plasma edge 
physics a detailed understanding of individual processes 
and interaction mechanisms is necessary to actively control 
and mitigate erosion. The formation of a strong local 
impurity source of chemically eroded molecules or physi- 
cally sputtered atoms can influence local and global plasma 
edge parameters, like the density and temperature of elec- 
trons, ions and neutrals, which, on the other hand, are the 
major quantities determining both the erosion and the 
prompt redeposition. 

The concept of layer deposition by local injection of 
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reactive gases was examined in TEXTOR as a possibility 
to actively control net erosion. It is based on the controlled 
injection of suitable reactive gases such as methane or 
silane close to or at the areas of highest erosion. It was 
clearly demonstrated that in the vicinity of an injection 
hole a film can be deposited even in areas where erosion 
occurs without gas injection [1,10]. Due to its similarity to 
methane which is chemically produced at graphite limiter 
surfaces, silane (SiD 4) is an ideal model system and its 
transport and deposition can be studied without interfer- 
ence from the major tokamak intrinsic impurities carbon or 
boron. 

The ERO-TEXTOR code was developed to describe 
the experimental results. It is a local 3D-Monte Carlo code 
which, initially based on the ERO code [2,3], was en- 
hanced including now the kinetic description of the one- 
particle distribution functions, curved limiter surfaces, a 
SOL defined by limiters, and ionization processes of eroded 
or injected molecules. It was found that local electric fields 
parallel to B and radial electric fields arising from gradi- 
ents in the plasma parameters like electron temperature 
and density have a great influence on the shape of the 
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deposition pattern and also on the deposition efficiency. 2D spectroscopy (Sill, CII, ... filter) 
These fields are partly due to the conditions in the SOL cc~ camera for eolorimetry 
and partly caused by the strong particle source. ~ 

817 

2. Experimental 

A variety of experiments with gas injection through a 
test limiter in TEXTOR-94 (R = 1.75 m, r = 0.46 m) was 
performed to see the influence of local impurity sources on 
the erosion of limiter material. The limiters were observed 
spectroscopically during the experiments. After the experi- 
ments the deposition patterns on the limiters were evalu- 
ated and surface analysis techniques were used to deter- 
mine quantitatively the amount and the composition of 
deposited material. The limiter material, the injection rates 
and the plasma parameters were varied to see the influence 
on the different quantities. 

Test limiters made of different materials (graphite 
EK98, steel, copper) were exposed to the TEXTOR-94 
plasma. The plasma facing surface (100 mm X 60 ram) of 
the limiters had a double curvature with radii of 85 mm in 
toroidal direction and 60 mm in poloidal direction (see Fig. 
1). For gas injection a hole was drilled through the limiter 
at a position 10 mm from the edge which is radially 10 
mm behind the tangency point. During exposure the hole 
was located on the ion drift side of the limiter. This shows 
the higher heat load due to a longer connection length to 
the ALT-II limiter which defines the last closed flux 
surface (LCFS). For most of the experiments the limiter 
was inserted with its tangency point at the radial position 
of the LCFS with r = 46.0 cm or slightly outside the 
confined plasma at r =  46.8 cm. The location of the 
injection hole was also changed for some experiments (to 
the top of the limiter and from the ion to the electron drift 
side). Even if not discussed in this paper these results can 
also be well understood and reproduced with the model 
described below. 

To determine the 2-dimensional distribution of the Si 
light emission the limiter was observed during the dis- 
charges from the top and from the side with a CCD camera 
equipped with Si I (251.7 nm) or Si II (634.7 rim) interfer- 
ence filters (see Fig. 1). 

All results reported here were achieved during ohmi- 
cally heated discharges with a plasma c u r r e n t  Ip  = 355 kA 
and a toroidal magnetic field B t = 2.25 T. The line aver- 
aged density was feedback controlled to 3.0 X 1019 m -3. 
This gives the following local plasma parameters: an elec- 
tron temperature of T e = 19 eV and a density of n e = 3.0 
× 10 ~s m -3 at the LCFS respectively. The electron den- 
sity decays with an e-folding length of A,~ ~ 15 mm and 
the electron temperature with an e-folding length of Axe = 
20 ram. 

Silane (SiD 4) gas was injected during the flat top phase 
(constant plasma current and density) of the tokamak 
discharges. The length of the gas puff was short ( ~  1 s) 
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Fig. 1. Experimental setup of the limiter lock at TEXTOR-94 and 
the spectroscopic observation system. Geometry of the test limiter 
with the gas injection hole and the SOL geometry when the 
limiter is inserted at alimite r = 46.8 cm. 

compared to the length of the flat top phase of the dis- 
charges ( ~  3 -6  s). The gas puff started typically 1.0 s 
after reaching the flat top phase. This time with repro- 
ducible plasma conditions was used to look for changes in 
the spectroscopic observations caused by the gas puff in 
the previous discharge. The injection rate was varied be- 
tween 4.3 X 1017 and 4 X 1019 SiD 4 molecules per dis- 
charge which corresponds to a flux of 8,6 X 1017  and 
8 X 1019 molecules per second during the maximum of the 
gas puff. For higher injection rates the discharges with a 
line averaged electron density of 3.0X 10 L9 m 3 dis- 
rupted, probably due to a thermal collapse. 

3. Modelling 

The ERO-TEXTOR-code is a Monte Carlo-implemen- 
tation of a near-surface transport and film formation code, 
In a given volume and predefined geometry the code 
solves a Fokker-Planck equation for the evolution of an 
one-particle distribution function f ( x , t ) o f  impurity ions 
in a relaxation time approximation. Drift and diffusion 
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terms are determined by the three relaxation times: the 
Spitzer times for dynamic friction, the deflection time and 
the energy exchange time [4,5]. The forces on a panicle 
with charge Z~ are an electric force caused by an electric 
field E and the Lorentz force with the vector product 
[v x B]. 

E is a sum of the following contributions: 

e ( X )  = ~heath -}- /pre_ sheath -{- E;adial "~ E~,. ( 2 )  

The first two terms of the fight hand side of Eq. (2) are 
due to the sheath and the magnetic pre-sheath and are 
normal to the material surface. The E~adian term is due to 
the local gradient of the electron temperature and gives 
rise to a gradient in the local electric potential of each flux 
tube. It is only present outside the LCFS and for a radial 
temperature gradient a radial electric field is resulting. 
These three terms have a component perpendicular to the 
magnetic field and induce an E × B-force. The penetration 
depth of the sheath and presheatb field is of the order of 
some hundred microns and the resulting perpendicular 
transport will only be a few millimeters or less. A bigger 
effect can be expected for the gradial te rm since it is 
present all over the scrape-off-layer. Although weaker than 
the first two terms it gives rise to a perpendicular shift of 
the particle of several millimeters or more. 

The last term is mainly due to the local electron source 
of injected neutral impurities (and the recycling deuterium 
ions). It has to be calculated from the local source strength 
and is determined by the force balance equation [6], which 
for the electrons is 

d dr~ 
~-~ ne t  e = - eg,f/l e -- 0.71 n e ~ ; (3) 

dl is to be taken along one flux tube (ID-model). 
Equivalent force balance equations for the fuel and 

impurity ions must also be considered. Due to the relative 
increase of the local ion density at the point of ionization 
the electric field Erl points away from this location and 
therefore changes direction when passing through the elec- 
tron source: On the side directing towards the material 
surface it accelerates the ions towards the surface, whereas 
on the plasma facing side it gives rise to a loss of impurity 
ions into the plasma. 

The plasma is prescribed to the code as a given back- 
ground of the measured electron temperature and density 
profiles from atomic beam measurements. The impurity 
background flux is fixed as a given percentage of the 
electron density and the interaction of the plasma with the 
material surface is calculated for these local plasma param- 
eters. The coupling with the lD-model gives a first step to 
a selfconsistent treatment of the interaction of the back- 
ground plasma with the impurity ions. 

For the description of the dissociation/ionization be- 

havior of the injected silane molecules a model experimen- 
tally evaluated in a low temperature plasma [7,8] is used. 
The electron temperature dependence is scaled to the rates 
for methane [9], with the exception that the SiD4 + is not 
stable and predissociates into SiD +. 

Since the sticking coefficients of the molecular radicals 
are not well known some assumptions have to be made: 
the neutral radicals SiD x are almost not sticking to the 
surface with a reflection probability of 0.995 and are 
released thermally. The ionic radicals are accelerated in the 
sheath potential of ~ 3.8 kT  e (electron temperature on the 
limiter surface: T e = 8-19 eV, depending on the radial 
position) to an energy of 25-72 eV, resulting in a lower 
reflection probability which was set to 0.7. 

4 .  R e s u l t s  a n d  d i s c u s s i o n  

The pattern of the deposited film was always localized 
around the injection hole with typical extensions of about 
10-20 mm in toroidal and 5-20  mm in poloidal direction. 
The symmetry line of the pattern was in all cases (with the 
injection hole 40 mm away from the limiter tip) tilted 
away from the direction of the magnetic field lines by an 
angle of ~ 25 °. This angle changes with the location of 
the injection hole, but is always tilted to the high-field side 
of the machine, as expected from an E x B-drift with the 
E field pointing towards the limiter surface. 

Fig. 2 shows a typical film pattern deposited on a 
stainless steel limiter after 10 discharges with gas injection 
of (7.1 _+ 0 .2)×  l0 TM silane molecules per discharge and 
one discharge without gas injection as determined by the 
interference colors of the thin film [12]. The deposition 

br: 2 5  - 5 8 r i m  • P: 182  - 2 0 9 r i m  I P: 3 1 4  - 3 8 5 n m  

I B:  5 8  - 1 2 6 r i m  m G: 2 0 9  - 2 7 2 n m  j G: 3 8 5  - 4 4 7 n m  

w y :  1 2 6 - 1 8 2 n m  u Y : 2 7 2 - 3 1 4 n m  • P : 4 4 7 - 5 0 0 n m  

Fig. 2. Top view onto the deposited thin fihn determined by the 
interference colors of a stainless steel limiter after 10 discharges 
with gas injection and one discharge without gas injection (the 
color fringes of the film are calculated for optical constants of 
17 = 2.0, k = 0.005 and for visible light with an angle of incidence 
of 45°). Contour lines from the modelling with the ERO-TEXTOR 
code of this discharge series. 
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Fig. 3. Toroidal scan (see Fig. 2 for the geometry) of the 
composition of the deposited film (full lines from electron probe 
micro analysis (EPMA), dashed lines from modelling). Note that 
the calculated silicon thickness is divided by a factor of 5. 

pattern is peaked at the injection hole where it reaches a 
thickness of about 500 nm and falls off toroidally with an 
e-folding length of Ato,,nl m = 8 mm and poloidally with 
Apoual. , = 3 mm. The contour lines in Fig. 2 show for 
comparison also the deposition pattern as modelled with 
the ERO-TEXTOR code for the measured plasma parame- 
ters. The major experimental findings can be reproduced. 
Both thickness patterns are peaking at the location of gas 
injection. The symmetry lines are tilted in the same direc- 
tion and also the carbon deposition on the e-drift side 
caused by the plasma impurity background flow is well 
reproduced. 

For the tilting of the deposition pattern away from the 
direction of the magnetic field lines a radial electric field 
of a strength of E = 1-2 V / r a m  had to be considered. 
This is equivalent to E = - 0 . 5  ~7fl~ 0, were q~o is the 
local sheath potential drop and ~r the radial gradient. 

The post mortem analysis with an electron beam micro- 
probe (Fig. 3) along a toroidal line through the gas injec- 
tion hole, also shown in Fig. 2, reveals that about 50% of 
the film is codeposited carbon. This was also observed for 
a carbon limiter [1,11], but in the case of the stainless steel 
limiter this large amount of carbon can only originate from 
the background plasma. This is also suggested by the 
broad profile of the carbon deposition with its small 
dependence on the toroidal position. The modelling also 
shows this broad carbon deposition pattern, but the calcu- 
lated fraction of codeposited carbon in the film is about 
50% smaller in the area close to the injection hole. The 
very efficient way to codeposit carbon from the back- 
ground plasma is due to a partial coverage of deposited 
carbon with silicon. 

Integrating the deposited film thickness and assuming a 
mean film density of 5.4 X 1022 atoms per cm -~ (4.3 X 1022 
atoms per cm 3 for the Si atoms and 6.5 X 1022 atoms per 
cm 3 for the C atoms [13]) and a silicon fraction of 50%, a 

deposition efficiency (deposited Si-atoms/injected Si- 
atoms) of less than 5% was found. 

Such a low deposition efficiency can only be repro- 
duced in the calculations if an additional transport parallel 
to the magnetic field lines is considered as it is described 
with the last term in Eq. (2). The strong local electron 
source of the injected silane molecules gives rise to a 
parallel electric field Ell. Without such a parallel electric 
field, but taking into account multiple dynamic sputtering 
and high reflection coefficients, a deposition efficiency 
greater than 65% is calculated. This number is nearly 
independent of small changes in the assumed plasma pa- 
rameters (see Table 1). If the electric field Etl is included, 
all particles ionized deeper in the plasma than the medium 
ionization length have a certain probability to be trans- 
ported away from the limiter. Including such a loss chan- 
nel for silane molecules to the SOL the deposition effi- 
ciency as modelled is lowered but still ~ 35%. This 
indicates that even more complex mechanisms than those 
considered are involved, or that the database of cross 
sections is incomplete or erroneous. 

Fig. 4a shows the tangential view of a CCD camera at 
the test limiter during a gas puff (Si I light, 251.7 nm). The 
picture was taken during the injection maximum corre- 
sponding to a rate of 5.4 x 1019 SiD 4 s - I .  The limiter was 
located 8 mm outside the LCFS (46.8 cm) during an ohmic 
discharge with a line averaged density of 3 X 1019 m -3. 
The field of view is limited by a circular window, the 
limiter tip is placed at the lower part of the picture and its 
contour can be seen in the Si I light. The intensity maxi- 
mum is located right above the injection hole but the light 
is spread all across the surface. Fig. 4b shows in compari- 
son the Si I light intensity as calculated with the ERO- 

Table 1 
Deposition efficiency of the injected silane for different modelling 
scenarios. Plasma parameters are n e = 3X 10 ~s m -3 and T~---19 
eV at the LCFS 

Modelling parameter Deposition efficiency (%) 

without Eli with Ell 

Reflection coefficient of neutral 90 
and ionic species Rim = 0; 
no sputtering from background 
plasma 
Reflection coefficient of neutral 70 
species R n = 0.995 and of ionic 
radicals R i = 0.7; 
no sputtering from background 
plasma 
Reflection coefficient of neutral 65 
species R, = 0.995 and of ionic 
radicals R, = 0.7; 
multiple dynamic sputtering 
from background plasma 

80 

50 

35 
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a) 

b) 

thermore the modelling shows the importance of scrape- 
off-layer and local electric fields: The radial electric field 
Eradia l  , caused by the gradient of the electron temperature 
gives rise to a poloidal transport of the injected molecules 
and therefore a tilting of the deposition pattern away from 
the direction of the magnetic field lines. The parallel 
electric field Ell, induced by the electron source of the 
silane injection itself, results in an effective transport of 
the injected species into the plasma and is therefore partly 
responsible for the very low deposition efficiency observed 
in the experiment. The numerical studies reveal that the 
cumulative occurrence of multiple sputtering, high reflec- 
tion probabilities of the molecular fragments and the pres- 
ence of the parallel electric field together give rise to a 
major loss effect of the injected molecules. Still a differ- 
ence of about a factor _> 5 between the observed deposi- 
tion efficiencies and the simulation results remain. Further 
investigation is necessary to illuminate other loss channels, 
which may be due to local changes in the electron density 
and temperature. 

20 40 60 80 1 O0 

toroidal distance lmm] 

Fig. 4. Tangential view of the Si l emission (A = 251.7 nm) at the 
test limiter during a gas puff at the maximum injection rate. (a) 
experimental observation; (b) simulation result. 

TEXTOR code. The light is limited to the side of the 
limiter where the silane injection took place. This differ- 
ence is likely to be due to the fact that the transport of the 
silicon across the surface by multiple deposition and reero- 
sion may be underestimated and the sticking coefficient for 
ions is still to high. Also long range transport of silicon 
through the plasma which is then again recycled at the 
limiter is not included in the model. A particle leaving the 
volume which is taken into account for the calculations is 
no longer traced. An increase of the silicon background 
flux correlated to the injected amount of silane is not yet 
assumed. 

5. Summary and conclusions 

The method of layer deposition on wall components 
has been extensively studied on test limiters in the toka- 
mak TEXTOR-94. With the injection of silane it could be 
shown that erosion dominated areas can be transformed 
into 'balanced' areas, where the erosion of the substrate 
can be reduced and an effective film deposition can be 
observed. The modelling with the ERO-TEXTOR code 
reflects the major features of the experiment, i.e. the 
deposition pattern and the spectroscopic information. Fur- 
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