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Abstract 

The ERO-TEXTOR code is described in detail. The code solves the kinetic equations of impu­
rities in the scrape-off layer of a tokamak plasma in the vicinity of material surfaces like limiters 
or divertors. A relaxation time ansatz in the traced impurity limit is chosen, taking the gyro­
motion of the particles into account. Since the background plasma is slightly non-maxwellian at 
the plasma edge higher order corrections (thermal [orces) to the relaxation time ansatz are also 
considered. Background plasma parameters are calculated from a simple plasma model, i.e. the 
one dimensional continuity and moment um equations are used to derive the local electron den­
sity, the local fiow velo city and the pre-sheath and sheath electric fields. Since these calculations 
are not done in a selfconsistent way, the measured values of electron density and temperature 
are used as basic input to derive the dependency of these quantities. The regarded magnetic 
topology is still straight and uniform. 

Also detailed account is given to the plasma surface inter action and the erosion/deposition 
processes. A linear differential equation model for multi species impact on a material surface 
has been developed and is used in a discrete time step approximation. 
External databases include the ionization rates for atomic species, molecular pro ces ses of methane 
and silane molecules and the sputtering and refiection yields, which are taken from binary colli­
si on calculation codes (e.g. TRIM) or from semi-empirical fits (e.g. the Bodhansky and Yama­
mura fits). 
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Chapter 1 

Introduction 

ERO-TEXTOR (Erosion and Redep2sition in TEXTOR ) is a local Monte-Carlo impurity trans­
port code in a given background plasma. It was originaily based on the ERO-code [34], [35], 
[36], [37], [5], [49] but has been substantiaily improved with respect to the background plasma, 
atomic, molecular and solid state physics which is taken into account. Particles originating from 
a limit er / divertor-plate are foilowed in the plasma in a local tracing box until they leave the 
box or strike the material surface. The code is locaily 3-D (toroidal and poloidal ben ding is not 
taken into ac count ). The code solves the equation of motion for the impurity ions in a magnetic 
and electrostatic field (sub-gyro-motion) and ion motion along jj is assumed to be classical, 
w hile cross-field motion has to be specified by an anomalous cross-field diffusion coefficient D..L. 

The plasma background conditions must be provided to ERO-TEXTOR as input, including 
local electron density n e and temperature Te, ion temperature Ti,b, plasma species (H,D,T) and 
plasma impurities (He,C,O) and the SOL geometry (Le. flow conditions, LCFS-position (L.ast 
Closed Elux .s.urface) relative to the limiter/divertor-plate and Connection Length L c ). 

Output fram ERO-TEXTOR far each time step includes: 

• Material Transport Information 

- Gross erosion, gross deposition and net transport pattern on the material surface. 

- Amount of particles lost from the tracing box. 

- Average impact energy and charge state of the traced species hitting the material 
surface. 

• Spectroscopic Information 

- 2D spatial distributions (line of sight density c~2 and line radiation ~':::;~;:) of up to 
five different species (element, charge state) in the tracing box. 

The basic physics of impurity production and motion as assumed by ERO-TEXTOR are 
described in Chapter 2. Also the different SOL and limiter/divertor geometries which can be 
examined are found there. For running ERO-TEXTOR different Include-Files are needed, such 
as ionization cross section, sputtering and reflection databases. These are described in Chapter 
3 as weil as the special launch file for each run. Chapter 4 describes the formatted output files 
created by ERO-TEXTOR, while Chapter 5 deals with more technical details ofthe code, such 
as the provided routines and their purpose. 

1 



Chapter 2 

Basic Physics of ERO-TEXTOR 

In this chapter the basic equations of motion of the traced particles due to plasma flow, magnetic 
and electrostatic forces, are presented (section 1). The second part intro duces the relevant 
parameters of the background plasma, the flow conditions of the background plasma outside the 
LCFS and the magnetic field configuration. The possible limit er geometry and the calculation of 
the sheath potential can be found there, too. The third part deals with particle launch options 
(as sputtered particles or due to external sources ) and the interaction between the background 
plasma and the material surface. 

2.1 The Fokker-Planck Equation for a One Particle Distribution 
Function with Coulomb Interaction 

For the description of the behavior of a test particle in a given background plasma the concept 
of the one particle distribution function is used, where the particle itself is described by a 
prob ability function f((x, V, t) in the phase space with the normalizing condition: 

(2.1) 

From the statistical point of view it is clear that this one particle distribution function has to 
satisfy a Boltzmann-equation, which can be written as (omitting the phase space coordinates in 
f)[32]: 

8f _ 8f F 8f (b f ) 
8t + v· 8x + m 8v = Ti eoll 

(2.2) 

where the collision term on the right side describes the collisions of the particle with all other 
particles (each species of particles denoted by a subscript j and density nOj ), i.e.: 

(~{) eoll = 2: nOj J dVj J dn (~~) (f' fj - f fj )lIv - viii 
J 

(2.3) 

where the unprimed quantities are the distribution function before the collision and the primed 
ones after the collision respectively. dn is the space angle element and the differential cross 
section is given by those for Coulomb collisions which are naturally the dominating collisions in 
a fully ionized plasma: 

(2.4) 

with the charges of the collision partners Ze ,Zje and f1, = :rm~j the reduced mass. () is the 
scattering angle in the center-of-mass coordinates and EO the electric field constant. 

2 



2.1. FOKKER-PLANCK EQUATION 3 

Since the Coulomb force has infinite range and therefore small angle scattering dominates in 
a plasma, the collision term can be developed up to first order: 

V' v+Lv, 
w v- Vj, 
w Ilv- vjll, 

w' w+Lw and finally 

Lv f.L L -- w 
m 

so that the Coulomb collision term becomes for small angle scattering: 

( 8f ) '" J -J (du-+j) c = L..J. nOj wdvj dn -d" 
ut eoll H 

J 

[_!!!... f Lvo ~ 
mj OVj 

/\ -f of m 2 f /\ _/\ _ 02fi 
+DV j 0- + -2 -DVDV O_ 0-

V mj 2 Vj Vj 

_!!!...LvLvof ofj + fi LvLv 0
2 
f·] 

mj OV OVj 2 OVOV 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

It is practical to consider first the angular integration J dn in eqn.(2.10) which can be easily 

Figure 2.1: Rotational effect of a collision on the difference velo city vector w from [32]. 

done when an appropriate coordinate system is chosen, where the el-axis is along w. The effect 
of a collision is to rotate the vector w into another vector w' = w + Lw, leaving the absolute 
value of Iwl = Iw'l the same. In the chosen coordinate system the rotation of w is given by: 

( 

-2 sin
2 (!) ) 

Lw = w sin e cos 4> 
sin e sin 4> 

(2.11) 
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where the angles are shown in the fig. 2.l. 
One is now interested to express the coefficients in eqn.(2.10) with the help of quantities {6w} 
and {6w6w} defined by the following relations: 

{6w} = J wdnd;;i 6w 

{ A --/\ --} J dr. dO'-+i /\ -- A -­~w~w = w ~~~~w~w 

which have in the chosen coordinate system the convenient form: 

and 

and the vector / tensor elements: 

{6w } = j ZJZ2e4 sin()sin2(()/2)d() 
11 4n:6Jt2 w 2 sin4(()/2) 

{6w2} = J ZJ Z2 e4 sin () sin2 ()d() 
.L 87rE6Jt2w sin 4( () /2) 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

unfortunately the integrals in eqns.(2.16),(2.18) show a logarithmic divergence for small angle 
scattering () ~ 0 and therefore a cutoff parameter (the Coulomb logarithm A = fgmax d() 8.in~ ) 

8m 2 
has to be invented. For a plasma this intuitively seems physical due to the screening of the 
Coulomb force, which has not been considered in these calculations yet. Since {6w} is a vector 
and {6w6w} is a tensor it is possible to find a coordinate independent representation, so that 
after integration over (), respecting the logarithmic divergence and neglecting small terms in 

{w"P (since {w,,}2 em...0..:;0 0 ~ {wd2,{6w}. {6w}), these quantities can be written as: 

{6w} = A
W 
w 

(2.19) 

(2.20) 

and the proportionality factor 

(2.21) 

t the symbol '1 denotes the unit tensor. 



2.2. RELAXATION TIMES 

so that in terms of {.6w} and {.6w.6w} eqn.(2.10) can be written as: 

'1 2 ~~ EP 
Integrating by parts and with the help of w w-;,ww = &v8v one gets: 

with the following relations : 

( 

+-+ ) o 1 ww 
- ---
011 W w3 

w 
-2-

w3 

o (1 ww) -- ---
o w 

-2--
011w3 011011 W w3 

and collecting terms the final form of Coulomb collision term is: 

1 (8 f ) 
A 8t coll 

o (0 H) 0
2 

(0
2 
G ) 

- 011' f 011 + 2011011' f 011011 

with H L (m+mj) Jd- fi no . V·--
. ,J mj J w 

J 

(m+m.) J """' no . J d11'wf' ~ J m. J J 
j J 

G 

2.2 Relaxation Times 

5 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

(2.28) 

To make use ofthe Fokker-Planck-equation derived in sec. 2.1 it is necessary to specify explicitly 
the distribution functions fi. Since even then the collision term for all distribution functions 
fj is not specified the traced impurity approximation is made, i.e. the disturbance caused by 
the observed distribution function (which will be called impurity from now on) on all other 
distribution functions is negligible. Furthermore to be able to integrate the collision term, the 
assumption is made that the distribution functions fi are of the simple Maxwellian type: 

(2.29) 
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Inserting the distribution function into eqn. (2.26) the collision term then becomes [61],[47]: 

~ (81) - [aa
v
- (Ww- {6.wlI}) 

A 8t coll -

(2.30) 

again the coefficients {6.wll}' {6.w~} and {6.wD are the components ofthe drift vector and the 
diffusion tensor respectively in the "w = v - vo"-coordinate system and can readily be written 
as: 

-w (1 + ~) fl (a) 
m· Taß 

J 

w 
(2.31) 

(2.32) 

{6.wi} = (2.33) 

where the function fl( x) is defined by: 

(2.34) 

fl' (x) (2.35) 

and 
3 

T
aß = ~ (2.36) 

nO,jA 

and the last equality in eqns.(2.31,2.32,2.33) gives the three classieal relaxation (Spitzer) times. 
These are the slowing down time Ts , the energy exchange time TE and the defiection time Td 

and can be understood aB the characteristie time needed by a beam of impurities with the 
distribution function ft( X, v) = 8( X, v - ü) injected into the maxwellian plasma, to assume the 
velo city direction of the background plasma: 

U 
Ts = - 811. 

8t 
to get an isotropie velocity distribution as the background plasma: 

(2.37) 

u2 

Ts = 811.J (2.38) 
8t 

and to get a maxwellian energy distribution with the mean energy of the background plasma 

E u 2 

(2.39) TE - 8E - - 811.2 

8t Ti 

with: E 
mu2 

(2.40) = 2 
All these times depend on the charge state of the impurity ion. Thus first of all at each time 

step it is calculated first whether the charge state has changed. Recombination is not taken into 
ac count yet. Due to the fact that the ions are not thermalized even when leaving the.simulation 
this is in accordance with physieal requirements. 
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2.3 Higher Order Corrections - Thermal Forces 

One essential condition to derive the relaxation times in sec. 2.2 is that the integration is taken 
over a maxwell distribution. But due to finite temperature gradients this condition does not 
hold for the SOL plasma and therefore higher order corrections have to be considered. These 
are the thermal forces, which can be of the order of the dynamic friction forces [9],[39J,[l1J: 

where the coefficients can be written as: 

0: = 0.71Z2 

ß = _3 1 - J..l - 5V2Z2(1.1J..l5/2 - 0.35J..l3/2) 
2.6 - 2J..l + 5.4J..l2 

(2.41) 

(2.42) 

(2.43) 

where Z is again the charge of the impurity and J..l = mi~:nB' mi is the mass of the impurity ion 
and mB is the mass of the background plasma ions. 

2.4 Equations of motion 

All particles launched from a material surface by ERO-TEXTOR are neutrals with an initial 
velo city Vi. They are followed collision less through the background plasma (with its local ne 

and Te). For each time step (typically around 10-9 s) it is controlled if the neutral is ionized. A 
random number ~ uniform in JO, 1[ is drawn and compared to the value 

where 

6t 

1 

< u(Te)v > ne,xo 
time step 

the ionization time 

If ~ ~ PI the neutral is ionized, leading to an exponential distribution in ionization time. 
Thus the equations of motion for neutral particles are: 

dv 
dt ° 

VStart 

Xold + N . Vstart6t 

(2.44) 

(2.45) 

(2.46) 

while N is the number of time steps for which ~ ::; PI and Vstart is the launching velo city of the 
particle. 

If the neutral is ionized, a plasma particle will be produced. Now it is submitted to magnetic 
and electrostatic forces as well as the thermal forces described above and its classical behavior 
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is governed by the Spitzer time constants +: 

/::,V = ~ (ZIe(E+VXB)+a~+ßq;)D-t+ (~)ßt~1I 

± ~IIJ(;;) D-t±~~,l 1 (W2) A '2 T"d D-t ± W~,2 - - D-t 1 (W2) 
2 T"d 

Vold + /::'v 

Xold + vnew/::'t + JD~/::'t· e~ 

(2.49) 

(2.50) 

(2.51) 

where the indices new and old denote the actual and last computational step. As already 
described in sec. 2.1 W = VB - V denotes the velo city of the traced particle relative to the 
background plasma flow velocity. D~[m:n2J is the user defined (anomalous) cross-field diffusion. 
Thus the energy of the particle becomes: 

E _ m (Vold + /::'v)2 
new - 2 (2.52) 

The tracing of a particle ends when it leaves the user specified tracing box or strikes the limit er 
surface and is not reflected. For Reflection the following model is used: 
The particle of species I strikes the limit er surface of material L with an energy Ein under angle 
Bin relative to the surface normal. From the database the prob ability of reflection is calculated 
as function of incidence energy, angle and material combination: 

E [0, 1J (2.53) 

then a random number r uniform in [O,lJ is drawn and compared to R. If r ::; R then the 
particle will be reflected and will be launched again as neutral with an energy distribution as 
described in sec. 2.6.3 , otherwise the simulation for this particle will end. 

2.5 Background Plasma and Scrape Off Layer Geometry 

The main assumption concerning the plasma modeled by the code is that there is no influence of 
the impurities on the background plasma. Therefore plasma parameters do not change during 
a specific run and especially for strong impurity sources this should be kept in mind. 

tIn general it has to be shown the evolution of the prob ability j(x, tlx',t') for a small time interval 6.t for the 
variable x' can be written as [47]: 

x'(t + 6.t) = x'(t) + A(x'(t), t)6.H B (x'(t), t)dW(t) (2.47) 

where the second term on the right hand side of eqn.(2.47) is the drift cornponent and the third term is the 
diffusion cornponent of the process, with the defining relation for the diffusive part: 

_ _ _T 

D (x'(t), t) =B (x'(t), t)· B (x'(t), t) (2.48) 

and dW(t) is the stochastic incrernent, which is achieved with dW(t) = -J?SJ'YG, where 'YG is a gaussian randorn 
nurnber with rnean 0 and variance 1. Since this leads to nurnerical instabilities near the material surface for large 
'YG'S when practical time steps of 6.t ~ 10-9 

- 10-8 s are used the gaussian randorn nurnber is approxirnated by 
±1. 
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2.5.1 Geometrie Parameters 

The plasma volume simulated in the code can be freely defined by the user, but from the 
equations of motion (eqn.(2.49)) and the fact that yet no recombination but only ionization 
is considered it should be clear that especially the transport times Ttransport in the plasma 
volume have to be small compared to the thermalization time Ttherm yielding the following 
simple estimate for the length (111 11 B) of the plasma cube 

ZII 
Ttransport ~ -f - ~ Ttherm 

• Cs 
(2.54) 

where es is the mean ion acoustic speed and f is the factor for the mean velo city along the field 
lines and Ttherm is a Spitzer time similar to those derived above: 

(2.55) 

An estimate for the parameter f in eqn.(2.54) is given by: 

f = ! (J..- r37S [J es . e-t / 7s dt] dt) ~ 0.35 
Cs 3Ts Jo Ts v(O)=o 

(2.56) 

with Ts the slowing down time of eqn.(2.31) and the assumption that for a plasma with Te 2:: 20e V 
the initial velo city even of energetic sputtered particles can be neglected. Thus the length of the 
plasma cube along the field lines should not be Ion ger than: 

ZII ~ Ttherm . f . es ~ 0. 35Ttherm . es (2.57) 

No such strict limitations for the maximum length for the directions perpendicular to the mag­
netic field are given but the minimal extension of the plasma cube perpendicular to the magnetic 
field lines is given by the sum of the ionization length in this direction and the crossfield trans­
port: 

Z1.. ~ Zion,1.. + j D 1.. • Ttransport (2.58) 

Due to the limitations of the code to a small-scale plasma volume the magnetic field is 
assumed to be uniform in strength and without bending, curvature or shear: 

(2.59) 

For the scrape offlayer there are two different scenarios as shown in figs. (2.2) and (2.3). In the 
first scenario the test limit er itself is not the last closed flux surface (LCFS) defining element, 
but withdrawn into the SOL and therefore above the tip of the limit er still a plasma flow to 
the LCFS defining element is present. The other possibility is that the test limit er defines the 
LCFS and the core plasma (which is assumed to be flow free) begins right at the limit er tip. 
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Figure 2.2: Geometry and flow pattern (arrows) in the scrape of layer when the test limit er 
(sphere shape) is withdrawn into the SOL and any other limit er is the LCFS defining element. 
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Figure 2.3: Geometry and flow pattern (arrows) in the scrape of layer when the test limit er 
(sphere shape) itself is the LCFS defining element. The figure shows the SOL double fold, i.e. 
the limiter in the middle is the same as the half limiters at the edges. 

2.5.2 Plasma Parameters 

Since ERO-TEXTOR is a traced impurity transport and surface interaction code, there is no 
selfconsistent treatment of the background plasma in the code itself. Therefore a set of back­
ground plasma parameters like the background plasma flow velo city cs(x), the electron density 
ne (x), the electron and ion temperature (Te ( x) ,Ti( x)) and the electric fields E( x) have to 
be specified. In principle these parameters can co me from a fluid code, like B2[8], EB2[2] or 
SAFE[46] or use the results of a more simple model. The ERO-TEXTOR standard uses the 
results of the simple 1D sol model [57],[58]. Fig. 2.4 shows the principles of such a simple plasma 
model. 
The simple plasma model assumes a constant flux r.L (s) = r.L of plasma particles from the 
confined plasma into the scarpe-off-layer (SOL). The SOL is defined by two limiting surfaces 
with a connection length L c along the magnetic field lines. Due to the sink action of the limiting 
surfaces a flow parallel to the magnetic field lines is created, with flow velo city cs( s) and flux 
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Figure 2.4: The simple one dimensional plasma used to derive the local electron density ne and 
background plasma flow es. 

density fll (r, s). The stagnation point at a distance lt from each surface is the point where the 
flow velo city es(O) == O. Due to the conservation of particles the parallel flux density decreases 
with increasing distance from the LCFS along the r-axis and due to the conservation of momen­
turn the flow velo city increases with decreasing distance from the limiting surface. 

In this section the plasma parameters, namely electron density, the background plasma 
velocity and the pre-sheath electric fields are deduced from the simple plasma model. For 
the dependence of the electron density perpendicular to the magnetic field one gets from the 
continuity equation: 

(2.60) 

and, with the assumptions of constant electron density along one flux tube (n(s) = const.) 
and a constant background plasma velocity (~ = 2'~~!o, where es,o is the ion acoustic speed) 
eqn.(2.60) can be transformed into: 

1d2n 2·eso -----, 
n dr 2 D .lLc 

This equation is solved by a simple exponential function: 

n(r) 

with: A 

-T 

no . e >'ne 

(2.61) 

(2.62) 

(2.63) 

From the one dimensional momentum equation the parallel plasma velo city and the parallel 
dependence of the electron density as weil as the pre-sheath parallel electric field can be deduced. 
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For this the assumption is made that the perpendicular transport across the magnetic field lines 
into the SOL is independent of the location along s: 

i
LC/2 iLc/2 L 

Q = f..L ( s )ds = f..L ds = f..L-
c 

o ° 2 
(2.64) 

Then the ion moment um equation can be written as: 

dcs dPI 
mIncS dx + dx - enEIl = Qe (2.65) 

with PI = nkBTI the ion pressure, Eil = - ~: the pre-sheath electric field and Qe _ C the 
moment um source. Assuming a maxwellian distribution for the electrons one gets: 

To elose the moment um equation the assumption is made that the ions are isothermal and 
therefore the pressure gradient can be written as: 

dPI = kBTi dn 
dx dx 

(2.67) 

Thus one gets by combining eqns.(2.65),(2.66),(2.67) into eqn.(2.65), respecting the definition 

of the ion acoustic speed cs,o = /kB(~;Te), the following equation: 

dcs 2 dn C ncsT + cs od x 'x 
integration 

::} 2 2 ncs + cS,on C
Le 
2 

rn=nes 2 cs o C' =? rll' (cs+ -' ) 
Cs 

The parallel fiux rll (s) = J; r.1. ds = f.1. . s is given by the cumulated sour ce strength: 

2 cso (f .1.s)· (cs + -' ) = const 
Cs 

(2.68) 

(2.69) 

(2.70) 

(2.71) 

(2.72) 

Taking the Bohm-criterion into account (csllsheath edge == cs,o) this yields the moment um 
equation at two different locations: 

2 I L 2 I cs o c cs o 
f.1. s(cs + -' ) = r.1. -2 (cs,o + -' ) 

Cs L cso s< f ' sheath edge 

(2.73) 

Finally solving this equation for Cs the local fiow velo city along s is given by: 

es(s) = es,o' U: -J (~;)' -1 ) (2.74) 
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Figure 2.5: Dependenee of loeal plasma parameters from the distanee of the stagnation point as 
derived from the 1d model. The eonneetion length between the material surfaees is Lc, thus the 
distanee from stagnation point to the plasma-sheath edge is lt- and the abscisa is normalized 
on this distanee. The plasma-sheath edge is at lt-. 

Sinee the perpendicular souree strength and the loeal velo city CS( 8) are known, the loeal 
parallel flux ean be ealculated 

rs r .L,tot _ 8 _ ( 
Jo L

c
/2 d8 = r .L,tot L

c
/2 = n 8 )CS( 8 ) (2.75) 

:::} n(8) 
r .L,tot-iJ2 

CS(8) 
(2.76) 

:::} n(8) 
s 

r .L,tot L;fi 

cs,o b _ j(b)2 _ 1 
2s 2s 

(2.77) 

:::} n( 8) 
S2 

r .L,tot L;fi 

Cs,O L .!(L)2 2 T-Y T -8 

(2.78) 

for the limiting eases one gets: 

8
2

/ lt- {2 for 8 -+ 0 

L ! (L ) 2 - 1 for 8 -+ b2 T - Y T - 8
2 

(2.79) 

Respeeting the boundary condition that n e(r,8 = 0) == ne,LCFS . e - ),~e , the density dependenee 
as derived from a one dimensional model is given by: 

(2.80) 
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In fig. 2.5 the results of the preceding section are summarized. It shows the local values of 
the electron density and the background plasma fiow velo city as well as the pre-sheath parallel 
electric field which will be derived hereafter. 

Pre-Sheath Electric Field 

Since the force equation for the electrons parallel to the magnetic field can be written in an 
isothermal approximation as [60]: 

dPe,lI(s) _ k T dne,lI( s) - ( )E ( ) 
ds - B e ds - -ene s 11 s (2.81) 

it is clear that a gradient in the electron density as described by eqn.(2.80) causes an electric 
field. 

E (s) = _ kBTe _l_dne,lI(s) 
11 e ne(s) ds 

(2.82) 

with the help of eqn.(2.80) the gradient can be calculated and thus the pre-sheath electric field 
due to the gradient in electron density is: 

stagnation point radial direction 
1 

2 flux tubes 2 

electric 
potential 
variation 

<- distance tram limiter 

1 

2 

1 kT e 
-~- -"2 e 

(2.83) 

Figure 2.6: Schematic plot of the pre-sheath potential of two different fiux tubes. Due to the fact 
that a radial temperature gradient is present a radial gradient in the in the pre-sheath potential 
is also generated 

The boundary condition at the plasma-sheath entrance is that the ions have to have Mach 
number of one (ion acoustic speed, i.e. theBohm criterion has to be satisfied). It can be shown 
that this condition given by: 

<l?(s = 0) - <l?(s = Eisheath entrance ~ L2C ) = - jO EII(s)ds :k In 2
kBTe 

(2.84) 
€~It- e 



2.5. BACKGROUND PLASMA AND SCRAPE OFF LAYER GEOMETRY 15 

at the sheath entrance is satisfied. 
In addition to this parallel electric field a radial electric field is caused by the fact that two 

flux tub es located at two different radial positions 6.r = r2 - rl have two different electron 
temperatures. With 

<Prl (rl, 8) 
laS E d- kBTe(rl) f() 

11 8 = . 8 
o e 

(2.85) 

<Pr2(r2,8) 1S 
E d- kBTe(r2) f() 11 8 = . 8 

o e 
(2.86) 

with f(8) In ( L c + J L~ - 482) - In (2L c ) 

a gradient in the electron temperature gives rise to a radial electric field, depending also on the 
distance from the limit er surface (ref. fig. 2.7): 

E
ra

dial(r,8) = _ lim <I>(r2,8) - <I>(rl,8) = _ d<I>(r) = _ kB dTe(r) . f(8) 
6--+0 6.r dr e dr 

This field is also evaluated in the code. 

r---. 

d 
..:i 
-----..... ro ..... 
'"d ro 
H 

'---' 
~ 

0.8 
0.6 
0.4 
0.2 

= = 

toroidal direction [a. u.] 

(2.87) 

Figure 2.7: Schematic two dimensional plot of the absolute value of the radial electric field in 
the vicinity of a spherical test limiter. Since the potential along the flux tubes increases (ref. 
fig. 2.6), the radial electric field is decreasing as the distance from limiter along jJ increases. In 
the confined plasma this field vanishes. (The irregularities at the peaking of the radial electric 
field at the limit er surface are due to the finite grid spacing in the calculations). 

Sheath Potential Drop 

The potential drop in the sheath is given by [56]: 

(2.88) 

where Te , Ti and me , mi are the electron and ion temperature and mass, respectively and I is 
the secondary electron emission coefficient of the material surface. While the sheath potential 
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drop depends only on the loeal values of the temperatures, the typical length of this potential 
drop, the Debye length: 

(2.89) 

also depends on the loeal value of ne • 

For surfaees which are not normal to the magnetic field the sheath separates into the eleetrie 
sheath (with a typicallength of the potential drop of the Debye length) and the magnetic pre­
sheath [13] (with a typicallength ofthe potential drop ofthe (fuel) ion gyro radius RD). The sum 
of the potential drops in these sheaths remains the same (::::: 3.8kBTe) but the relative potential 
drop in the magnetie sheath inereases with inereasing angle of incidenee. This is implemented 
in ERO-TEXTOR by using a ealculation done by Brooks et al. [10], shown in fig. 2.8. The 

0.9 

0.7 

~ 
0.5 

0.3 

13 

w ro ~ ~ ~ ~ w ~ ~ 

angle [des] 

01/1;/OOCS::6l:05~ 

Figure 2.8: The parameter fd as a function of angle between surfaee normal and magnetie field 
veetor 

potential drop in the sheath and the magnetic pre-sheath is then given by: 

<1>(u) <1>s . exp ( - 2~J + <1>MPs . exp ( - ;D) 
<1>0 • fd( 0:) 

<1>0' (1 - fd(n)) 

u normal distanee from the surfaee 

Electron and Ion Temperatures 

From eonservation of energy one gets for the heat ftux: 

where qll and q.l. are the parallel and perpendieular heat ftuxes. 

(2.90) 

(2.91) 

(2.92) 

(2.93) 

For the SOL plasma it is reasonable to assume [29],[58] that the heat ftux transported from the 
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bulk plasma q.L to the SOL is conducted away via electron parallel conduction q" ~ K,T5 / 2\1"T. 
The heat flux to the limiterjtarget plate is then given by (see also eqn.(2.147)): 

(2.94) 

where the subscript "0" stands for the conditions at the limiterjtarget plate. 
For the further calculations the simplifying assumption is made that the radiated energy is 
negligible, so that the approximation q.L = -q" holds. 

Since the perpendicular heat transport is not easily calculated from first principles the cross 
field heat transport is assumed to be diffusive, proportional to local density- and temperature 
gradients. With the simplifying assumptions that Xi ~ Xe and Te = Ti = T the cross field 
transport equation can be written as the sum of a conduction and a convection term: 

(2.95) 

(2.96) 

a standard assumption then is to set D.L '" X.L with the proportionality written as D.L ~ ~ßX.L' 
so that the perpendicular heat flux can be written as 

and with the assumptions that 

T = T(r) 

d 
dr n( r) 

x(r) 

ref. eqn.(2.62) 

X 

the linear differential equation to be solved is given by: 

and the solution of this is of the form: 

An q.L -~ T( r) = _e - + Ce Ane 

2ßXno 

(2.97) 

(2.98) 

(2.99) 

(2.100) 

According to LaBombard et al. [29] the value of ß is of the order of unity, i.e. ß ~ 1, so that in 
this quite rough estimation the exponential decay length of the temperature profiles is given by: 

(2.101) 

where typically AT :::: Ane from experimental results. Therefore the radial temperature pro­
file is modeled with a simple exponential function and the assumption that electron and ion 
temperature are equal: 

r 

Te(r) Te,o' e 
- ATe (2.102) 

r 

Ti(r) Ti,O' e - AT; (2.103) 

with Te(r) = Ti(r) AT. = AT; (2.104) 
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The parallel behavior of the ion and electron temperatures is governed by the parallel heat 
conductivity 

qo: = -Xo: V'IITo: 

with the parallel conductivity given by [14]: 

a = i, e 

Xe 2.9 . 10-19nevTeATe = Ke,oT:/2 

Xi 
-19 \ 5/2 5.1·10 nivTiATi = Ki,O . Ti 

where Ke,O i':::1 1.8· 103 me: 7/2 and Ki,O i':::1 75 . me: 7/2' 

(2.105) 

(2.106) 

(2.107) 

For an estimate ofV'IITi(s) == tsTi(S) the same assumption as in the previous paragraph is made, 
Le. all the power flux density at the limit er /target is carried by parallel electron heat conduction 
and Te = Ti: 

(2.108) 

again the subscript "0" stands for the conditions at the target plate itself. While due to the high 
parallel electron conductivity the assumption is made that the electron temperature is constant 
along iJ, so that integration of eqn.(2.108) gives for the ion temperature at the distance S from 
the limit er [58]: 

(2.109) 

Eqn.(2.109) has been derived by Stangeby for the situation in a divertor plasma, where the 
perpendicular heat and particles fluxes out of the core plasma take place far away from the 
observed target plate and in the chosen ansatz K e is the guiding parameter. 
The situation in a limit er define SOL is somewhat different, since even very near to the limit er 
surface there is still a perpendicular heat and particle flux from the core plasma into the SOL. 
To ac count for a temperature gradient one has either to rely on measurements, to take the 
temperature gradients from a magneto-hydrodynamical model or to modify the eqn.(2.109) for 
this different situation. 
Unfortunately there exist no measurements of the temperature gradients near the limit er sur­
face for the TEXTOR-SOL. B2-Eirene calculations yield ion temperature gradients dd~i ~ 20~, 
which seem to be unrealisticly high, due to limited validity of the fluid approximation near the 
material surface. Therefore the ansatz to modify eqn.(2.109) to get a crude estimate of the 
temperature gradients is chosen. 
For this we assurne due to the high parallel conductivity of the electrons, that the electron tem­
perature is constant along the flux tubes, whereas for the ion temperature eqn.(2.109) is solved. 
This yields temperature gradients dJf i':::1 0.5 ~, which in comparsion to the fluid calculations 
are very low. Therefore an additional factor fi is introduced to adjust for the specific situation. 
In this model the temperature gradients in parallel direction are then given by: 

KO (1 + (7fiQOS)5/7) 
2~oTi 

(2.110) 

(2.111) 
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2.6 Particle Generation and Plasma Surface Interaction 

In principle ERO-TEXTOR supplies three possibilities of particle generation: 

GI particles sputtered by plasma ions, Le. either sputtering by the background plasma or 
sputtering by a simulation particle, 

GI particles leaving the surface with an maxwellian energy distribution (chemical sputtering, 
sublimation) and 

EI particles supplied by an external source. 

2.6.1 Sputtered Particles 

Sputtering by Simulation particles 

The physical sputtering yield due to ion bombardment on a material surface is calculated by 
ERO-TEXTOR using the revised Bodhansky formula [21]. For an ion with an impact energy 
Eo and normal incidence ao = 0° this gives a sputtering yield according: 

Y(Eo, ao) [
a:oms] 

IOn 
(2.112) 

Q fit parameter 
0.5In(1 + 1.2288t:) 

t: + 0.1728y'E + 0.008t:°.1504 
nuclear stopping cross section based on the Kr-C potential 
Eo reduced energy 

ETF 

threshold energy 

The angular dependence (a f=. 0°) of the sputtering yield is calculated according to Yamamura 
et al. [65]: 

Y(Eo,a) 

f 

aopt 

n 

Y(Eo,ao = 0°). (cosa)-fe(J[l-co:"lcosQoPt) 

r;:;;- _3 M 2 
V Es (0.94 - 1.33·10 M

1
) 

~ _ aLn1/ 3 (2t:J Es ) -1/2 

2 ,Eo 
surface bin ding energy 

projectile and target mass 

projectile and target nuclear charge 

0.4685 [Ao ] L' dh d . 1 h 1ll ar screenmg engt VZ;/3 + Z~/3 
density of target material [

atoms] 
;1.3 

4M1M2 

(M1 + M2 )2 
energy transfer factor 

(2.113) 
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Backgr0'!lnd Plasma Sputtering 

While for a simulation particle the sputter yield can be calculated with the knowledge of impact 
energy and incidence angle according to Bodhansky and Yamamura, there are no "background 
plasma"-particles in ERO-TEXTOR which can be traced by the code. Thus the erosion yield 
on the material surface due to background plasma sputtering is calculated using the following 
assumptions: 

• background plasma ions are maxwellian distributed in energy at kBTe far away from the 
limit er and 

• they are accelerated due to the sheath potential of:=::i 3kBTe, satisfying the Bohm condition 
at the plasma-sheath edge. 

• fuel and impurity ions possess an effective charge state Zr (e.g. for the TEXTOR-SOL an 
effective charge state of Zr = 3 for carbon ions is assumed). 

Therefore the twice averaged sputtering yield YI-+M, Le. the yield averaged over the distri­
butions of energy and angle of incidence is only a function of the electron temperature Te and 
the charge state Zr of the fuel/impurity ions, given by [1]: 

where 

Yr~M(E,a) 

fd(E, a) 

J fdYr~M(E, a)vlldv 

J /dvlldvlI 
J fd(E, a)Yr~M(E, a) cosa dEd( cosa) 

J fd(E,a) cosa dEd(cosa) 

sputtering yield according eqn. (2.113) 

maxwellian distribution function accelerated 
3kBTe in the sheath potential of :=::i --

e 

Building the Sputter Distribution 

(2.114) 

(2.115) 

After calculating the local sputtering yield [ion surl!~~:lementl ERO-TEXTOR creates the sputter­
ing distribution. This is done by building an energy and angular distribution for the sputtered 
atoms. For the energy distribution of the sputtered atoms a Thompsonian is assumed: 

E 
p(E) = (E + EsP where Es - surface bin ding energy (2.116) 

The Thompsonian has an cut-off at the maximum energy which can be transfered from the 
incident ion to the released atom: 

(2.117) 

(Up to now Emax is set to be 4kBTe to reduce calculation time when not distinguishing between 
particles sputtered by different impurities). 
Thus for each individual newly produced particle a random number ~E uniform in the interval: 

]
0 . fEmax (E)dE]-] 0 . _1 _ Emax + Es/2] , Ja p -, 2Es (Emax + E s )2 (2.118) 
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is drawn and numerical inversion of eqn.(2.116) yields the starting energy of the particle. 
The angular distribution of the sputtered atoms is assumed to be uniform in the azimuthaI plane 
and eosine in the polar angle relative to the surfaee normal. To ealculate the azimuthal angle 
a random number ~q, uniform in [0, 27r[ is drawn, while for the polar angle a random number ~IJ 
uniform in [0,1] is drawn and the inversion: 

() = aresin ~IJ (2.119) 

yields the desired eosine distribution. 

2.6.2 Thermal Particles 

Chemical Erosion for Carbon Substrates 

In ERO-TEXTOR the ehemical erosion of earbon is assumed to be dominated by the formation 
of hydroearbons, especially to be dominated by the formation of methane (although it is well­
known from laboratory experiments that a non-negligible fraction of the ehemically eroded 
earbon, leaves the surfaee as higher hydroearbons like C2H x or clusters, see e.g. [25], [62], [43]). 
In laboratory experiments it eould be shown that the ehemical erosion is mainly a function 
of the substrate temperature and has a maximum at ~ 600°C. Furthermore the yield weekly 
depends on the energy of the incident particle and the particle flux to the surfaee. The erosion 
yield of methane due to irradiation of hydrogen is therefore deseribed in ERO-TEXTOR by the 
following formula [48],[26]: 

6·101ge-leV/kBT ( 3 ( r ) -O.lJ Ychem(T, Eo, r) = 1 1015 + 3 1027 -2eVjkBT' 200Q Sn + 10 Yphys(Eo) 1016 
. . e ( .120) 

where Q, Sn and Y(Eo) are taken from physical sputtering. Sinee the formation yield ofmethane 
ean not exeeed 0.25, a limiting eondition has also to be respeeted: 

y' Ychem 
chem = y 

1+~ 
(2.121) 

and the broadening of the temperature dependenee at low energies (Ein < 100e V, Tsur face < 
1173°C) is taken into ae count in a somewhat erude form, by the additional eondition that 
Y:hem = max(Y:hem , Yzow), where for the different hydrogen isotopes (H,D,T), the value ofYiow 
is 0.008, 0.04 and 0.1 respeetively. 

Yet a lot of open questions remain about the erosion yield under the high flux eonditions of 
a fusion experiment. Under similar eonditions erosion yields in between ~ 2% - 8% [43], [44] 
have been measured. Therefore the code provides also the possibility to fix the erosion yield to 
a certain pereentage of the ineoming hydrogen flux Ychem = fhardwiredrH,D,T. 

Building the Maxwellian Energy Distribution 

As in sec. 2.6.1 the angular distribution is chosen to be eosine in the polar angle and uniform in 
the azimuthal plane. When assuming an maxwellian energy distribution: 

(2.122) 
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the normalized generating probability function is given by: 

P(E) = 1 - (~ + 1) . e - 10 
Eo 

(2.123) 

Thus for each indivual newly produced particle arandom number ~Max uniform in ]0; 1[ is drawn 
and numerical inversion of eqn.(2.123) yields the starting energy of the particle. 

2.6.3 Reflected Particles 

Reflection of Simulation Particles 

There exist some analytical attempts to model the refiection of energetic ions on a smooth 
surface, as e.g. the single collision approximation [63] or to use empirical fit formulae (e.g. [59]). 
Since the validation of this approximations is stilllimited (for the single collision approximation 
the range of validity is limited to energies of the incident ions of E ;?: 100keV), the ERO­
TEXTOR code uses a prob ability approach extracted from the output of the Monte Carlo code 
TRIM. The TRIM code uses a binary collision approximation for the scattering of the ions in the 
bulk material, which is assumed to be amorphous. Energetic losses are due to elastic collisions 
with target atoms and nonlocal inelastic collisions with electrons. For detailed information on 
the computational procedure we refer to a review of Eckstein [19] or the book on Computer 
Simulation of Ion-Solid Interactions [20]. 
The procedure to extract the data is described in sec. 3.4. 

Reflection of Background Plasma Particles 

-not yet implemented-
With the same assumptions as for background plasma sputtering (see eqn.(2.114)) the re­

fiection coefficient of background plasma (fuel and) impurities ions can be expressed as a twice 
averaged refiection coefficient only depending on the Iocal electron temperature Te and the 
effective charge state Zr of the incident ions: 

where 

Rr-tM(E,a) 

fd(E, a) 

J fdRr--l-M(E, a)vlldv 

J fdVlldvll 
J fd(E, a)Rr-+M(E, a) cosa dEd(cosa) 

J fd(E,a)cosadEd(cosa) 

(2.124) 

(2.125) 

refiection coefficient of ions of species I incident on the target M 

maxwellian distribution function acceierated 
3kBTe in the sheath potential of ~ --

e 

2.6.4 External soure es 

In addition to sec. 2.6.1 and sec. 2.6.2 particles from external sources can be supplied by the 
code. In addition to the thompsonian and maxwellian energy distributions a weil defined initial 
energy can also be chosen for these particles. For the angle distribution (which in this case do 
not refer to the surface normal but relative to the z-axis of the global co ordinate system) it is 
possible to select between single valued, uniform, eosine, or the angle distribution, which results 
from the molecular fiow of agas through a cylindrical tube with a length to radius ratio, which 
can be freely chosen. 
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Angular Distribution und er Molecular Flow Conditions 

The condition for free molecular flow is that the free path length of a particle (molecule or atom) 
is large compared to the characteristic length of the vacuum vessel. Then the flow is determined 
by the fact that collisions between particles are very seldom and particle-wall collisions dominate 
the whole flow conditions. This flow condition is adequately described by the dimensionless 
Knudsen number, which is defined as the ratio mentioned before [64]. 

A 
K, = d Knudsen number, (2.126) 

where A = --J- the free path length [16] and d the characteristic length of the vessel. From 
v2no-

the Knudsen number it can be derived whether the conditions of laminar flow or free molecular 
flowapply. 
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(2.127) 

(2.128) 

Figure 2.9: Angle distribution of particles transmitted through a cylindrical tube with f-ratio 
of 2,5 and 30 

Laminar flow is determined by the high collisionality of the particles and therefore the flow 
is determined by diffusion. In between 0.5 < K, < 0.01 neither molecular fiow nor laminar flow 
are fully developed and therefore it is theoretically hard to describe. U sually this parameter 
range can be interpolated from both sides. 
Let us consider the gas flow through a cylindrical tube with radius r = 1mm and agas flow of 
S = 5 . 1017 particles =? r = 1.6 . 1019 partigles for example. For particles with a thermal velo city 

s cm s 
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of Vthermal = 5.5· 105m
s
m and a cross section for molecular collisions of a = 4· 1O-15cm2 this 

yields the following parameters: 

n = 2.9.1014 _
1_ 

cm-3 A = 0.61 ::} K, = 0.61 

In this case this is weil described und er molecular :fl.ow conditions. 
Under molecular :fl.ow conditions the probability distribution P(p( B)) of the polar angle B of the 
:fl.ow of agas through a cylindrical tube with radius rand length Land large vacuum vessels at 
each side of the tube can be described by the following formulae [17],[15]: 

P(p::; 1) = (1- ~(1- a) [arcsin(p) - P\/l- p2] 

+ 3;1f (1 - 2a) [1 - )1 - p2]) cos(B) (2.129) 

P(p 2:: 1) 
4(1-2a) 

(2.130) a+ cos(B) 
3p1f 

L 
with p 2r tan( B) , 

a 
[uv'ü2.tI - u2]_ [vv?+l- v2] 

u{2v2+1)-v v{2u2+l)-u 
v'v2 +1 v'u2 +l 

V7L 
and u 

3L + 2V7r 
L 

v = --v 
2r 

The formula is obtained by integrating over the angular distribution of the particles directly 
transmitted through the tube and the angular distribution of the particles re:fl.ected from the 
walls of the tube. The assumption is made that these particles are re:fl.ected with a eosine 
distribution from the walls. Fig. 2.9 shows the angular distribution of the transmitted particles 
for the length to radius ratios of ~ = 2,5 and 30. 

2.6.5 Plasma Surface Interaction 

In sec. 2.6.1 and sec. 2.6.2 the principles of plasma surface inter action have already been dis­
cussed, namely that a plasma particle (fuel ion or impurity) strikes the material surface and 
when it is not re:fl.ected it is implanted into the surface. In addition it also may release other 
particles from the bulk material by virtue of chemical or physical erosion. In the preceding 
sections this was presented regarding the generation of new plasma particles and their specific 
energy and angle distributions. In this section the focus lais on the change of the surface prop­
erties itself caused by its irradiation with the ion :fl.ux of the plasma. These :fl.uxes of different 
ionic species can either stick on the surface or erüde material which then will be transported 
through the SOL plasma and will be redeposited with a certain prob ability. Accounting for all 
these :fl.uxes, one obtains the change of the areal density of a material I at the locatiün (x, y) 
according: 

nI(x, y) _ rDeposition( ) + rErosion( ) + rRedeposition( ) 
dt - I x, Y I x, Y I X, Y (2.131) 
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The deposition fiux is givep. by the fiux of plasma particles I with a finite sticking prob ability 
SI (SI = 1 - RI ,R - refiection prob ability ) on the surface 

r Deposition( ) I x,y 

with: rI(X, y) 

r e 

rI(X, y)(l- RI) 
fIr e(x,y)(l- RI) 

fI(x, y)re(x, y) 

r.l . cos( a) electron fiux to the surface 

(2.132) 

fI is the relative concentration of species I in the plasma and a the angle between surface normal 
and magnetic field direction. Since the fiuxes to surfaces nearly parallel to the magnetic field 
lines are still ab out I=::! 10 - 20% [54] of the fiuxes to surfaces perpendicular to the magnetic field 
direction, the additional condition cos( a) > 0.1 is imposed. 
The erosion fiux of the surface species I is given by the sum of the different plasma particle 
fiuxes rp, the relative areal concentration CI of the species I in the surface and the erosion yield 
Yp-+I of the species P impinging on the surface: 

L rp(x, Y)CI(X, y)Yp-+I 
p 

L fp(x, y)re(x, y)q(x, y)Yp-+I 
p 

(2.133) 

Finally the redeposition fiux of specimen r I( x, y) at the location (x, y) is given by the fiux 
of particles I eroded at any other location (x', y') on the limiter and transported through the 
plasma to this area. Since the transport through the plasma can not be described analytically, 
a transport operator T((x',y') -7 (x,y)) is used to symbolize this transport: 

rRedeposition(x ) 
I ,y J 18 rfrosion(x" y')T((x', y') -7 (x, y))(l- RI )dx'dy' (2.134) 

J { L (rp(x', Y')CI(X', y')YP-+I) X 
Jd8 P 

xT((x', y') -7 (x, y))(l- RI)dx'dy' 

(2.135) 

The problem is then formally solved by simply integrating eqn.(2.131) or as done by ERO­
TEXTOR by explicitly solving the equation for a discrete time interval and then adding up the 
changes: 

( ) j tl dnI(x, y, t)d-
n I x, y, to + d t 

to t 
(2.136) 

ERO-TEXTOR 
( ) ""' dnI(x, y, l6.t) A 

nIx,y,tO+L..J d ut 
I t 

(2.137) 

One problem remains: In principle for each newly arriving particle the actual surface con­
centration of all elements has to be known. Due to the finite range of the impinging ions in the 
bulk material the areal concentration of interest is of a depth A in between the depth range of 
the impinging ion and the depth range from which a sputtered particle can be released. Since 
the dependence of the sputter or the refiection yield on the surface mayaiso be a nonlinear 
function of the areal concentration, it is suitable to define a formal relative areal concentration: 

ca == q(J(A)) (2.138) 
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This formal relative areal concentration CI of course can be quite different from the depth 
averaged areal concentration of a species 

1 ~Ä=Amax 
< CI >= -A _ CJ(Ä) dÄ 

max A=O 
(2.139) 

and furthermore can also be different from the simple surface concentration cI(A) down to the 
relevant depth. 

Attempts have been made [38] to describe this complicated behavior in a more general 
manner as described by eqn.(2.138). In this case Naujoks and Eckstein developed a model 
where the erosion yield is a function of a coverage parameter: 

where the last term n:A(t) represents this coverage parameter. no 

(2.140) 

The ERO-TEXTOR code treats this coverage under the linear assumption that the erosion 
flux changes due the changes in the areal concentration only. The sputtering yield itself remains 
constant: 

r' Erosion - c(A) Y P-tI - . P-+I (2.141) 

The typical time step in a calculation is of the order 6t ~ to sec. Thus the erosion and 
redeposition changes the gross thickness of the surface layer by typically: 

6dsurface layer( 6t) 
1 !pre6t . 

areal densIty 

6dsurface layer(O.ls) 

6 dsurface layer( 0 .1 s ) ~ x nm 

the parameter A can not be the physical relevant implantation depth of some ten A and therefore 
CJ(A) must a somewhat depth averaged effective areal density: 

CJ(A) = -A 1 ~Ä=Amax CI(Ä) dÄ 
max JÄ=o 

Amax ~ x . 10 nm ~ dsurface layer 

(2.142) 

For each specific calculation the value of A can be chosen independent of any other parameter 
and has to be adjusted to be in accord with reasonable physical requirements. 

Power Deposition on the Surface 

To calculate the chemical erosion, the sublimation or the radiation enhanced sublimation (RES) 
the local temperature of the limit er surface has to be known. In ERO-TEXTOR this is done for 
the semi infinite material surface approximation. Then the heating of the limit er surface can be 
described by heat conduction equation [4]: 

~ ( ~ ) äT V' ",V'T + P - pC7it = 0 (2.143) 
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where the surface is given by x = f(y, z) and the power pulse deposited on this surface by 
P = P(x = f(y, z)). With the assumption that /'i, (thermal conductivity) and c (specific heat) 
are independent of the temperature one gets from eqn.(2.143): 

82T(x, t) + P _ pc 8T(x, t) = 0 
8x2 /'i, /'i, 8t 

(2.144) 

which can be solved analytically by: 

(2.145) 

where u = 2~.jEf- is a length related to the material and pulse time. Finally for the temporal 

evolution of the surface temperature one gets from eqn.(2.145), neglecting the thermal diffusion 
into the bulk: 

T(O, t) = T(O, 0) + (~ Vi) 
7rPC/'i, 

The power flux from the plasma deposited on the limit er surface is 

P(ne,Te) 

W 
P(ne , Te)[-2] 

cm 

r e8kBTe or in practial units: 
,-------:--:---

-19 1 3/2 ] 1.93· 1012 

1.603·10 8ne [-3]Te [eV [] 
cm mplasma amu 

(2.146) 

(2.147) 

(2.148) 

where 8 ~ 7 - 8 [56] is the energy transmission coefficient of the sheath - the proportionality 
factor relating power flux to (particle flux)xkBTe. 
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Formatted Input-Files 

For each Run ERO-TEXTOR requires five specific formatted input file systems, which are: 

1. Configuration File (ref. section 3.1) 

2. Rate Coefficients Files (ref. section 3.2) 

3. Sputtering Data Files (ref. section 3.3) 

4. Reflection Data Files (ref. section 3.4) 

5. Parameter File for the Individual Run (ref. section 3.5) 

In this chapter these five different input file systems are described. 
WARNING: 
Since ERO-TEXTOR never checks for man made errors, please take care that all 
KEYWORDS are correctly spelled. On the following pages all keywords are written 
in typewriter letters. After all KEYWORDS there must be one blank and then the 
line feed. The specification of the keyword has to be in the next line. 

3.1 Configuration File 

Most important before starting with ERO-TEXTOR, the configuration file 

MERLIN.CFG 

has to be in the same folder as the code itself or from where the code should be started. In 
this configuration file ERO-TEXTOR requires the pathes to the graphics screen drivers, the 
ionization cross-section, the reflection database and the sputter data. 

DISCLAIM 

Here ERO-TEXTOR expects the full path and file name (lusr /local/ disclaim . dat) to the 
copyright and disclaim file. In addition to the programmers disclaim notes the file contains 
latest update notices not yet reported in this manual. 

DRIVER 

Only the visual demonstration version of ERO-TEXTOR (MERLIN.EXE) needs the path to 
the graphics screen drivers. For the scientific code ERO-TEXTOR no path to drivers has to be 
specified, but the keyword must be found in the configuration file. 

Here ERO-TEXTOR expects only the path to the ionization cross-sections. For the standard 
nomenclature of the data files (ref. section 3.2 and tab. 3.1). 

28 
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RESULTS 

Without any use at that time 

REFLECTION_DATA 

Expecting the path and file name (e.g. /usr /local/reflection. dat) of the reftection database 
(ref. section 3.4). 

DATA 

Fol1owed by the path and file name (e.g. /usr /local/ sput . kor) of the data for calculating the 
sputter yield according to Bodhansky and Yamamura (ref. section 3.3.1). 

SPUTTER_INTEGRAL 

Here ERO-TEXTOR expects the path and file name (e.g. /usr/local/Lsput.dat) of the 
data for 'calculating' the sputter yield of the background plasma according to Abramov et al. 
(ref.section 3.3.2). 

EMISSION 

Here ERO-TEXTOR expects only the path to the emission rate files. 
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3.2 Ionization Rates 

In this section the formate of the files containing cross sections due to electron impact and the 
calculation procedure to obtain the individual cross section is explained. The first paragraph 
deals with cross sections for atomic species (e.g cross sections for car bon [C] or tungsten [W]), 
while the second paragraph describes molecular species (e.g. silane [SiH4]). 

3.2.1 Ionization Rates For Atomic Species 

ERO-TEXTOR already provides the ability to handle a variety of atomic species (see tab. 3.1 
for a fuil list of these species) of interest in fusion plasmas. For these species cross sections as 
published in [6],[30],[27] are provided with the ERO-TEXTOR-package. For each element ail 
ionization cross sections are contained in an individual file, which must obey a general formate. 
If the user wants to do the simulations with other cross seetions only the cross section file has 
to be changed (but still keeping the general formate). The situation becomes more complicated 
when a simulation should be done with an element which is not supported yet, because then the 
code has to be recompiled (for this situation please refer to section 5.1). In this section only the 
standard formate of cross section files is described! As explained in sec. 3.1 the configuration 
file contains only the path where ERO-TEXTOR searches the files for ionization cross sections. 
For each element the cross section file name foilows the standard ERO-TEXTOR nomenclature 
(ref. tab. 3.1 for element names ) foilowed by .dat (e.g the cross seetions for carbon must be in 
a file named _c. dat). 

Calculating the rate coefficients < (j • v > 

As described in [6] the rate coefficients are calculated according to the foilowing formula: 
For a electron temperature range [0 S; kTe S; 10 . I, where I is the ionization potential 

(3.1) 

and for the electron temperature range kTe :2: 10 . I 

(I [ (kT) k (kT )-ij < a· v> (Te) = V kT: odn / + ~ßi -;- (3.2) 

File Formate 

According eqns.(3.1),(3.2) ERO-TEXTOR demands the values for the ionization potential I, 
the coefficients an (n = 0, 1, ... , 5), the value for the coefficient a and for the coefficients ßi 
(i = 0, 1, 2). In addition information on the number of available rate coefficients has to be 
provided to ERO-TEXTOR. 
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Error handling: 

I Keywords 

2 

o 
I 
11.26 
a 
5.9848e-08 
1. 1903e-08 
-3.0140e-08 
-1.3693e-08 
8.3748e-09 
4.0150e-09 
alpha 
3.7442e-07 
beta 
-6.5825e-07 
2.0521e-06 
-4.4694e-06 
1 

I 
24.38 
a 
2.8395e-08 
-1.6698e-08 
-2.3557e-09 
3.2161e-10 
9.6016e-10 
5.2713e-10 
alpha 
6.0150e-08 
beta 
-4.0217e-08 
-2.7908e-08 
5.549ge-07 

Description 

Number of Ionization states 
Coefficients of X O -+ X1+ follow: 
keyword for ionization potential 
ionization potential 
keyword, refer eqn.(3.1) 
ao 
al 

a2 

a3 

a4 

a5 

keyword, refer eqn.(3.2) 
a 
keyword, refer eqn.(3.2) 
ßo 
ßl 
ß2 
Coefficients of X1+ -+ X 2+ follow: 
keyword for ionization potential 
ionization potential 
keyword, refer eqn.(3.1) 
ao 
al 

a2 

a3 

a4 

a5 

keyword, refer eqn.(3.2) 
a 
keyword, refer eqn.(3.2) 
ßo 
ßl 
ß2 

31 

If ERO-TEXTOR cannot find the necessary coefficients (e.g. only coefficients for the ionization 
up to charge state q = 3 are provided but the simulation demands the cross section for X3+ -+ 

X H ) or the calculation ofthe rate coefficient yields < a· v > = 0, then ERO-TEXTOR will put: 

1 
tion(Xq+ -+ X(q+l)+) = == 1 

< a· v> ne 

which is usually equivalent to infinity. 

3.2.2 Ionization Rates For Molecular Species 

Methane Moleeules 

[secJ, 

For methane molecules CH4 ERO-TEXTOR provides the ionization rates as published by 
Ehrhardt et al. [22J. Fig. 3.1 shows the possible processes for electron impact, whereas for-
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mula (3.3) show the possible proton-impact processes. 

CH+ 4 ------1 

Figure 3.1: Possible electron-impact processes for the methane moleeule. The hydrogen released 
in these pro ces ses is not included. 

p+CHx -+ CHi +H (3.3) 

In contrast to atomic ionization processes (see eqn.(2.44)) there mast several possible pro ces ses 
competing for one specific moleeule. Therefore to compute whether a process and which process 
happens the following procedure is used: 
First a random number ~c (uniform in JO; 1[) is drawn and compared to the value of 

= 
1 1 

L n <O"v>1 + L n <O"V> t all processes e e ectron all processes p pro on 
(3.4) 

1 

if ~c < Tc then a process will occur and it has to be decided which process will win. Thus the 
rates for all possible processes are normalized to the sum: 

1 
Ti = - . ne p < 0' • V >e p +Ti-l 

Tc' , 
(3.5) 

Then a second random number ~which (uniform in [0; I[) is drawn and the process for which the 
equation: 

Ti-l S ~which S Ti (3.6) 

holds is the "winner". 
As described in [22J the rates due to electron-impact pro ces ses are fitted by the following equa­
tion: 

8 

In< 0" v >= L bn(lnTe)n (3.7) 
n=O 

whe'reas the rates due to proton-impact processes are fitted by a double logarithmic polynomial: 

8 8 

In < 0' • v >= L L aij(ln Eproton)i(ln Te)j 

i=O j=O 

(3.8) 

All this rates will not be loaded during runtime, but they are already provided with the routine 
void prozessesO (see sec. 5.4). 
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Silane Moleeules 

Since there exists no published rate coefficient scheme for silane like for the methane molecule 
a new rate coefficient scheme was developed based on that of Fantz et al [23],[50J. The total 
dissociation cross sections were measured by Perrin et al. [40J. As in the work of Ehrhardt 
and Langer the fundamental cross sections for dissociative ionization are taken from the work 
of Chatam et al. [12J. Furthermore an isotope effect has been detected by Perrin et al. [41] of 
ab out 10 - 20% higher ionization cross sections for deuterated silane SiD4 . Fig. 3.2 shows the 
electron induced reactions of the silane molecule. Since the SiHt -ion has not been detected yet 
and it is quite certain [24],[33] that it predissociates into SiH:}" the re action chain is different 
from that of methane. The released hydrogen atoms / molecules are not included in the figure. 

SiH+ ... -----

SiH
4
-----....,!>SiH

3
-----1 

l~ll~~~~~~ __ ~~ 
Figure 3.2: Possible electron-impact processes for the silane molecule from [23]. 

The rate coefficients were fitted according to Ehrhardt and Langer: 

(3.9) 

In Appendix B the values for the fitting formulae and the graphical presentation of the 
calculated rate coefficients can be found. The rate coefficient system will be discussed in detail 
elsewhere [28]. 
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3.3 Sputtering Data 

3.3.1 Data for Simulation Particles 

For simulation particles the individual sputter yield is calculated as a function of energy Ein 

and angle (hn according to the Bodhansky- and Yamamura-Formula (eqn.(2.112), (2.113)). The 
necessary (formatted) input data are listed in the following table (see also [21]): 

I Keyword/Data 

_hli 
1.67000 

6.88000 

1.00000 
3.00000 
1.00790 
185.000 
6.22000 
0.10000 
0.04636 

_dli 
1.67000 

3.45000 

1.00000 

Description 

Projectile - Target combination according 
standard ERO-TEXTOR nomenclature 
first 2 characters represent the projectile and second the target 
Es - Target Surface Binding energy (in this case of Li) [eV] 
mass ratio = Mtarget 

Mprojectile 

Zprojectile 

Ztarget 

mass projectile Mprojectile 

ETF[eV] 
Eth threshold energy [e V] 
Q [a~oms] 

tons 
density of target material [~] 

A3 
data followed by blank line !! 
next projectile-target combination 
Es - Target Surface Binding energy (in this case of Li) [eV] 
mass ratio = Mtarget 

Mprojectile 

Zprojectile 
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3.3.2 Data for the background plasma 

For background plasma sputtering ERO-TEXTOR needs the pre-calculated integral yield Y 
([a~~~s]) oft he relevant impurity I (projectile) - bulk material B (target) combination according 
eqn.(2.114), which is a function of charge state q and electron temperature Te: Path and file 
name have to be specified in the configuration file and ERO-TEXTOR searches in this file (only 
one file for all projectile-target combinations) for the string IBq, where land B obey the 
standard ERO-TEXTOR nomenclature (see tab. 3.1). The following table shows apart of the 
formatted input file: 

I Keyword/Data Description 

_c_w4 
1.000000 
5.000000 
10.000000 
15.000000 
20.000000 
25.000000 
30.000000 
35.000000 
40.000000 
45.000000 
50.000000 
75.000000 
100.000000 
150.000000 
200.000000 
_cpt1 
1.000000 
5.000000 
10.000000 
15.000000 
20.000000 
25.000000 

6.598122e-16 
6.301306e-03 
3.779705e-02 
6.401654e-02 
8.79135ge-02 
1.068258e-01 
1. 239871e-01 
1.38410ge-01 
1.51364ge-01 
1.63089ge-01 
1.737422e-01 
2. 152887e-01 
2.450095e-01 
2.858854e-01 
3. 133727e-01 

1.585326e-15 
5.401861e-04 
8.794207e-03 
2.374422e-02 
3.975607e-02 
5.493518e-02 

Projectile-Target combination followed by charge state 
of projectile; in this case eH --+ W 
followed by data: 
first column : electron temperature Te 
second column : Sputter Yield Y(Te)[a~~~s] 
(in this case Y(Te) = Yc4+-+w(Te)) 

electron temperature Te has not necessarily to be 
incremented as in this example, 
but ERO-TEXTOR needs 15 (Te, Y(Te)) toubles 

followed by 
next Projectile-Target combination 
(in this case eH --+ Pt) 

In Appendix C the sputtering yields for the most relevant elements in fusion (namely Lithium, 
Boron, Beryllium, Carbon, Silicon, Iron, Nickel, Copper, Molybdenum and Tungsten) due to 
impact of Hydrogen, Deuterium, Tritium, Helium, Carbon and Oxygen in the energy range of 
Te = 1 - 200eV calculated according eqn.(2.114) are presented. In addition the selfsputtering 
yields of these elements in the same energy range can be found there. 

3.4 Reflection Data 

Although there exist some approaches to describe the reflection of light ions on fusion relevant 
materials [3J with analytical formulae, the ERO-TX code uses the refiection data calculated with 
the TRIM code. The TRIM code calculates the reflection of incindent ions of distinct impact 
energy and angle and therefore a large set of data has to be read to describe this process. 
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surface normal 

Figure 3.3: The reflection geometry. The surface normal and the direction of incidence define 
the plane of incidence which is the referential plane for 1Yout. 

According to Eckstein [18],[19] a set of 3 matrices is sufficient to describe the reflection 
prob ability for an incident particle with energy of incidence Ein and the angle to the surface 
normal Bin. These matrices are the reflection prob ability for the energy Eout of the reflected 
particle, its polar angle Bout and its azimuthaI angle 1Yout each described by its va.lues Xl for 
the cumulative probabilities F(O = (fox f(x )dx )-1 of 0.1, 0.3, 0.5, 0.7, 0.9, where f(x) is the 
prob ability distribution of the specific variable (x = E, B, 1Y)(for the geometry ref. fig(3.3)). 
Therefore the first matrix (a 1 X 5 matrix) gives the energy of reflected particles for the five 
mentioned cumulative probabilities E(~i)' The second matrix (a 5 X 5 matrix) gives the eosine 
of the polar angle for each of the energy distributions and the cumulative prob ability functions: 
B( E( ~i), ~j). Finally the last matrix (a 5 X 5 X 5 matrix) gives the azimuthaI angle ofthe reflected 
particle for each energy and each polar angle distribution and the cumulative prob ability function 
B(E( ~i), B( ~j), ü). 

Each of these sets describes the reflection prob ability of one well-defined set of energy of 
incidence Ein and angle of incidence Bin. To cover the whole parameter range relevant to 
the conditions at a limit er / divertor surface a number with different energies Ein and angles 
Bin have to be provided to the code. For the standard code these are 84 different conditions 
of incidence (twelve energies Ein = 1,2,5,10,20,50, ... ,2.103 ,5.103 eV and seven angles 
Bin = 0°,30°,45°,60°,70°,80°,85°). 



3.4. REFLECTION DATA 37 

#next:energy,angle,backscattered,refiection coefficient,125-matrix of data 
2. OOOOOOe+ 0 1 Ein energy of incident particle 
8.000000e+0l Bin angle to surface of incident particle 
5.115000e-02 refiection yield 
2.67877E+00 4.55522E+00 6.02263E+00 7.53862E+00 9.51911E+00 

empty line 
1.81526E-01 3.26172E-01 4.52497E-01 5.74997E-01 7.40569E-01 
1. 74020E-01 3.10293E-Ol 4.10812E-01 5.09556E-01 6.66830E-01 
1.54706E-01 2.77501E-Ol 3.69626E-01 4.70190E-01 6.14851E-01 
1.33451E-01 2.41643E-01 3.27422E-Ol 4.14027E-Ol 5.50204E-01 
1.07820E-Ol 1.97216E-01 2.59270E-01 3.37261E-Ol 4.52496E-Ol 

empty line 
5.75808E-Ol 8.29427E-Ol 9.24492E-Ol 9.73070E-Ol 9.97033E-01 
5.36295E-01 7.90592E-01 9.15234E-01 9.70466E-Ol 9.95214E-Ol 
5.81162E-Ol 8.04515E-01 9.15759E-01 9.76323E-01 9.98271E-Ol 
5.55628E-01 8.00283E-01 9.07271E-Ol 9.71484E-01 9.97678E-Ol 
5.17713E-Ol 7.77263E-Ol 8.94983E-01 9.68284E-01 9.98087E-01 
6.63699E-Ol 8.65566E-01 9.33046E-01 9.77695E-Ol 9.97334E-Ol 
6.89913E-01 8.45810E-01 9.34429E-01 9.80412E-01 9.97666E-01 
6.93771E-Ol 8.58610E-01 9.33808E-01 9.72887E-01 9.95684E-Ol 
6.76320E-Ol 8.49495E-Ol 9.34202E-Ol 9.80105E-Ol 9.96835E-01 
7.72961E-01 8.95987E-01 9.54578E-01 9.85446E-Ol 9.98321E-01 
7.45364E-Ol 8.81586E-01 9.45934E-01 9.82843E-Ol 9.97068E-01 
7.04904E-Ol 8.80835E-01 9.46526E-01 9.82907E-01 9.97176E-01 
7.56732E-01 9.01553E-01 9.63240E-Ol 9.88047E-01 9.99027E-01 
7.59460E-01 8.97484E-01 9.49299E-01 9.81760E-01 9.98969E-Ol 
7.74468E-01 9.00324E-01 9.53271E-01 9.82670E-01 9.98978E-01 
7.85319E-Ol 9.11117E-01 9.60385E-01 9.85610E-Ol 9.97999E-01 
7.80133E-01 9.10497E-Ol 9.54568E-01 9.84362E-Ol 9.98344E-01 
8.20946E-01 9.19789E-01 9.63784E-01 9.89308E-01 9.98763E-01 
8.07238E-01 9.20962E-01 9.68040E-01 9.89506E-01 9.99251E-Ol 
8.14715E-01 9.14643E-01 9.70179E-01 9.90570E-01 9.98960E-01 
8.79323E-01 9.50826E-01 9.78811E-01 9.92090E-01 9.99078E-Ol 
8.87811E-01 9.55746E-01 9. 79952E-0 1 9.93411E-Ol 9.99443E-01 
8.80297E-01 9.46979E-01 9.77359E-01 9.91480E-01 9.99296E-01 
8.85295E-Ol 9.58218E-0l 9.81377E-01 9.94948E-0l 9.99358E-01 
9.04408E-01 9.57319E-01 9.79117E-01 9.92574E-01 9.99093E-Ol 

empty line 
#next:energy,angle, backscattered,refiection coefficient ,125-matrix of data 
2.000000e+01 energy of incident particle 
8.000000e+01 angle to surface of incident particle 
5.859000e-02 refiection yield 
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3.5 Parameter File Composing Individual Run 

For each individual run ERO-TEXTOR expects a parameter input file in the same folder as the 
code. The name of this file can be chosen freely because ERO-TEXTOR request the file name 
(e.g. for a UNIX-system the code-start can be of the form: echo "param . ero" I ero. prg). 
In this section all reasonable options for ERO-TEXTOR are presented. Due to the fact that 
this version of ERO-TEXTOR is still a moving target some obvious inconsistencies can be found 
and will hopefully be removed in the next version!! ERO-TEXTOR allows for the parameter 
file not only keywords and keyword-data, but also comments, which have to be appended to 
the following letter: #u. The following listing is complete in keywords, but in ordering the 
user has the freedom to mix frankly, although for the purpose of comprehensive overview it is 
recommended to keep this ordering. 

3.5.1 Data For Numeric Dialog 

• # numeric dialog 

example for a comment line! 

• dt1 

time step L.t for solving the equations of motion for the specific particle. 

• dt2 
time step near the limit er surface to avoid cross miscalculation due to large dVj dt caused 
by the sheath potential. In the next version this time will be dynamically coupled to the 
Debye-length AD. 

• collision_time 

Time for the collision cycle (typically ~ 10· dt1). In this cycle friction and collision forces 
are calculated. 

After this time simulation will end for a particles, if it is not transported out of the tracing 
box or deposited on the limit er (typically ~ 10-4 s). 

• radial_box 

radial length of the tracing box in millimeters (corresponding to the z-coordinate of the 
global coordinate system), measured from the tip of the limit er (see fig. 3.4). 

• poloidaLbox 

poloidallength of the tracing box in millimeters (corresponding to the y-coordinate of the 
global coordinate system). The symmetry point of the limit er is located at poloi~a.lbox (see 
fig. 3.4). 

• toroidal_box 

toroidallength of the tracing box in millimeters (corresponding to the x-coordinate of the 
global coordinate system). The symmetry point of the limit er is located at toroi~a.lbox (see 
fig. 3.4). 
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limiter 
IIp 

toroidaLbox ---------;~~ 

Figure 3.4: Visualization of the parameters of the tracing box. The parameter radial box is 
calculated from the tip of the limit er but the tracing box extends over the whole height of the 
limiter. 

• pathtoresul t 

Full path and first letters of filename (under a UNIX-system the user is free in design­
ing the filename). ERO-TEXTOR will append to 'filename' the standard nomenclature 
output names of the form abcde. ttt (depending on the special demands of the run; for 
nomenclature of output files see chapter 4). 
Example: user defined input is /usr/local/result/DUT which will provide the output file 
for net transport in the first time step for molybdenum: 
/usr/local/result/DUTDmo_T.T1 

Input Number Action 
1 creates a chainjob for the LoadLeveler 

in the job dass with 1 hour cpu time 
10 creates a chainjob for the LoadLeveler 

in the job dass with 10 hour cpu time 

• physical_erosion 

Input Number Action 
0 physical sputtering due to background plasma switched on 
1 physical sputtering due to background plasma switched off 

• chemical_erosion 

Input Number Action 
0 chemical sputtering of carbon due to background hydrogen 

(methane formation) switched on 
1 chemical sputtering of carbon due to background hydrogen 

(methane formation) switched off 

• hardwired_chemical_erosion 
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Input Number Action 
<0 yield of chemical sputtering according the Roth-formula eqn.(2.120) 

(function of surface temperature, physical sputtering yield 
and hydrogen fiux) 

>0 hard wired chemical sputtering 
(function of hydrogen fiux) 

• oxygen_erosion 

Input Number Action 
0 chemical sputtering of carbon due to background oxygen 

(carbonmonoxyde formation) switched on 
1 chemical sputtering of carbon due to background oxygen 

(carbonmonoxyde formation) switched off 

• background_deposition 

Input Number Action 
0 deposition of background plasma carbon switched on 
1 deposition of background plasma carbon switched off 

• particle_sputtering 

Input Number Action 
0 physical sputtering due to traced impurity switched on 
1 physical sputtering due to traced impurity switched off 

• particle_reflection 

Input Number Action 
0 refiection of traced impurity switched on 
1 refiection of traced impurity switched off 

3.5.2 Background Plasma Data 

• #plasma dialog 
plasmaions 

input must be an integer number 0,1 or 2, where 0 - Hydrogen (H), 1 - Deuterium (D) 
and 2 - Tritium (T), for the fuel plasma ions. 

• helium 

Expecting an integer number i E [0,100] for the percentage of helium impurities in the fuel 
plasma, e.g. if the fuel plasma ions are hydrogen ions and there are no other impurities 
specified then helium = 100. HeatQm' • 

, Hatoms+H eatoms 

• he_abfall 

simple exponential decay length of impurity content of the background plasma according: 

if he_abfall:::; 0 then the helium content will increase from core plasma to SOL plasma. 
Please notice that the shape of the rhelium is independent of the chosen electron density 
form. 
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EI he_charge 

the mean charge state of the helium ions in the SOL (default is set to he_charge= 2). 

EI carbon 

Expecting an integer number i E [0, 100] for the percentage of carbon impurities in the fuel 
plasma, e.g. if the fuel plasma ions are hydrogen ions and there are no other impurities 
specified then carbon = 100. C MQm , • 

Hatoms+Catoms 

11 c_abfall 

simple exponential decay length of impurity content of the background plasma according: 

r ( ) - r ( ) -z/eabjall earbon Z - earbon Ziels' e 

if c_abfall ~ 0 then the carbon content will increase from core plasma to SOL plasma. 
Please notice that the shape of the r earbon is independent of the chosen electron density 
form. 

11 c_charge 

the mean charge state of the carbon ions in the SOL (default is set to c_charge= 4). 

11 oxygen 

Expecting an integer number i E [0,100] for the percentage of oxygen impurities in the 
fuel plasma, e.g. if the fuel plasma ions are hydrogen ions and there are no other impurities 
specified then oxygen = 100. OqtQm' • 

Hatoms+Oatoms 

EI o_abfall 

simple exponential decay length of impurity content of the background plasma according: 

r () r ( ) -Z/Oabjall 
oxygen Z = oxygen Ziels' e 

if o3bfall ~ 0 then the oxygen content will increase from core plasma to SOL plasma. 
Please notice that the shape of the r oxygen is independent of the chosen electron density 
form. 

EI o_charge 

the mean charge state of the oxygen ions in the SOL (default is set to o_charge= 5). 

EI te 

(background) electron temperature Te at the LCFS in [eV]. If instead of areal number a 
string with the suffix" . dat" (e.g. "te. dat") is supplied, the code will expect a column 
of real numbers in a file with that name, each defining the electron temperature for one 
subsequent time step. The code reads the first number and deletes it from the table. 

EI te_abf 

e-folding decay length [mm] of electron temperature from the LCFS according 

Te(z) = Te(z = ZLCFS)' e-Z/teabj 

If te_abf= 0 then Te = const. 



42 CHAPTER 3. FORMATTED INPUT-FILES 

• ti 
(background) ion temperature Ti at the LCFS in [eVJ. If instead of areal number astring 
with the suffix" . dat" (e.g. "ti. dat") is supplied, the code will expect a column of real 
numbers in a file with that name, each defining the ion temperature for one subsequent 
time step. The code reads the first number and deletes it from the table. 

• tLabf 

e-folding decay length [mmJ of ion temperature from the LCFS according 

Ti(Z) = Ti(z = ZLCFS) . e-z/tiabf 

If tLabf= ° then Ti = const. 

• ne 
electron density ne at the LCFS in [c!3 J. If instead of areal number astring with the 
suffix" . dat" (e.g. "ne. dat") is supplied, the code will expect a column of real numbers 
in a file with that name, each defining the electron density for one subsequent time step. 
The code reads the first number and deletes it from the table. 

• ne_abf 

radial e-folding decay length [mmJ of electron density from the LCFS according (far away 
from the test limiter): 

If ne_abf= ° then ne = const. If ne_abf< ° then 

ne(z,x = (0) 

if ne3bf is set S; 0, i.e. the SOL decay length oft he electron density is calculated according 

>-ne = j D J .Lc , this factor can be used to scale >-ne. 
Cs 

Input Number Action 

° With Magnetic Field 
1 No Magnetic Field 

• bfield 

Magnetic Induction Strength IIEol1 in [TeslaJ. 

• pol_angle_of_bfield 

azimuthai angle <PB between x-axis and unit vector along the magnetic field lines. 

A,. - L(e B) E JO, 180[ unit: [oJ 
'f/B - x, IIBII 
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• tor_angle_of_bfield 

polar angle l)B between z-axis and unit vector along the magnetic field lines. 

l)B = L( ez , II~II) E JO, 90[ unit: n 

z 

Figure 3.5: Orientation of the magnetic field vector iJ relative to the global co ordinate system. 

This item, pol_angle_of_bfield and bfield define the magnetic field vector according: 

The magnetic field vector directs towards the origin (see fig. 3.5)! 

Input Number Action 

° LCFS is on the tip of the limit er 
1 LCFS is NOT on the tip of the limiter (symmetry point) 

--+ elec_oLlcfs must be specified with an input number 2': ° 
• elev_of_lcfs 

If lcfs_ontip = 1, this is the elevation in [mmJ of the LCFS over the tip of the limit er 
(see fig. 3.6). 

1& cs_abfO 

e-folding length for background plasma velo city decay in the "negative" "private" region l 

of the limit er according: 

( 
_) _ (csabfO 

Cs x - cs,o . -
cSabfo - x 

( CSabfO )2 _ 1) 
cSabfo - x 

lThe "private" region is the part of the SOL for which the magnetic field lines cross the limit er surface, i.e. 

3 AS for which the equation Xparticle + AS . drr = XLimitersur face holds. If the limiter is the LCFS defining 

element then the entire SOL (as modeled by ERO-TEXTOR) will be the private region. 
"negative" "private" region is the part of the private region for which AS < 0 (see fig. 3.6). 
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L 
y 

I
r--------------------------- 2 * connection_length---------------------. 

symmetry plane 

~-----I 

positive 
private 
region 

limi ter _ con_length 

negative 
private 
region 

Figure 3.6: Visualization of SOL parameters for the situation when the modeled limit er is not 
the LCFS-defining element in the scrape-off-layer. Due to the fact that the limit er modeled by 
ERO-TEXTOR is on the right side of the symmetry (stagnation) plane the parameter "sign of 
con length" has to be specified as "-". dx is given by the distance of the particle from the limiter 
surface along E, Le dx = (xpart - xsur f ) . E IIIEII. 

• es_abf1 

e-folding length for background plasma velo city decay in the "positive" "private" region2 

of the limit er according: 

( _) (CSabf1 
Cs X = Cs 0 • -

, cSabfl - X 

( cSabfl )2 - 1) 
cSabfl - X 

• eonneetion_length 

Distance of the LCFS-defining element from the symmetry point, Le. the distance d of 
the LCFS-defining element from itself along the magnetic field lines is d = 2·eonneetion 
_length (see fig. 3.6). 

Input Number Action 
0 "+" fluid flow parallel to B 
1 "-" fluid flow parallel to -E 
2 "±" fluid flow ambivalent; limit er tip is the symmetry point 

• limiter_eon_length 

Distance of the limit er from the symmetry point of the LCFS (see fig. 3.6). 

2"positive" "private" region is the part of the private region for which >"s > 0 (see fig. 3.6). 
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Input Number Action 
0 Calculation with sheath potential 
1 No sheath potential is calculated 

11 potential_drop 

Input Number Action 
0 total potential in the (magnetic) sheath: 

<I> = _ 3kBTe 
e 

1 total potential in the (magnetic) sheath: 

<I> = - kBTe In [21f( 1!k )(1 + Jl)~ 1 [56J 
2e mi Te (1-,/,) 

'Y is the secondary electron emission coefficient 

Enhancement factor for the sheath potential 

11 presheath_factor 

Enhancement factor for the pre-sheath radial electric field 

Input Number Action 
0 With cross-field diffusion as specified in 

perpendicular diffusion Dl. = D(perp) 
1 No cross-field diffusion 
2 With cross-field diffusion in an Alcator like scaling: 

Dl. = D(perp)n lcf S 

netZ) 
3 With cross-field diffusion in the Alcator scaling: 

Dl. = 5· 1012 . l[_1_J n cm 2 s 

Input Number Action 
0 Ion collision frequency is calculated according to 

plasma parameters; Vi = 6.81.10-8 ZR Z1~ne [ -1 J 
m2+mIZB T 3 2 8 I e 

any other real number user specified ion collision frequency [8-1 J 

• perpendicular_diffusion 

(anomalous) cross-field diffusion coefficient D(perp) in [m:n
2 

J 
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3.5.3 Limiter /Divertor Geometry 

• # limiter geometry 
poloidaLradius 

Accepts only integer values! 

poloidaLradius toroidal_radius 
Rp Rt 

Rp = 0 Rt = 0 
Rp = 0 Rt =I 0 
Rp =I 0 Rt = 0 

Rp = Rt Rp , Rt =I 0 

Limiter shape 

plain surface 
cylinder along y-axis 
cylinder along x-axis 
sphere 

Rp > Rt Rp , Rt =I 0 "poloidal" torus (y-axis = symmetry axis) 
Rp < Rt Rp , Rt =I 0 "toroidal" torus (x -axis = symmetry axis) 

• poloidal_length 

Width of the limit er (along y-axis). The limit er extends from y = -~poloidal_length 
to y = +holoidal_length. Accepts only integer values. 

• toroidal_radius 

rei "poloidal_radius" 

• toroidal_length 

Length of the limiter (along x-axis). The limit er extends from x = -~toroidal_length 
to x = +~toroidal_length. Accepts only integer values. 

• toroidal_angle 

If a plane limiter is specified this angle a will be the angle of the surface normal n with 
the x-axis i!x according: 

• surface_temperatur 

starting temperature of the limit er in degree Celsius (if necessary L:.T 
added) 

• secondary_electron_emission 

secondary electron emission coefficient of the material E [0, 1] 

• heat_conductance 

273.16]( are 

K 2 
(temperature independent and isotropie) heat conductance ofthe limiter material in [W~~2]' 

• sheath_transmission 

sheath energy transmission factor (typically ~ 7 - 8) [55] 
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~ interaction_depth 

thickness of the surface layer in [nm], which is included in the calculation of the local 
concentration of different specimen (please mind that this is typically not related to the 
penetration depth of energetic ions into the bulk material, because of the fact that the 
product d(A) = r· 6tp-l[nm] (p in [a:~~s]) is much larger than the relevant penetration 
length). 

3.5.4 External Source 

o # number of particles 
loops 

number of particles for the external source per time step. If external sour ce is a moving 
source (see below) then this will be the number of particles per sour ce step and per time 
step. 
If instead of areal number astring with the suffix" .dat" (e.g. "loop.dat") is supplied, 
the code will expect a column of real numbers in a file with that name, each defining the 
number of particles for one subsequent time step. The code reads the first number and 
deletes it from the table. 

• # element choice for external source 
element_choice1 

see tab. 3.1. 

• element_choice2 

see tab. 3.1. 

• # external source data 
source_on 

Input Number Action 
0 External source is included in RUN 
1 No external source 

• which_distribution 

Energy distribution of the launched sour ce particles. E mean = mean_energy (ref. next 
item). 

Input Number Action 
0 Particle of External Source are monoenergetic in energy according 

EPartic/e = E mean 

1 Particle of External Source are maxwellian in energy according 

P(Eparticle) rv e-
Eparticle 

E mean 

2 Not Defined 
3 Particle of External Source are thompsonian in energy according 

P(E ) E muv 
Particle rv JEparticle+Emean)3 
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ERO-TEXTOR-Number 
Element ERO-TEXTO R-symbol element_choice1 element_choice2 
Hydrogen _h 0 23 
Deuterium _d 1 23 
Helium he 2 23 
Lithium li 3 23 
Beryllium be 4 23 
Boron _b 5 23 
Carbon -c 6 23 
Nitrogen _n 7 23 
Oxygen _0 8 23 
Fluor _f 9 23 
Neon ne 10 23 
Sodium na 11 23 
Magnesium mg 12 23 
Aluminum al 13 23 
Silicon si 14 23 
Phosphorus -p 15 23 
Sulfur -s 16 23 
Chlorine cl 17 23 
Argon ar 18 23 
Potassium _k 19 23 
Calcium ca 20 23 
Scandium sc 21 23 
Titanium ti 22 23 
Va,nadium - v 23 0 
Manganese mn 23 1 
Iron fe 23 2 
Cobalt co 23 3 
Nickel ni 23 4 
Copper cu 23 5 
Zinc zn 23 6 
Gallium ga 23 7 
Germanium ge 23 8 
Bromine br 23 9 
Krypton kr 23 10 
Rubidium rb 23 11 
Strontium sr 23 12 
Zirconium zr 23 13 
Molybdenum mo 23 14 
Antimony sb 23 15 
Xenon xe 23 16 
Caesium cs 23 17 
Barium ba 23 18 
Tungsten _w 23 19 
Lead pb 23 20 
Bismuth bi 23 21 

Table 3.1: ERO-TEXTOR standard nomenclature for available Elements 
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• mean_energy 

Energy of monoenergetic particles (if 0 specified in whieh_distribution); mean energy 
of maxwellian particles (if 1 specified in whieh_distribution) or Surface Binding Energy 
of thompsonian particles (if 3 specified in whieh_distribution). 

• intervall_energy 

This item belongs to Plasma-Surface-Interaction !! 
Number of particles launched from each surface cell when sputtering distribution is built, 
e.g. if there are 2.103 surface cells and intervall_energy is specified as 1000 then ERO­
TEXTOR will have to trace 2 Million particles !! (Mind computational time!!) 

• polar_distribution 

Polar angle distribution of launched particles, i.e. the angle B between the z-axis and the 
unit-vector velo city- .:!!ß1=L1~ I of the particles. 

VStart 

Input N umber Action 
0 single angle; all particles start with the same angle B 
1 uniform distribution: B uniform in [0, 7r /2[ 
2 eosine distribution: P( B) "" cos( B) 
3 angle distribution according to the conditions of molecular flow 

through a cylindrical tube with ratio ~, see below 

• polar_angle 

If specified with 0 in polar _distribution, then all particles will start with B = polar _angle. 
If uniform distribution is demanded, the polar _angle can be specified by any value. If 
eosine distribution is selected (polar _distribution = 2) then the probability of starting 
angle will be P(B) "" cos(polacangle-B). 

• length_to_radius 

length to radius ratio of cylindrical tube through which the gas is expanding under molec­
ular flow conditions [17],[64]. 

• azimut_distribution 

Azimut angle distribution of launched particles, Le. the angle <P between the x-axis and 
the unit-vector velo city- .:!!ß1=L1~ I of the particles. 

VStart 

Input Number Action 
0 single angle; all particles start with the same angle phi 
1 uniform distribution: <p uniform in [0,27r[ 

• azimut_angle 

If specified with 0 in azimut_distribution then all particles will start with azimut angle 
<p =azimut_angle, otherwise (azimut_distribution = 1) any angle between 00 and 3600 

will be satisfying. 

• souree_rate 

Source Rate in particle~ t' Le. if only one external source is specified then this will be the s sourcepozn 
source rate, otherwise if, moving sour ce (see below) is on and x source points are specified, 
then the total sour ce rate Stotal will be: 

Stotal = x . souree rate 
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If instead of areal number astring with the suffix" .dat" (e.g. "src.dat") is supplied, 
the code will expect a column of real numbers in a file with that name, each defining the 
source rate for one subsequent time step. The code reads the first number and deletes it 
from the table. 

• source_location_y 

If just one external source point is specified (option: moving_source_on switched off), 
this will be the location of the source along the y-axis, otherwise it will be the center of 
the moving source along the y-axis. 

• source_location_x 

If just one external source point is specified (option: moving_source_on switched off), 
this will be the location of the source along the x-axis, otherwise it will be the center of 
the moving source along the x-axis. 

e moving_source_on 

Moving sour ce means that several external source points separated by constant incre­
ments in x- and y-direction or in radial and angular direction centered around the point 
(source_location_x, source_location_y) can be specified. Each sour ce point will be 
handled by ERO-TEXTOR as though only one external sour ce is specified (and all sour ce 
points are uniform in sour ce rate, energy and angular distribution of particles and tempo­
ral behavior). All inputs for the spatial behavior of the sour ce points are related to the 
x-y-plane and not to the surface of the limit er. 

Input Number Action 
0 Moving source switched on 
1 Moving source switched off 

• moving_source_form 

There are two options for a moving source, either the source points are separated by con­
stant increments in the x- and y-direction or they are separated by constant increments in 
radial and angular direction around the point source_location_x, source_location_y. 

Input Number Action 
0 rectangular area of moving source 

(ERO-TEXTOR increments in x- /y-direction) 
1 circular area of moving source 

(ERO-TEXTOR increments in radial and angular direction) 

• moving_dx 

Defines the step width/increment which separates two source points according: 

moving_source_form Shape Incrementing 
0 rectangular in x-direction (specify the dx wanted) 
1 circular in radial direction (specify the dr wanted) 

• moving_dy 

Defines the step width/increment which separates two source points according: 

moving_source_form Shape Incrementing 
0 rectangular in y-direction (specify the dy wanted) 
1 circular in angular direction (specify the dqy wanted) 
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EI intervall_dx 

Defines the number of steps/source points in one direction according: 

rnoving_source_form Shape Incrementing 
0 rectangular in x-direction 
1 circular in radial direction 

EI intervall_dy 

Defines the number of steps/source points in one direction according: 

a) 

b) 

rnoving_source_form Shape 
0 rectangular 
1 circular 
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Figure 3.7: Different scenarios of"moving source": a) For rectangular moving sour ce the central 
point is always the sour ce point with lowest x- and y-values, all other sour ce points obey the 
formula: Xi = X s + i * dx; Yj = Ys + j * dy. In this case Nx = Ny = 3. b) N x = Ny = 4. c) 
For circular moving source the central point is not a source point. All source points obey the 
formula Xij = (i + O.5)dr· cos( (j + 0.5)d4» Yij = (i + O.5)dr· sin( (j + 0.5)d4». In this case Nr = 2 
Nif> = 4, d4> = 90°. d)Nr = 2 Nif> = 4, d4> = 45°. 

Summarizing moving source: 
Assuming that xs, Ys is the central point ofthe moving sour ce (as specified in source_location 
_x, source_location_y), dx, dy (respectively dr, d4» are the specified increments and Nx , Ny 
(respectively NT) Nif» are the defined number of steps, then the situation is as shown in fig. 3.7. 
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3.5.5 Chemical Data for External Source 

• # chemical data (1==off) 
chemie_on 

ERO-TEXTO R provides the electron/ proton impact ionization cross sections for molecules 
of the form XYn (X = C, Si; Y = H, D, T; n = 1, ... ,4) according to Langer et al. [22] 
(methane) and appendix A (silane). 

Input Number Action 
0 Source particles are molecules (chemistry on) 
1 Source particles are atoms (chemistry off) 

• #parent_name -- si oder _c 
parent 

!! only methane & silane 

Input Symbol Action 

-c "Parent"-atom in XYn is Carbon (e.g. CH4 ) 

si "Parent"-atom in XYn is Silicon (e.g. SiH4 ) 

• #child_name -- h for hydrogen I d for deuterium I t for tritium 
child 

Input Symbol Action 
h "Child" -atom in XYn is Hydrogen (e.g. C H 4) 

d "Child"-atom in XYn is Deuterium (e.g. CH4 ) 

t "Child"-atom in XYn is Tritium (e.g. CH4 ) 

Attention: Not standard ERO-TEXTOR nomenclature (as defined in tab. 3.1) for hydrogen­
like species (h i= _h). 

Input Number Action 
1 N umber of "Child" -atoms in XYn is n = 1 (e.g. CHI) 
2 Number of "Child"-atoms in XYn is n = 2 (e.g. CH2 ) 

3 Number of "Child"-atoms in XYn is n = 3 (e.g. CH3 ) 

4 Number of "Child"-atoms in XYn is n = 4 (e.g. CH4 ) 

Input Symbol Action 
0 incoming radical refiected as X H4 and a thompsonian energy 

distribution (X = Si, C and Usurface = UO,Si,G) 

1 incoming radical refiected as it is and a thompsonian energy 
distribution (X = Si, C and Usurface = UO,Si,C) 

2 incoming radical refiected as X H4 and a maxwellian energy 
distribution (X = Si, C and E mean = Esurface temperature) 

3 incoming radical refiected as it is and a maxwellian energy 
distribution (X = Si, C and E mean = Esurface temperature) 

4 incoming radical refiected as X H 4 and the energy 
E out = Ein (X = Si,C) 

5 incoming radical refiected as it is and the energy 
E out = Ein (X = Si,C) 
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refiection coefficient (RM E [0,1]) ofmolecular radicals (like CH3 ,SiD3 ,SiD2 , ... ). 

Input Symbol Action 

° incoming ion neutralized and refiected as X H4 and a thompsonian 
energy distribution (X = Si, C and Usurface = UO,Si,G) 

1 incoming ion neutralized and refiected as it is and a thompsonian 
energy distribution (X = Si, C and Usurface = UO,Si,C) 

2 incoming ion neutralized and refiected as X H4 and a maxwellian 
energy distribution (X = Si, C and E mean = Esurface temperature) 

3 incoming ion neutralized and refiected as it is and a maxwellian 
energy distribution (X = Si, C and E mean = Esurface temperature) 

4 incoming ion neutralized and refiected as X H4 and the energy 
E out = Ein (X = Si,C) 

5 incoming ion neutralized and refiected as it is and the energy 
E out = Ein (X = Si,C) 

• refleetion_of_ion 

refiection coefficient (RI E [0,1]) of molecular ions (like C Hf, SiDt, SiDt, ... ). 

• eh4_model_of_radieal 

same as in model_oCradieal but now for the particles chemically eroded by the back­
ground plasma. 

• eh4_refleetion_of_radieal 

refiection coefficient (RM E [0,1]) of molecular radicals (like C D3 , C D 2 , ... ). 

same as in model_oCion but now for the particles chemically eroded by the background 
plasma. 

• eh4_refleetion_of_ion 

refiection coefficient (RI E [0,1]) of molecular ions (like CDt, CDt, ... ). 

3.5.6 Marker Data 

• # markerdata O=eireular 1 = reet angular 
number_of_markers 

With this option ERO-TEXTOR provides a possibility to have on a limit er of bulk material 
X "spots" of other materials (e.g. thin films evaporated onto the limiter). ERO-TEXTOR 
is able to handle two markers of different material (see table below)! In this section the 
markers have to be specified. If one marker is demanded the specification must be written 
after the keywords starting with marker1. 
Warning: This is only the specification of markers - elements to be traced by ERO­
TEXTOR have to be specified in sec. 3.5.7. 
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Input Number Action 
0 No marker 
1 One marker 
2 Two markers 

EI markerl_form 

Shape of marker 1 m the projection to the x-y-plane and not on the limit er surface! 
Input Number Shape of Marker 

0 circular in the plane projection to x-y-plane 
1 rectangular in the plane projection to x-y-plane 

Warning: All surface densities (film thickness) of a material are bound to the surface net 
cells which have to be created by ERO-TEXTOR (and defined by the user as described in 
sec. 3.5.7). Therefore the actual form of a marker is also bound to the cells (see fig. 3.8). 

4» markerl_dx 

length of the marker along the x-axis, if rectangular marker is specified. If circular marker 
is specified this is the radius of the marker . 

.. markerLdy 

length of the marker along the y-axis, if rectangular marker is specified. If circular marker 
is specified this is without use. 

Thickness of the marker (e.g. film thickness) [nm] 

.. markerl_1ocation_x 

location of marker center along the x-axis. 

4» markerl_1ocation_y 

location of marker center along the y-axis. 

EI markerl_material 

Marker material (ref. to the standard ERO-TEXTOR nomenclature of elements, tab. 3.1). 

.. marker2_form 

The following items refer to the second marker. Input is of the same form as marker 1. 

EI marker2_material 
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a) 
V- '/V- '/ V- /V- '/ Vj 
// // 11'/ '/ '/ '/ L~ 

V- ~/V- '/ V; '/ Vj '/ V; 
'/ '/ L '/ L '/ '/ '/ '/ 
V- /v.; '/ y; '/ y; '/ y; 
'/ '/ '/ Vj '/ '/ '/ Vj '/ 
'/ //. '/ V; '/ '/ '/ '/ 
'/ '/ '/ Vj '/ /: '/ v, '/ 
'/ '/ '/ v/ y; '/ '/ '/ /. 

b) 
./ 

....- ....... 1'--. 
/ v/ /.: v/ /.: t/ v: -'" 1'/ /.: // V- // /, v/ y; r\ 

11 /.: v/ r.0 v/ y; v/ y; '/ \ 
// /.: v/ v: 11'/ v: v/ '/ 
t/: v/ [v: '/ y; '~ y; '/ 

!\ v/ y; V/ v: '/ v: '/ V- I 
\v: '/ V- '/ y; '/ y; ~ V 
"- /.: v/ v: '/ V- '/ 1/ ......, 

r-- ....... ,/ 

Figure 3.8: If the boundaries of a marker and the surface net cells (ref. sec. 3.5.7) do not 
coincide then ERO-TEXTOR will fill those surface net cells only with marker material, which 
are entirely covered by the marker area. Hatched cells are filled with marker material; blank 
cells do not belong to the marker. a) Situation if the marker boundaries and net cells are shifted. 
b) Situation if the marker is defined as circular. 

3.5.7 S urface N et on Limiter /Divertor 

• # surface net 
s_poloidal_boundary_max 

This section generates a surface net on the limit er , which is restricted to the extends of 
the limiter (the user may not specify extends larger than the limiter which will definitively 
lead to a program-crash)! All input data are related to the x-y-plane and not to the 
limit er surface! Basic idea of a user defined surface net on the limit er is the possibility of 
adapting cell size of the net to the specific run (species and therefore transport lengths) 
and of suppressing limit er edge effects. 
The following table gives the maximum/minimum input data: 

Item Maximum/Minimum Input Value 
y-coordinate: s_poloidal_boundary_max +~poloidal_length 

s_poloidal_boundary_min -~poloidal_length 
x-coordinate: s_toroidal_boundary_max +~toroidal_length 

s_toroidal_boundary_min -~toroidal_length 

For these items ERO-TEXTOR expects real numbers! 

• s_cell_dpoloidal 

Cell size of surface net along the y-axis in the projection to the x-y-plane (see fig. 3.9). 

• s_cell_dtoroidal 

Cell size of surface net along the x-axis in the projection to the x-y-plane (see fig. 3.9) . 
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limiter 
surface 

Figure 3.9: Definitions of cell size are made in the x-y-plane. ERO-TEXTOR then projects the 
equidistant plane cells onto the limiter surface (Le. for curved limiters the cells on the limiter 
surface are not equal in area etc.). In this figure: s-cell-dtoroidal = dx and s-cell-dpoloidal = dy. 

Input Number Action 
0 the limit er bulk material will be traced, Le. 

sputtering of this material will be considered in calculation 
1 the limit er bulk material will not be traced 

GI substrat 

ERO-TEXTOR nomenclature for the bulk material ofthe limiter (ref. tab. 3.1) . 

• element1_tracing 

If no tracing in addition to bulk material is desired elemente tracing must be specified 
as 23. Otherwise (tracing ofsource particles or marker species), according ERO-TEXTOR 
nomenclature (ref. tab. 3.1), an element must be specified . 

• element2_tracing 

If no tracing in addition to bulk material and element e tracing is desired element2_ 
tracing must be specified as 23. Otherwise (tracing of source particles or marker species), 
according ERO-TEXTOR nomenclature (ref. tab. 3.1), an element must be specified. 

3.5.8 Volume r;.ret for Spectroscopy 

GI # net for spectroscopy 
spectroscopy_on 

This section generates the volume grid for spectroscopic output. The base of the volume 
grid is restricted to the extends of the limit er surface (the user may not specify extends 
larger than the limit er which will definitively lead to a program-crash)! Basic idea of a 
user defined volume grid on the limit er is the possibility of adapting cell size of the net to 
the specific run (species and therefore transport lengths) and of suppressing limit er edge 
effects. The volume grid does not perfectly fit to curved limit er surfaces (see fig. 3.10) and 
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therefore always leaves a small space directly above the limit er surface unobserved. 

Input Number Action 
0 Spectroscopy on 
1 Spectroscopy off 

Input Number Action 
0 Calculate emitted intensity on 
1 Calculate emitted intensity off 
2 Calculate emitted intensity on, but 

no ouput of calculated densities 

• v_poloidal_boundary_max 

The following table gives the maximum/minimum input data: 

Item I Maximum/Minimum Input Value 
length along the y-axis: 

v_poloidal_boundary_max I +!poloidal_length 
v_poloidal_boundary_min -!poloidal_length 

length along the x-axis: 
v _ toroidal_boundary _max I + ttoroidaLlength 
v_toroidal_boundary_min -2toroidal_length 

length along the z-axis: 
v _radial_ boundary _max I no limit 
v _radial_boundary _min must be > 0 

For these items ERO-TEXTOR expects real numbers! 

• v_cell_dpoloidal 

Cell size of volume grid along the y-axis in the projection to the x-y-plane. 

• v_cell_dtoroidal 

Cell size of volume grid along the x-axis in the projection to the x-y-plane. 

• v_cell_dradial 

Cell size of volume grid along the z-axis in the projection to the x-y-plane. 
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cells for spectroscopy 

~ 
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Figure 3.10: The spectroscopic net is made of cubes and therefore does not perfectly fit to curved 
limit er surfaces. ERO-TEXTOR calculates the net in a way that as few as possible space above 
the limit er is not contained in a cello In this figure (a 2-dimensional plot of one row of cells) the 
hatched areas do not belong to a cello 

3.5.9 Species to be traced by Spectroscopy 

ERO-TEXTOR provides the possibility of obtaining spectroscopic (Le. density) information of 
up to five different species. Each specimen is defined by the element name and charge state. 
Item element_anzahl defines the number of specimen of which spectroscopic information has 
to be calculated. The following ten items (elementX_name, elementX_ charge) define the name 
and charge state for each specimen. 

• # species (ion / neutrals) to be traced spectroscopically 
element_anzahl 

Integer value nQ = 0,1, ... ,5. 

Standard ERO-TEXTOR nomenclature for the element name (ref. tab. 3.1). 

• element1_charge 

Integer value q = 0,1,2, ... for the positive charge state. 

• element2_charge 

• element3_charge 
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• element4_charge 

• elementS_charge 

3.5.10 Number of Time steps & Time per Step 

• # time grid 
totaLtime 

Expects areal number for the total simulation time in [s J. 

• time_per_step 
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Input is the time per step in [sJ. All transport phenomena usually (Le. the limit er size is 
of the order of 100 mm) have a time scale of J.Ls. While a normal shot in TEXTOR is of 
the order of some seconds. Taking into ac count that multiple sputtering, transport and 
redeposition occur, a simulation can be divided into several time steps. If instead of areal 
number astring with the suffix" . dat" (e.g. "time. dat") is supplied, the code will expect 
a column of real numbers in a file with that name, each defining the time per step for one 
subsequent time step. The code reads the first number and deletes it from the table. 
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Formatted Output Files 

At the end of an individual run ERO-TEXTOR writes all parameters of the input file as the 
code "understood" them into the file OUTERD .PRM, where OUT is the string provided to ERO­
TEXTOR in the input file, item pathtoresult. So it is easy to check whether the code received 
all parameters as the user wanted. In addition the calculation of the surface net and the spec­
troscopy grid may force ERO-TEXTOR to change the boundaries slightly. Then these changes 
can also be found in the OUTERD • PRM file. 
After each time step ERO-TEXTOR provides a variety of Output-Files. All files obey the stan­
dard output nomenclature, which is described in this section and most of them are delivered as 
binary-files (binary files have the suffix .BIN, whereas ASCII files have the suffix. T ) . All files 
start with the user defined output name, specified in the input file, item pathtoresul t (in this 
section this will be called "oUT"). 

In principle there are two different types of output files: 

$ Surface Related Output Files 

$ Spectroscopy Related Output Files 

For both types of files the ending (that what follows after the ,) . ") obey the "time standard": 
If only one time step (see section 3.5.10 for input information) has to be calculated, all files will 
end with: 

. BIN, . T respectively. 

If more than one time step has to be calculated, the ending of all files will be in the nnth time 
step: 

. BINnn, . Tnn respectively. 

(e.g. in the 7th time step all files will end with . BIN07 ) 
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4.1 Surface Related Output Files 

These files contain the information on (gross/net) erosion and deposition on the limit er surface 
in units of [=s]. As well as information on medium values like medium impact energy of 
particles hitting the surface etc. All surface related files start with 0 (abbreviation for germ an 
"Oberfläche" Le. "surface") after the user defined output name ("OUT"). All files (except the 
file containing information on how many particles were lost from the limit er surface ) are one 
dimensional tables following the structure: 

"header" 
value( x,y) of surface cell 

z(O,O) 
z(O,l) 

z(O, n) 
z(l,O) 
z(l,l) 

z(n,n) 

Where each file starts with a he ader string of 120 byte containing some basic information on 
the specific run and the information on the grid used for the file: 

All values in this file are in [atoms/mm~2].Element : "s i"; time info: 
step-No: "3 11 step-time: "0.5" total-time: "60.5 11 000000 ... 

(To fill the 120byte long string, it is filled with "000 ... ". All values in quotation marks above 
are examples for illustration. The string begins with the ERO-TEXTOR nomenclature of the 
relevant specimen (here "si") and the charge of it (here" +2"). Next comes the time step (here 
"3") and the time per step (here "0.5" [s]). Finally the string ends with the information how 
much time in total will be calculated (here "60.5" [s]).) 
The information on the grid used is organized in the following way: 

value I size(bytes) I 
minimum x-value of the grid 8 
minimum y-value of the grid 8 
maximum x-value of the grid 8 
maximum y-value of the grid 8 

cell size dx 8 
cell size dy 8 

amount of cells along x 2 
amount of cells along y 2 

"BEGIN"-comment 5 

The following table describes these files and gives for each an example, using tungsten (_ w) 
as sampIe specimen and single time step mode (ending . BIN). 
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File Name I Description 

DUTD_wNG.BIN "NG" = NewGo; number of atoms of this specimen (_w) 
eroded from this surface cell in this time step 

DUTD_wNC.BIN "NC" = NewCome; number of atoms deposited on this 
surface cell in this time step 

DUTO _ w _R. BIN "_R" = Resource; number of atoms remaining in this 
surface ceIl after this time step 

DUTO_w_T .BIN "_T" = Transport; number of atoms effectively transported away 
froml to this surface ceIl in this time step 

DUTD_wME.BIN "ME" = Mean Energy; mean impact energy onto this surface ceIl of 
atoms of this specimen (_ w ) 

DUTD_wMQ. BIN "MQ" = Mean Charge state q; mean charge state of deposited atoms 
DUTD_ wML. T "ML" = Lost particles; number of particles lost from the limit er surface 

net, where: lost in x_min E]- 00, Xmin], Vy 
lost in x_max E [x max , 00[, Vy 
lost in y_min E]- OO,Ymin], Xmin < X.< Xmax 

lost in y _max E [Ymax, 00[, Xmin < x < Xmax 

Xmax , Ymax, Xmin, Ymin are the net boundaries 
lost in z_min E] - 00, Zmin] 

lost in z_max E [zmax,oo[ 

lost time_out particles lost after time_out seconds 
lost in errors particles lost due to calculation instabilities 

4.1.1 Temporary Files 

On most computer systems the batch facilities only aIlow for jobs with typically less than lOh 
cpu-time, which is of the order of the computational time for one time step. Therefore ERO­
TEXTOR code saves after each time step the necessary surface information in a set oftemporary 
files. These are like the surface related data files one-dimensional table, but without a he ader. 
The information to be stored in such files are the resources of each element (xxx_name_R. tmp), 
the depth profile of each element (xxx_f ilm. tmp), the particles eroded by the simulation par­
ticles itself, which will be transported away in the next time step (xxx __ newenergetics. tmp), 
the surface temperature reached in the time step before (xxx_surface_ t. tmp) and the number 
of the time step before (t ime . tmp). 

4.2 Spectroscopy Related Output Files 

Files containing spectroscopic information (Le. density or the emitted intensity of line radiation 
of a certain specimen, defined by element name and charge state) are line integrated along one 
coordinate axis or surface integrated along the distance from limit er surface. Up to now line 
integration is done as if the limit er would be transparent. These files are also one dimensional 
tables like the surface related output files. The standard notation is filenameaßq.ending, where 
a designates the integration axis, ß is the standard ERO-TEXTOR nomenclature for atomic 
species (if molecular species are involved ß will contain the fuIl name of the moleeule, e.g. SiD4 

then yields ß = sid4) and q is the charge state. 
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I File Name I Description 

OUTX_w1.BIN Density of this specimen (WH) line integrated along the x-axis in [a~~rqsl 
OUTY _ w1. BIN Density of this specimen (WH) line integrated along the y-axis in [at~~sl 
OUTZ_w1.BIN Density of this specimen (WH) line integrated along the z-axis in [a!~~sl 
OUTD_w1.BIN Density of this specimen (WH) as a function of distance from the limit er 

surface (surface integrated) [a~:,sl 

File Name I Description 

OUTX_w1.BINSPEC Emitted intensity of this specimen line integrated along the x-axis 
in [photons 1 

cm2 ssT 
OUTY _ w1. BINSPEC Emitted intensity of this specimen line integrated along the y-axis 

i [photons 1 
n cm2 ssT 

OUTZ_ w1 . BINSPEC Emitted intensity of this specimen line integrated along the z-axis 

in [~!~~.n.~ 1 

Like the surface output files each spectroscopy-file starts with a he ader of 120 byte containing 
basic information on the specific run, the spectroscopy task (in german) and the information on 
the grid used for the file: : 

Element : "si" der Ladung "+2" Zeitinfo: step-No: "3" 
total-time: "60.5"000000 ... 

step-time: "0.5" 

(again the string is filled with "000 ... ". All values in quotation marks above are examples for 
illustration. The string begins with the ERO-TEXTOR nomenclature of the relevant specimen 
(here "si") and the charge ofit (here "+2"). Next comes the time step (here "3") and the time 
per step (here "0.5" [s]).Finally the string ends with the information how much time in total 
will be calculated (here "60.5" [s]). ) 
The information on the grid used is organized as described above. 
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Data-Structures and 
ERO-TEXTOR-Routines 

5.1 B uilding In N ew Elements 

For elements not delivered with the ERO-TEXTOR-code the relevant data have to be sup­
plied for the databases described in chapter 3 (i.e. the ionization rates, the sputtering data for 
the relevant projectile-target combination, the background plasma sputtering yield according 
eqn.(2.114) and the reflection database). In addition the two intrinsic ERO-TEXTOR-routines 
void NoElemO and void ElemNoO (see also below) responsible for element recognition must 
be changed. 

Therefore in void NoElemO the following block must be inserted: 

case number:{ 
spezies->mass = mass of the element 
spezies->z = atomic number of this element 
strcpy(spezies->name,lIxx ll ) 
} 

where number has to be an unused case number and xx must be a two letter abbreviation for 
the name of the element. 
In the void ElemNoO-routine also the following block has to be inserted 

if(strcmp(spezies->name,lI xx ll)==O) 
{ 

spezies->elem = number 
mass of the element spezies->mass = 

spezies->z = atomic number of this element 
} 

with the same data as in the void NoElemO-routine. 
If some background plasma impurities are wanted be replaced by other ones, in the program 

kernel routine move_ctrlO the following blocks have to be changed (replace names, effective 
charge state and mass): 

strcpy(plasma_ptr->impurities[1] ,"hell); 
strcpy(plasma_ptr->impurities[2],II_cll); 
strcpy(plasma_ptr->impurities[3] ,11_011); 

plasma_ptr->imp_mass[1]=4.0026; 
plasma_ptr->imp_mass[2]=12.011; 
plasma_ptr->imp_mass[3]=15.994; 

If additional background plasma impurities are required, the following scenario will hold: 

e the variable impur_max (in move_ctrl) has to be incremented by l. 
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CI the variable Material_max (in move_ctrl) has to be incremented by 4. 

CI the variable kombination [30J [10J (in move_ctrl) has to be incremented when 
Material_max > 30 according to the increment of this. 
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CI in the block above additional names, effective charge states and masses have to be defined . 

• in the following block an additional if-construct has to be inserted: 

if(strcmp(read,plasma_ptr->impurities[OJ)==O)/* H,D,T*/ 
{ 

} 

strcat(kombination[jJ, "1"); 
kombination[jJ [5J='\0' ; 

if(strcmp(read,plasma_ptr->impurities[1J)==O)/* He*/ 
{ 

} 

sprintf (qstr, "%d" ,plasma_ptr->imp_charge [1]) ; 

strcat(kombination[jJ,qstr); 
kombination[jJ[5J='\0'; 

if(strcmp(read,plasma_ptr->impurities[2J)==0)/* C*/ 
{ 

} 

sprintf (qstr, "%d" ,plasma_ptr->imp_charge [2J) ; 
strcat(kombination[jJ,qstr); 
kombination[jJ [5J='\0' ; 

if(strcmp(read,plasma_ptr->impurities[3J)==0)/* 0*/ 
{ 

} 

sprintf (qstr, "%d" ,plasma_ptr->imp_charge [3J) ; 
strcat(kombination[jJ,qstr); 
kombination[jJ[5J='\0'; 
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5.2 Data-Structures 

As far as possible in ERO-TEXTOR all important data are part of a data-structure and the 
data of one structure are grouped as comprehensive as possible. There are seven groups of 
data structures, which are presented in this section. In the first group, containing the data of 
the particle the important structure "ParticleStruct" is located, which contains all information 
on a specific (quasi- )particle available. The second group of structures are those, containing 
information on the background plasma and the relevant fields. The third group holds the 
material data, such as source information, sputter yields and ionization rates. The fourth group 
is dedicated to the limit er / divertor geometry and in the fifth group the properties of their 
surfaces are located. Group number six contains the spectroscopic information, whereas the 
seventh group is dedicated to the numeric treatment. 

5.2.1 Particle-Structures 

struct ParticleStruct 
{ 

}; 

double location[5]; 

double dz; 
double time; 
double v [6] ; 

double energy; 
double Ti; 
int charge; 
float mass; 
int z; 
char elem_name [5] ; 
double atoms; 

space-coordinates of particle x,y,z and 
two direction angles 

location[O] = x-coordinate in space 
location[1] = y-coordinate in space 
location[2] = z-coordinate in space 
location[3] = azimuth angle relative to x-axis 
location[4] = polar angle relative to z-axis 

distance of the particle from the limiter surface 
time passed since particle started 
velocity array 
v[O] = scalar velocity 
v[1] ,v[2] ,v[3]=x-,y-,z-component of 
velocity vector 
v[4] = azimuth angle relative to z-axis 
v[5] = polar angle relative to z-axis 

energy of particle 
temperature of the particle 
charge of particle 
mass of particle 
atomic number 
name of the elements (SI,C,HE,H,D,T, ... ) 
# of atoms represented by this (quasi-) particle 

struct ParticleStruct *ptr_for; pointing to next ParticleStruct 
struct ParticleStruct *ptr_bak; pointing to last ParticleStruct 

Solving the equations of motion using the Boris-integrator[7], Le.: 
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i1-
_ qEL1t 
Vold- m2 (5.1) 

r qB L1t 
(5.2) 

m 2 
4 iL x r (5.3) 

if v_ +4 (5.4) 

8 2 ---t 
1 + t2 (5.5) 

S' V'X8 (5.6) 

v+ v_ + S' (5.7) 

vnew 
_ qEL1t 

(5.8) v++--m 2 

the following two structures are needed, when identifying v- =vrnin [4] , r = T [4] , 4 =TK [4] , 
if =VS[4], 8=SS[4],5 =SK[4] and v+ =vplu[4]. 

struct BRotator 
{ 

double T[4] ; 
double TK[4] ; 
double VS[4] ; 
double SS [4] ; 
double SK[4] ; 

}; 

struct V_PM 
{ 

double vrnin[4] ; 
double vplu[4]; 

}; 

5.2.2 Plasnna-Structures 

The following four structures (Plasma, Magnetic, Electric and Diffusion) mainly contain the 
input data for the specific run. 

struct Plasma 
{ 

int elem fuel ions (H = 0, D = 1, T = 2) 
char impurities[4] [6]; chemical names (ref. ERO-TEXTOR nomenclature) 

of the plasma ions (fuel and impurities) 
double imp_percent[4]; percentage of plasma ions 

[0]= H!D,T; [1]=He; [2]=C; [3]=0; 
double sum_fiqi; 

SI = I: fi' qi 
all species 

(5.9) 
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}; 

struet 
{ 

}; 

int imp_eharge[4J; 
int imp_mass[4J; 

float z_eff; 
float q_plasma; 
int impur_max; 

nTdata 

float Te; 
float Te3bf; 
float grad_Te[3J; 

float Ti; 
float TLabf; 
float grad_Ti [3J ; 
float ne; 
float ne_abf; 

float ne_fae; 
float grad_ne[3J; 
float z_lcfs; 
int diff_on; 
float e_perp; 

struet Magnetie 
{ 

} ; 

int on; 
float streng; 
float p_ang; 
float t_ang; 
int lcfs; 

struet Eleetrie 
{ 

int on; 

Sj sum-fiqi 

h imp-pereent 

qi imp-eharge 

charge of plasma ions (mean) 
plasma ion mass 

Z effeetive of the plasma 
mean charge of the plasma 
amount of maximum impurities whieh are traee 
(used in another routine than the 
move_etrl( .. )-routine 

eleetron temperature at the lefs 
deeay length of Te from the lefs 
loeal gradient of Te 
(gradients are ealeulated in separate funetion) 
ion temperature at the lefs 
deeay length of Ti from the lefs 
loeal gradient of Ti 
eleetron density at the lefs 
deeay length of ne from the lefs 
(ean also be negative!) 
faetor for s.e.\ decay length of ne from lefs 
loeal gradient of ne 
non-Ioeal z-value of the LCFS 
for selfeonsistent deeay length of density 
user defined perpendieular diffusion 

magnetie field on/off 
magnetie induetion strength in Tesla 
azimuth angle of B-field veetor 
polar angle of B-field veetor 
o = limiter itself is LCFS defining 
1 = limiter is outside the LCFS 
elevation of the LCFS over the limiter tip 

sheath potential on/off 



5.2. DATA-STRUCTURES 

}; 

struct 
{ 

}; 

struct 
{ 

float fac; 
float Rfac; 

Diffusion 

int on; 
float c_frq; 
float c_perp; 

BField 

double B[3] ; 
double Br[3] ; 
double dl; 

double d; 

enhancement factor of the sheath potential 
enhancement factor of the pre-sheath 
electric field 

diffusion on/off 
user defined collision frequency 
user defined diffusion coefficient 

magnetic field vector 
unit vector parallel B 
local distance of the particle from the 
surface along the magnetic field line 
local distance of the particle from the 
surface along the magnetic field line 
(but used in a different routine) 
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'Defining the Hesse normal form of a plane through the limit er tip perpendicular to B: 

- B d X·-- =0 
B 

Distance of the particle with space vector Xo from this plane: 

}; 

struct EField 
{ 

int fehler; 

double dz; 

double EO; 
double E[3J; 
double Er[3J; 
double Er_1[3J; 
double Er_2 [3J ; 
double nB_angle; 

}; 

dZB = Xo . B - d 
B 

if an error in the routine Efield() occurs, 
this will be set equal TRUE 
normal distance of the particle from 
the limiter surface 
field strength 
electric field vector 
unit vector parallel E 
not in use 
not in use 
angle between surface normal and B-field vector 
to calculate potential drop in the magnetic 
sheath 

(5.10) 

(5.11) 
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struct Force 
{ 

} 

double alpha; coefficients for the thermal forces by 
the gradient of Te 

double beta_i; coefficients for the thermal forces by 
the gradient of Ti 

double dv_thermal[3] ;velocity change due to the thermal forces 

where the change in velocity is given by: 

struct PConst 
{ 

float fd; 
float in_angle; 

double Dl; 
double Et; 
double pot; 
double csO; 
double cs_abf; 
double cs_abfO; 
double cs_abf1 ; 
double cs_abf2; 

double cs; 
int sign_Lc; 

double Lim_Lc; 

double lane; 

double Lambda; 
double spitzer_ci 

.6.vlI,thermal _ ~ ~ T + ßi ~ T . 
.6.t - m 11 e m 11 ~ 

Brooks-parameter 
angle between surface normal and magnetic 
field vector 
local Debye length 

sheath f actor 
local ion acoustic speed 

e-folding length of background plasma flow 
e-folding length of background plasma flow 
half of the connection length of the LCFS 
defining element 
local plasma flow velocity 
direction of plasma flow above limiter tip (if 
limiter itself is not LCFS defining) 
distance from the limiter to the LCFS defining 
element (along the magnetic field lines) 
decay length of the electric field in the 
magnetic pre-sheath 
Coulomb-logarithm 

local constant used for the calculation of the Spitzer times: 

double tstop; 
double Dper; 
double v_diff; 

double w_stop; 
double w_para; 
double w_perp; 

}; 

m./.JL 
c. - zell 

Spttzer - 6.8. 104 . neq2 A (5.12) 

Spitzer's relaxation time for dynamic friction 
cross-field diffusion coefficient (user defined) 
difference velocity between background and 
traced particles 
= w/tau_stop stopping time 
= w-2/tau_E energy exchange time 
= w-2/tau_D deflection time 
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5.2.3 Material-Structures 

struct Spezies 
{ 

int eIern; 

char name [6J ; 
float mass; 
int z; 
double source_rate; 
int dist; 

float m_energ; 
int intervall_e; 
int intervall_p; 
int intervall_a; 

number of the element according 
ERO-TEXTOR nomenclature 
chemical sign 
mass of particles of this species 
atomic number 
source rate of particles of this species 
energy distribution of particles of 
external source 
o = monoenergetic 
1 = maxwellian 
2 = not in use 
3 = thompsonian 
mean energy of particles 

71 

The product of intervall-e, intervall-p and intervall-a is the number of particles eroded from one 
surface cello 

}; 

int 

float p_angle; 
int azLdistr; 

struct ChemConst 
{ 

int chemie_on; 

char parent_name[5J; 
eh ar child_name[5J; 
double child_factor; 

double parent_mass; 
double child_mass; 

polar angle distribution (in the reference 
coordinate system) of particles 
o = one angle (ref. p_angle) 
1 = uniform distributed 
2 = eosine distributed 
polar angle 
polar angle distribution (in the reference 
coordinate system) of particles 
o = one angle (ref. a_angle) 
1 = uniform distributed 
azimuthaI angle 

external source is a chemical source 
o = yes I I 1 = no 
_C or Si 
H,D or T 
factor for reduced silane reaction rates if 
child == D,T, then child_factor=O.15 and in 
the calculation the value: 
rate = (1. - child_factor)*ne_rate is taken 
mass of _C or Si 
mass of H, D or T 
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int radical_model; 
double radical_reflection; 
int ion_model; 
double ion_reflection; 

}; 

The next structure contains information on the actual status of the moleeule, while 
dissociating, being ionized and so on. 

struct Chemie 
{ 

int 
int 

int 
double 
char 

}; 

number; 
mass; 

charge; 
amu; 
name [10] ; 

process number 
mass of molecule in number of hydrogenic 
ligands 
charge 
mass of the molecule (in units of amu) 
name of the molecule 

The following structure provides the database for sputtering data according Bodhansky- and 
Yamamura-formula (see eqns. (2.112), (2.113), see also sec. 3.3.1). 

struct MaterialData 
{ 

char kombination[6]; 

double data[10]; 

the projectile-traget combination 
(according ERO-TEXTOR-nomeclature) 
array of data, e.g. 
data[O] = surface binding energy 
data[l] = mass ratio 

struct MaterialData *next; pointing to the next data 
}; 

The data calculated according to eqn.(2.114) are contained in an array of fifteen value pairs (Te 
and the Yield [a~~~s]) explained in sec. 3.3.2. 

struct SputterData 
{ 

char kombination[6]; 
double yield[15] [2] ; 

background plasma specimen-target combination 
data 

struct SputterData *next; pointing to the next data 
}; 

struct ContentsOfReflection 
{ 

double yield; 

double energy[5]; 

double polar [5] [5] ; 

the reflection yield for this energy 
and angle 
cumulative probability distribution 
matrix for the energy 
same for the polar angle (for each 
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double azimut[5J [5J[5J: 

}: 

struct ReflectionData 
{ 

double yield: 
double energy: 
double polar: 
double azimut: 

energy level ) 
same for the azimut angle (for each 
energy and each polar angle level) 

if the particle is reflected, this will be 
the yield and this will be the energy 
and this will be the polar angle 
and this will be the azimut angle of the 
reflected particle 
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char kombination[10J: name of the projectile-target combination 
struct ContentsOfReflection data[84]: the 84 x 125 matrices calculated 

by the TRIM code 
struct ReflectionData *next; pointing to the next combination 

}: 

The three preceding structures are combined to a ring and in searching for a specific projectile­
target combination the code runs through this ring structure. 

The following structure for the calculation of the ionization rates of atomic species is self 
explaining, when compared with eqns.(3.1) and (3.2). 

struct Ion 
{ 

}: 

int charge: 
float I: 
float A: 
float B [6J : 
float a[6] : 
float alpha: 
float beta[3J: 
struct Ion *forw: 
struct Ion *backw: 

5.2.4 Limiter-Structures 

charge of "actual" ionization state 
ionization potential 
data for 1/10 <= kT <= 101 

_11-

_11-

data for kT > 101 
-"-

pointing to the following structure 
pointing to the preceding structure 

This structure describes the geometry of the test limit er and where on this limit er the external 
sources are located. 

struct Ort 
{ 

int p_rad: radius along the y-axis 
int p_len; length along the y-axis 
int t_rad; radius along the x-axis 
int t_len; length along the x-axis 
float angle; angle of plane limiter relative to x-axis 
float s_pol; y-coordinate of source (center) 
float s_tor; x-coordinate of source (center) 
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int move_source; is source a moving source? 
int move_coord; 
float dx_move; 
float dy_move; 

rectangular / circular moving source 
increment for moving steps along the x-axis 
increment for moving steps along the y-axis 
number of steps along the x-axis 

}; 

int interv_dx; 
int interv_dy; 
double see_coeff; 

double ini_temperature; 
double heatconductance; 

number of steps along the y-axis 
secondary electron emission coefficient 
of the limiter material 
starting value for the surface temperature 
= 2/Sqrt(Pi *rho *c *k) to calculate 
the heating of the surface from the 
power load and the time 

double sheath_transmission;sheath transmission factor approx 8 
double interaction_depth; for film deposition - calculating the local 

concentration of different species (linearly) 
and depth profiling 

5.2.5 Structures for Surface Data 

For each cell on the limit er surface one structure "SurfaceCell" is allocated containing infor­
mation ab out the geometry of and the local plasma parameter directly above this cell. Each 
SurfaceCell contains up to three (at this time) structures of the "Contents"-type, each repre­
senting one element al specimen on the surface. 

struct Contents 
{ 

char element[SJ; 
double newgo; 

double newnew; 

double newcome; 

double transport; 

double resource; 
double energy; 
double charge; 

}; 

struct SurfaceCell 
{ 

double area; 
double edge [2J ; 
double midth[3J; 
double normal[3J; 
double b_angle; 
double Te; 

name of the element 
how many atoms will be transported away in the 
next time step (due to physical sputtering) 
how many atoms are transported to this cell in 
this time step 
how many atoms are transported to this cell in 
this time step 
net transport onto this cell 
«0 = net erosion I >0 = net deposition) 
resources of this element in this cell 
mean energy of incident atoms/ions 
mean charge state of incident atoms/ions 

edge with (xmin,ymin) 
center coordinates of this cell 
normal in the center 
cosine of the angle (B-field,normal) 
local electron temperature 
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}; 

double Ti; 
double ne; 
double T_surf; 

double AT_surf; 

double P; 
double sub_ero; 

double layer [50] [6J ; 

int which [50] [6] ; 
int upmost; 
int lowest; 
double cij [6] ; 

double energetic[6]; 

double newenergetic[6]; 

local ion temperature 
local electron density 
surface temperature 
(i.e. substrate temperature) 
surface temperature 
(after "timestep " seconds) 
powerload on this surface cell in this 
timestep erosion from the bulk material the 
the layer of thickness "interaction_depth ll 

(for concentration calculations) 
for depth profiling each layer[j] contains 
information on actual depth composition 
number corresponding to specific name 
which layer is upmost 
which layer is lowest to be considered 
local concentration ratio in the upmost 
"interaction_depth" nm (interaction volume) 
particles energetically released from 
the limiter (physical sputtering) 
particles energetically released from 
the limiter (physical sputtering) by 
simulation particles 
particles and transported away in the 
next time step 

double thermic[6]; particles thermally released from the limiter 
(i.e. chemical sputtering ) 

double fluxtocell; total flux of atoms to this cell in the 
pre-previous time step 

struct Contents content[3]; 
struct SurfaceCell *x_ptr; pointing to the next cell in x direction 
struct SurfaceCel1 *y_ptr; pointing to the next cell in y direction 

struct LostParticle 
{ 

char name [3] [5] ; name of species under investigation 
double x_max [3] ; particles lost in xmax direction 
double y _max [3] ; particles lost in ymax direction 
double x_min[3] ; particles lost in xmin direction 
double y_min[3]; particles lost in ymin direction 
double z_min[7] ; particles lost in zmin direction 
double z_max[7]; particles lost in zmax direction 
double time_out [7] ; particles lost after time out signal 
double error [7] ;} ; particles lost due to numerical instabilities 
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5.2.6 Structures for Spectroscopy 

The pointer for spectroseopic data which is passed in ERO-TEXTOR from routine to routine is 
of the strueture "VolumeAll" -type. This pointer refers to an array of pointers of the strueture 
"Base"-type with eaeh of them responsible for one eolumn of volume eells above a reet angular 
mesh in the x-y-plane. Eaeh "Base" then points to a eolumn (array) of "VolumeCell"s, which 
itself points to an array of "atomps" , where the speetroseopic data are stored. To ealculate the 
emitted intensity of a eertain impurity, the emission rates must be known. These are stored in 
the strueture "Emission". 

struct VolumeCell 
{ 

double *atomps; 

double z; 
double distance; 

}; 

struct Base 
{ 

double z_min; 

double z_max; 

double edge [2] ; 
struct VolumeCell 

}; 

struct VolumeAll 
{ 

int anz[4] ; 

double diff [3] ; 
double rand [6] ; 

struct Base ***b; 
char name [5] [8] ; 
int charge [5] ; 

int who_e; 
int who_q; 

}; 

struct Emission 
{ 

int anz; 
int found[5] ; 

array of data about the atomic/ionic specimen 
in units of atoms/sec 
z-coordinate of the bottom of the cell 
normal distance from the surface to the center 
of this spectroscopic cell 

minimum z-value of the column of spectroscopic 
cells 
maximum z-value of the column of spectroscopic 
cells 
edge with (xmin,ymin) 

**vcell; pointing to the different "VolumeCell"s 

number of cells in the x-, y-, z-coordinate 
direction [0,1,2] and number [3] 
of spectroscopic elements und er investigation 
incremental length of a volume cell 
boundary along the x- and y-axis of the block 
of spectroscopic cells 
pointing to the Base structure 
name of the species under investigation 
charge state of the species under 
investigation 
variable for local manipulation 
variable for local manipulation 

how many elements have to be traced 
which of these were found in database 
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}; 

char snames[5][20J; 
double ***ex; 
double exmax[5J [2]; 

struct TimeCell 
{ 

}; 

5.2.7 

struct 
{ 

double total; 
double step; 
int anz_step; 

Handling-S t ru ct ures 

Path 

CO=not found 1=found 2= van Regemorter formula) 
spectroscopic names of these elements 
array for database of emission rates 

total time of simulation 
time per step 
number of steps 

char CROSS_SECTION[200J; path to ionization rates data Catomic species) 
without use char RESULT[200J; 

char DATA[200] ; 

char SPUTTER_INT[200J; 

char REFLECTION[200] ; 

char EMISSION [200] ; 

}; 

struct Numeric 
{ 

float t1; 

float t2; 

float coll_t; 
float t_out; 
float box_rad; 
float box_radmin; 
float box_pol; 
float box_tor; 
float hardwired; 

int p_sputter; 

int p_reflect; 

char pathtoresult[128J; 

path/file name where the Bodhansky-data 
can be found 
path/file name where the background plasma 
sputter yield can be found 
path/file name where the reflection yields 
can be found 
path/file name where the emission rates 
can be found 

incremental time for solving the equations 
of motion 
incremental time near the surface 
(in the sheath) 
incremental time for collisions 
default time out 

size of tracing box along the z-axis 
starting value along the z-axis 
size of tracing box along the y-axis 
size of tracing box along the x-axis 
value of the chemical erosion for hardwired 

erosion yields $>=0 $[\%J if the Roth-formula 
is used this value has to be $ <0$ 
secondary sputtering of simulation particles / 
traced impurities on/off 
reflection of simulation particles / 
traced impurities on/off 

path to / prefix of output files }; 
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5.3 Flow Diagrams 

The following four figures show the flow diagrams of the ERO-TEXTOR-code. After reading 
the input file the program kernel is started (fig. 5.1). The kernel then sets plasma and geomet­
rical data, reads data from the databases and allocates the surface and spectroscopic volume 
net (fig. 5.2). Next the time loop is executed. In this loop the distinction between different 
origins (external source, physical sputtering) of particles is made and physical results output 
is organized (figs. 5.3 and 5.4). Finally the physical sputtering (analogous the external source 
loop) is executed, which - after setting the initial values of the particles (location, energy and 
angular values) - moves the neutral particle until it is ionized. The routine part_go ( ... ) then 
solves the equations of motion for the ion until it leaves the simulation (by striking the surface 
of the limit er without being reflected or leaving the volume of observation) (figs. 5.5, 5.6 and 
5.7). 

(SUB -)ROUTINES 
ERO-CODE 

Read Parameter File void mainO 

KERNEL V oid move_ctrl( ... ) 

Write (Modified) Parameter 
File : T 

v oid datapooll ( ... ) 

Figure 5.1: Major Program Loop 
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KERNEL 
void move_ctrl( .. ) 

(SUB-)ROUTINES 

-Set eonstants,defaults and geometrical and plasma data 
-read eross-seetions (ionization rates), sputtering and refleetion data 

.......... """'illo- struet SurfaeeCell ***s~rid_maker( .. ) 

struet VolumeAll *v~id_maker( ... ) 

void marking( ... ) 

void surfaee_in( ... ) 

void powerload( ... ) 

+-........... ~ void eoneentrate( ... ) 
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Figure 5.2: KERNEL-Routine move-ctrl. This routine organizes the plasma, geometrical data 
and partly the data from the databases. Then it handles control to the time loop, where for 
each time step the simulation is done. 
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® ......... -~1I1Io-1 
L-__ ~~~~~~~ 

No 

No 

No 

No 

No 

calculate physical sputtering 

calculate chemical erosion 

calculate deposition of 
background impurities 

extemal source loop 

chemical erosion loop 

physical sputtering loop 

Figure 5.3: TIME-Loop. This loop is also part of the move-ctrl()-routine. After calculating 
the trajectories of the particles ("external source loop", "chemical erosion loop" and "physical 
sputtering loop"), the output of the results is done here. 
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No 

(5) 
~ 

output of surface related results 

output of spectroscopic results 
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Figure 5.4: TIME-Loop (continued). This loop is also part of the move-ctrlO-routine. After 
calculating the trajectories of the particles ("external source loop", "chemical erosion loop" and 
"physical sputtering loop"), output of the results is done here. 
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extern al source 
loop 

(SUB-)ROUTINES 

make distribution of extern al injected particles t--....... _ ..... _.void molecular_flow( ... ) / 
void bildl_vert( ... ) 
void s_koord( ... ) 

next 
particle 

move neutral particle until ionized 

particle mover 
void part~o3hem( ... ) 

.------ ... 
t--__ ~---~void locaLflow _velocity( ... ) 

calculate background flow velocity void relaxation_times( ... ) 
ca1culate friction, diffusion 

and thermal forces void thermaLforces( ... ) 

solve equations of motion I--.....I.----~void E_field( ... ) 
double rates( ... ) 

plasma surface interaction 
void Cpsi_handle( ... ) r-·_·_·_·_·_·_·-·_· 

No 

I-__ """'_~ ____ + void local_yield( ... ) 
double rt_phys_sputt( ... ) 

Yes ~ ___ ...... ______ .double reflecCmker( ... ) 
double Rprobability( ... ) 

No • 
L._._._._._._._._._._._._._._._J 

----------------~ 

Figure 5.5: Particle Mover ("external source loop"). This routine calculates the initial values of 
each injected (quasi- )particle and solves the equations of motion. 
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next 
partic1e 

partic1e mover 
void part~o_chem( ... ) .------

chemie al erosion 
loop 

make distribution of thermal partic1es 

move neutral partic1e until ionized 

(SUB-)ROUTINES 

t-__ ...... _ ... void bildtherm( ... ) 
void s_koord( ... ) 

., 
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ca1culate background flow velocity ..... ______ ... void local_flow _velocity( ... ) 
..... ____ •• ca1culate friction, diffusion void relaxation_times( ... ) 

and thermal forces void thermal_forces( ... ) 

solve equations of motion I--...... _--~~void E_field( ... ) 
double rates( ... ) 

plasma surface interaction 
void CpsLhandle( ... ) r-·_·_·-·_·_·_·_·_· 

No 

Yes 

No 

>-----..,..----~'oid sort_in( ... ) 

..... __ ~_~ ____ ... void local_yield( ... ) 
double rt_phys_sputt( ... ) 

> ___ ...... __ ----... double reflecunker( ... ) 
double Rprobability( ... ) 

L._._._._._._._._._._._._._._._J 

----------------~ 

Figure 5.6: Particle Mover ("chemical erosion loop"). This routine calculates the initial values 
of each chemically eroded (quasi- )particle and solves the equations of motion. 
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next 
particle 

particle mover 
void part~ol( ... ) 

physical sputtering 
loop 

(SUB-)ROUTINES 

make sputtered particle distribution ..... _ .......... _ ............. void bildl_ vert( ... ) 
void s_koord( ... ) 

move neutral particle until ionized 

I-_""":' ___ '""""'illo-void local_flow _velocity( ... ) 
ca1culate background flow velocity void relaxation_times( ... ) 

,....----.. ca1culate friction, diffusion 
and thermal forces void thermaLforces( ... ) 

solve equations of motion 1--"""'----lIo-void E_field( ... ) 
double rates( ... ) 

CO~)y I~---------"""""oid sort_in( ... ) 
plasma surface interaction 
void psi_handle( ... ) 

r-·-·-·-·-·-·-·-·-· 
No 

1-__ 0+ ...... ":""' ___ + void locatyield( ... ) 
double rt_phys_sputt( ... ) 

Yes .ed? ~ ___ -+"""""' ____ lIo-double reflecUnker( ... ) 
double Rprobability( ... ) 

No 
. I L._._._._._._._._._._._._._._.=. 

-----------------~ 

Figure 5.7: Particle Mover ("physical sputtering loop"). This routine calculates the initial values 
of each physically sputtered (quasi- )particle and solves the equations of motion. 
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5.4 ERO-TEXTOR-Routines 

In this section the routines used to build the ERO-TEXTOR-code are briefly described. As 
can be seen from the flow diagrams (figs. 5.1, 5.2, 5.3, 5.5, 5.6 and 5.7) the major routines are 
the code kernel move_ctrl 0 and the routines solving the equations of motion part_goi 0 and 
part_go_chemO. A set of subroutines with one specific task complete the source code. As far 
as possible the layout for the routines was chosen as void. Therefore the table at each routine 
summarizes the variables or structures modified in this specific routine (to be written). 

5.4.1 Major Routines 

• Also not best programing technique input from the parameter file is read by "main()". 
Then the program kernel move_ctrlO is called and when done -physical data output ref. 
move_ ctrl 0 - the output function "datapooll" writes the parameters to the uuuERO . PRM 
file. 

void mainO; 

• The program kernel of the code is the move_ctrl-routine. This routine is responsible for 
most of data loading, calculations of plasma and geometry data, handling and interaction 
of all other routines, best explained in figs. 5.1, 5.2 and 5.3. 

void move_ctrlC struct LoopDialogData *, 
struct NumericDialogData *, 
struct PlasmaDialogData *, 
struct ElementDialogData * , 
struct LimiterDialogData *, 
struct TeilchenDialogData *, 
struct MarkerDialogData *, 
struct ChemieDialogData *, 
struct SurfaceGridData *, 
struct VolumenGridData *, 
struct V _ TraceData *, 
struct TimeGridData *); 
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o The integration of the equations of motion is done by the part_goO-routines. For phys­
ical sputtered and atornic external sour ce particles this is done in part_go1(), whereas 
for methane-like molecules, due to the different ionizationj dissociation scenario, this is 
evaluated in part_go_chemO. 

void part_goi ( struct ParticleStruct *, 
struct ParticleStruct *, 
struct ParticleStruct *, 
struct SurfaceCell *, 
struct LostParticle *, 
struct SurfaceGridData *, 
int *rand, 
double *bound, 
struct MaterialData *. 
struct ReflectionData * , 
struct VolumeAll *, 
int spec_inf, 
struct Ion * , 
struct Ion *, 
struct Numeric *, 
struct Plasma *, 
struct nTdata *, 
struct Magnetic *,. 
struct Electric *, 
struct Diffusion *, 
struct Ort *, 
struct BRotator *, 
struct V_PM *, 
struct BField * , 
struct EField *, 
struct Force *, 
struct PConst *, 
int suf, 
int which_elem, 
long int *dum 

) ; 
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void part_go_chemC struct ParticleStruct *, 
struct ParticleStruct * , 
struct ParticleStruct *, 
struct SurfaceCell * , 
struct LostParticle * , 
struct SurfaceGridData * , 
int *rand, 
double *bound, 
struct MaterialData *, 
struct ReflectionData *, 
struct VolumeAll *, 
int spec_inf, 
struct Chemie *, 
struct Chemie *, 
struct ChemConst *, 
double **proz_tree, 
double **mass_charge, 
double **speicher, 
double ***speicherp, 
double *si_factor, 
double **siproz_tree, 
double **simass_charge, 
double **sispeicher, 
double ***sispeicherp, 
struct Ion *, 
struct Ion *, 
struct Numeric *, 
struct Plasma *, 
struct nTdata *, 
struct Magnetic 
struct Electric 
struct Diffusion 
struct Ort 
struct BRotator 
struct V_PM 
struct BField 
struct EField 
struct Force 
struct PConst 
int 
int 
long int 

) ; 

*, 
* , 
*, 
* , 
*, 
*, 
*, 
*, 
*, 
* , 

suf, 
which_elem, 

*dum 
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.. The plasma surface inter action of the traced impurities is calculated in the psLhandle­
routines. Due to the nature of different refiection models of the ions and molecular ions a 
different routine for the molecular ions CpsLhandle is necessary. 

int psi_handle( struct ParticleStruct *, 
struct Numeric * , 
struct EField * , 
struct SurfaceCell *, 
struct LostParticle * , 
struct SurfaceGridData *, 
int *rand, 
double *bound, 
struct MaterialData *, 
struct ReflectionData * , 
int welch_eIern, 
long int *idum 

) ; 

int Cpsi_handle( struct ParticleStruct *, 
struct Numeric *, 
struct EField *, 
struct SurfaceCell *, 
struct LostParticle *, 
struct Surf aceGridData *, 
int *rand, 
double *bound, 
struct MaterialData * , 
struct ReflectionData *, 
struct ChernConst *, 
struct Chemie *, 
int welch_eIern, 
long int *idum 

) ; 
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111 For each collision cycle the background plasma flow velo city has to be evaluated to deter­
mine the force due to dynamic friction and the diffusion problem has to be solved. For the 
user specified geometry this is done in the local_flow _ veloci ty-routine. For toroidal 
geometry of the test limit er this is done by numerical iteration and therefore very slow, 
for all other geometries an analytic problem is solved. 

int local_flow_velocity( struct ParticleStruct *, 
struct Numeric *, 
struct Plasma *, 
struct nTdata *, 
struct Magnetic *, 
struct Ort *, 
struct BField *, 
struct PConst *, 
int suf, 
double w_frq6, 
double delta_t, 
long int *idum 

) ; 

111 to solve the friction and diffusion problem the coefficients {.6.wlI}' {.6.wU} and {.6.wl} 
have to be calculated, this is done in the relaxation_ times-routine. 

void relaxation_times( struct ParticleStruct *, 
struct 
struct 
struct 
struct 
struct 
struct 
struct 
int 

) ; 

Plasma 
PConst 
nTdata 
Numeric 
Magnetic 
Ort 
BField 

*, 
*, 
*, 
*, 
*, 
*, 
*, 

surf 
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• To calculate the local electron density, the local pre-sheath field and the gradient of the 
temperatures, the distance of the particle from the limit er surface has to be known. This 
is calculated in the locaLdl-routine. For toroidal geometry of the test limit er this is 
done by numerical iteration and therefore very slow, for all other geometries an analytic 
problem is solved. 

int local_dl( double x, 
double y, 
double z, 
struct Numeric *, 
struct Magnetic *, 
struct Ort *, 
struct BField *, 
struct PConst * , 
int suf 

) ; 

CD the values of a and ß and the thermal forces a% and ß dd~i are calculated in the 
thermal_force-routine. 

void thermal_force( struct ParticleStruct *, 
struct nTdata *, 
struct Numeric *, 
struct Plasma *, 
struct Magnetic *, 
struct Ort *, 
struct BField *, 
struct Force *, 
struct PConst *, 
int suf 

) ; 
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• To simplify the change of the calculation of electron density and temperature and ion 
temperature, these calculations are done in separate routines, called Te, Ti and neo 

double Te( double x, 
double y, 
double z, 
struct nTdata *, 
struct Numeric *, 
struct Magnetic *, 
struct Ort *, 
struct BField *, 
struct PConst *, 
int suf 

) ; 

double Ti( double x, 
double y, 
double z, 
struct nTdata *, 
struct Numeric *, 
struct Magnetic *, 
struct Ort *, 
struct BField *, 
struct PConst *, 
int suf 

) ; 

double ne( double x, 
double y, 
double z, 
struct nTdata * , 
struct Numeric *, 
struct Magnetic *, 
struct Ort *, 
struct BField *, 
struct PConst *, 
struct Plasma *, 
int suf 

) ; 
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$ For the caleulation of the thermal forces the gradients of eleetron temperature (up to now 
\1Te = 0 and ion temperature have to be eaIeulated. 

void grad_TiC double 
double 
double 
struct 
struct 
struct 
struct 
struct 
struct 
struct 
int 

) ; 

void grad_TeC double 
double 
double 
struct 
struct 
struct 
struct 
struct 
struct 
struct 
int 

) ; 

nTdata 
Numeric 
Plasma 
Magnetic 
Ort 
BField 
PConst 

nTdata 
Numeric 
Plasma 
Magnetic 
Ort 
BField 
PConst 

x, 
y, 
z, 

* , 
*, 
* , 
*, 
* , 
* , 
* , 

suf 

x, 
y, 
z, 

* , 
*, 
* , 
* , 
* , 
*, 
* , 

suf 

• For each time step the Ioeal eleetric field is eomputed in the E_field-routine 

void E_fieldC struct ParticleStruct *, 
struct Numeric *, 
struct Ort *, 
struct Electric * , 
struct BField *, 
struct Magnetic * , 
struct EField * , 
struct Plasma *, 
struct nTdata * , 
struct PConst * , 
int decide) ; 
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5.4.2 Sub-Routines 

• In B_field the input data for the magnetic field vector are converted in code usable data. 

void B_fieldC struct Magnetic *, 
struct BField *); 

EI The following two routines convert the names of elements to ERO-TEXTOR-numbers 
("ElemNo") and vice versa ("NoElem") according to ERO-TEXTOR nomenclature (see 
tab. 3.1). 

void NoElemCstruct Spezies *); 

void ElemNoCstruct Spezies *); 
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CI The following fOUT routines are used in plasma ehemistry of methane/ silane moleeules 
(due to the fact that there are two different rate eoefficient system all routines exist for 
methane and for silane, with the exeeption of the change_status-routine, whieh deals 
with both moleeules). In eaeh time step in change_status it is ealculated whether the 
mole eule is ehanged by any proeess (dissociation, ionization, etc.) or not. Therefore the 
two routines chem_rate for electron impact pro ces ses and chem_rate_prot for proton 
impact processes are evaluated. The prozesses-routine loads the neeessary data. 

int change_statusC struct 
struct 
struct 
struct 
struct 
struct 
struct 
struct 
struct 
struct 
struct 

ParticleStruct 
Chemie 
Chemie 
ChemConst 
Plasma 
nTdata 
Numeric 
Magnetic 
Ort 
BField 
PConst 

* , 
*, 
*, 
*, 
*, 
* , 
*, 
*, 
*, 
* , 
*, 

double **proz_tree, 
double **mass_charge, 
double **speicher, 
double ***speicherp, 
double *sifactor, 
double **siproz_tree, 
double **simass_charge, 
double **sispeicher, 
double ***sispeicherp, 
double dt, 
int 
lang int 

) ; 

double chem_rateC int nummer 
double Te_l 
double **speich); 

double chem_rate_protC int nummer 
double Te_l 
double Ep 

surf, 
*dum 

double ***speichp); 

void prozesses( double **proz, 
double ***m_q, 
double **sp, 
double ***spc); 
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double si_chern_rate( int 
double 
double 

nummer, 
Te_l, 

**speich, 
double *si_factor 

) ; 

double si_chern_rate_prot( int 
double 
double 
double ***speichp, 
double *si_factor 

) ; 

void si_prozesses( double 
double 
double 

**proz, 
**rn_q, 
**sp, 

double ***spc, 
double *c_2_si_fac 

) ; 

95 
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.. The impurity content of the SOL plasma is not constant, but can increase furt her out. 
Therefore the mean mass, charge and impurity percentage depend on the location of the 
particle in the plasma. The following routines calculate these parameters locally. 

double fiqiC double 
double 
double 
struct Plasma 
struct nTdata 

) ; 

double impurity_percent( double 
double 
double 
struct 
struct 
int 

) ; 

double z_effective( double 
double 
double 

x, 
y, 
z, 

* , 
* 

Plasma 
nTdata 

struct Plasma 
struct nTdata 

) ; 

double q_plasma( double 
double 
double 

) ; 

struct Plasma 
struct nTdata 

x, 
y, 
z, 
*, 

* 

x, 
y, 
z, 
*, 

* 

x, 
y, 
z, 
*, 
* , 
which 
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• Before each run the actual surface concentration of each element has to be calculated in 
the concentrate-routine. 

void concentrateC struct SurfaceCel1 
struct Ort 

) ; 

struct SurfaceGridData 
int 
double 

* , 
*, 
* , 

*rand, 
*bound 

• After eaeh run the actual total fiux of atoms to the surfaee has to be ealculated in the 
flux_ to_cell-routine. 

void flux_to_ceIIC struct SurfaceCel1 
struct Ort 

) ; 

struct SurfaceGridData 
int 
double 

*, 
* , 
* , 

*rand, 
*bound 

• And before eaeh run the power load to the limit er surfaee and the rise of the surfaee 
temperature are calculated in the power load-routine. 

void powerloadC struct SurfaceCell *, 
struct Path *, 
struct Plasma *, 
struct Ort *, 
struct TimeCell * , 
struct SurfaceGridData *, 
struct nTdata *, 
int *rand, 
double *bound, 
double max_angle, 
int time_cycle 

) ; 

• If markers are specified in the parameter file, this routine will write the resourees to the 
eells of the surfaee net. 

void markingCstruct MarkerDialogData *, 
struct SurfaceCell *, 
struct Surf aceGridData *, 
int *rand, 
struct MaterialData *) ; 
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• bild_ verti is called to build the energy and angle distribution of physical sputtered 
particles (in the physical sputtering loop), as described in eqn.(2.116), whereas bildtherm 
is called to build the energy and angle distribution of thermal particles leaving the surface 
with a maxwellian energy distribution. 

void bild_verti(struct ParticleStruct *, 
struct ParticleStruct *, 
struct Ort *, 

void bildtherm( 

) ; 

struct Spezies 
double 
double 
double 
int 
long int 

*, 
EO, 
Mi, 

atom, 
suf, 

*dum); 

struct ParticleStruct *, 
struct ParticleStruct * , 
struct Ort *, 
struct Spezies * , 
double EO, 
double atom, 
int loop, 
int suf, 
long int *dum 
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• A set of separate routines exist for the reflection of ions and moleeules on the surface: 
the reflect_mker-routine builds the angle and energy dependence of the reflected ions, 
whereas the Rprobabili ty-routine answers the question whether a particle is reflected or 
not. A special routine is used to read in the very large data files for the reflection data. For 
the reflection of the molecular particles, there are two routines: the bild_molecule-routine 
which creates the name of the reflected molecular particles and the bild_reflection­
routine to bild the angle and energy dependence of them. 

double reflect_mkerC struct ParticleStruct 
struct SurfaceCell 
struct ReflectionData 
long int 

) ; 

double RprobabilityC struct ParticleStruct 
struct SurfaceCell 
struct ReflectionData 
double 
double 
long int 

) ; 

*, 
*, 
*, 

*dum 

*, 
*, 
* , 

E_in, 
w_in, 
*dum 

void read_reflectionC struct ReflectionData *refl_ptr, 
struct Path *pfad 

) ; 

void bild_moleculeC struct ParticleStruct *, 
struct Chemie *, 
int which 

) ; 

void bild_reflectionC struct ParticleStruct *, 
struct SurfaceCell *, 
double EO, 
int 
long int 

) ; 

Renergy, 
*dum 
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$ The s_koord-routine calculates the initial values of location for the particles (in the ex­
ternal SOUIce loop as weil as in the physical sputtering loop). 

void s_koordC struct ParticleStruct *, 
struct ParticleStruct *, 
struct Ort *, 
int xi, 
int suf) ; 

$ For the external SOUIce loop the angle distribution is computed here: 

void s_angle( struct ParticleStruct *, 
struct ParticleStruct *, 
struct Spezies 
int 
long int 

* , 
xii, 

*dum); 

4& The foilowing routine calculates the angle distribution of particles released from a thin 
throat with length to radius L/r under molecular fiow conditions: 

void molecular_flowC double 
int 

) ; 

int 
double 
long int 

**speicher, 
anzahl, 

which, 
ratio, 
*idum 

• FOT the external SOUIce loop the energy distribution is computed here: 

void s_energy( struct ParticleStruct *, 
struct ParticleStruct *, 
struct Spezies 
double 
int 
long int 

*, 
atome, 
xiii, 
*dum); 
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• This routine calculates (in each time step) the ionization rate for the specific particle, 
according eqns.(3.1) and (3.2). 

double rates( struct Ion 
struct Ion 

*, 
*, 

struct ParticleStruct *, 
double E); 

• Called in external sour ce loop or in the physical sputter loop this routine loads the data 
for calculating the rate coefficients (see eqns.(3.1) and (3.2)). 

void l_ratecoeff( struct Ion *, 
struct Ion *, 
struct ParticleStruct *p, 
int max_q, 
struct Path *); 
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• Here the physical sputter yield Y!-->T(Ein, Bin)[a~~~sl for an incident ion I to a target 
material T is calculated: While local_yield is necessary for the data handling, the 
rt_phys_sputt-routine and the phys_sputt-routine evaluate the yield according the Bodhansky­
and Yamamura-formula. 

void local_yield( struct ParticleStruct 
struct SurfaceCell 
struct SurfaceGridData 
struct MaterialData 

) ; 

double rt_phys_sputt( double daten[10], 
double 
double 

double phys_sputt( double daten[10], 
double 
double 

eo, 
win); 

*wor_ptr, 
*n_ptr, 

*sgrid_dialog, 
*mater 
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e For carbon based substrates the following routines calculate the sputter yield due to chem­
ical erosion by oxygen -ehern_sputt 0 - and the sputter yield due to radiation enhanced 
sublimation (RES) -res_sput 0- due to the ion fiux to the surface. 

double ehern_sputt( ehar code, 
double daten [10] , 
double 
double 
double 

-RES is not yet implemented -

T, 
eo, 

GAMMA); 

double res_sputt( double daten [10] , 
double 
double 
double 

T, 
eo, 

GAMMA) ; 



104 CHAPTER 5. DATA-STRUCTURES AND ERO-TEXTOR-ROUTINES 

• This subroutine allocates the cells of the surface net and fills them with basic information, 
such as coordinates, area and normal of the cello Additionally the names of specimen 
are written to the cells. At the beginning of each time step the surface_in-routine 
reads in the actual surface conditions from a temporary file. At the end of each run the 
calculated changes of the surface conditions are written to result and temporary files by the 
surface_out-routine. On exit of the program s_grid_free frees the allocated memory. 

struct SurfaceCell ***s_grid_maker( struct LimiterDialogData *, 
struct PlasmaDialogData *, 

void surface_out( struct 
struct 
struct 
struct 
struct 
int 
double 
int 

) ; 

void surface_in( struct 
struct 
struct 
struct 
struct 
int 
double 
int 

) ; 

struct Plasma *, 
struct Magnetic *, 
struct SurfaceGridData *, 

SurfaceCell 
Path 
TimeCell 

int 
double 

LostParticle 
SurfaceGridData 

*, 
*, 
*, 
*, 
*, 

*rand, 
*bound, 

time_cycle 

SurfaceCell *, 
Path *, 
TimeCell *, 
LostParticle *, 
SurfaceGridData *, 

*rand, 
*bound, 

time_cycle 

*s_rand, 
*s_bound); 

void s_grid_free( struct SurfaceCell ***, 
int *s_rand ); 
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• As before in v _grid_maker the volume cells for the spectroscopic data are allocated and 
filled with basic information, such as coordinates of the cells and specimen names and 
ionization states for which the density has to be calculated. volume_out writes the spec­
troscopic data (density) to the output files. The v _grid_free frees the allocated memory 
on exit. 
In load_emission memory is allocates arid the emission rates of the relevant species are 
loaded from the databases. The free_emission frees the allocated memory. emission_out 
writes the spectroscopic data (emitted intensity) to the output files. 

struct VolumeAll *v_grid_makerC struct Ort *, 
struct VolumenGridData *, 
struct V_TraceData *, 
int 

void volume_outC struct VolumeAll *, 
struct Path *, 
struct TimeCell *, 
int step) ; 

void v_grid_freeC struct VolumeAll *); 

void load_emissionCstruct Path *, 
struct Emission *, 
struct V_TraceData * 

) ; 

void free_emissionCstruct Emission *); 

void emission_outCstruct VolumeAll * , 
struct Emission * , 
struct Path * , 
struct TimeCell * , 
struct nTdata * , 
struct Numeric * , 
struct Magnetic *, 
struct Ort * , 
struct BField *, 
struct PConst *, 
struct Plasma * , 
int suf, 
int step 
) ; 

decide); 
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• This subroutine calculates the spectroscopic density pa~~~les of a specific ion/atom at its 
location. 

void sort_inC struct ParticleStruct *, 
struct VolumeAll *, 
double delta_t 

) ; 

• This sub routine calculates the emitted line integrated intensity phorns of a specific ion/atom cm ssr 
at. 

double emissionCstruct Emission *, 
double Te, 
int which 
) ; 
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e This routine writes the possibly modified parameters to the uuuERO. PRM-file. 

void datapoo11 ( struct FileDialogData *, 
struct FileDialogData *, 
struct LoopDialogData *, 
struct NumericDialogData *, 
struct PlasmaDialogData *, 
struct ElementDialogData * , 
struct LimiterDialogData *, 
struct TeilchenDialogData *, 
struct MarkerDialogData *, 
struct ChemieDialogData *, 
struct SurfaceGridData *, 
struct VolumenGridData *, 
struct V _ TraceData *, 
struct TimeGridData *) ; 

); 

• The chain_submitter-routine creates the next batch-job for the IBM-LoadLeveler batch 
facility. 

void chain_submitterC int actl_step, 
int job_class 

) ; 



Appendix A 

A Rate Cüefficient System für Silane in the 
Energy Range üf 0.5 - 100eV 

The reaction rates for the electron impact reactions of the silane molecule have been calculated 
from the cross sections by integrating over the energy distribution of the electrons: 

(A.1) 

where the integration starts at the threshold energy ofthe re action Eth. To calculate the re action 
rate the assumption is made that the molecular radieals / ions are at rest compared to the fast 
moving electrons. For the electrons an isotropie energy distribution in thermal equilibrium, i.e. 
an maxwellian electron energy distribution is assumed: 

(A.2) 

Thus the re action rate is given by [50]: 

< av > (A.3) 

in partieal units (A.4) 

with the electron energy in units of the threshold energy u = EE and y = kETth ·• For the 
th OB E 

practieal calculation the following units are used: Te in [eV] and a(u) in [cm- 2 ]. 
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I name Ireaction I Eth [e V] I 6E [e V] 1 I scalingZ I data3 

E1 SiH4 + e -+ SiH:; + H + 2e 12.2 12.2 - [12] 
E2 SiH4 + e -+ SiHt + 2H + 2e 11.6 16.1 - [12] 
E3 SiH4 + e -+ SiH+ + Hz + H + 2e 14.7 14.7 - [12] 
E4 SiH4 + e -+ Si+ + H 2 + 2H + 2e 13.3 18.4 - [12] 
E5 SiH4 + e -+ SiH3 + H+ + 2e 24.5 24.5 - [12] 
E6 SiH4 + e -+ SiH2 + Ht + 2e 24.5 24.5 - [12] 
D1 SiH4 + e -+ SiH3 + H + e 8.0 3.86 - [40][12] 
D2 SiH4 + e -+ SiH2 + 2H + e 8.0 6.9 - [40][12] 
D3 SiH4 + e -+ SiH + Hz + H + e 8.0 5.7 - [40][12] 
D4 SiH4 + e -+ Si + H2 + 2H + e 8.0 8.74 - [40][12] 
I 1 SiH3 + e -+ SiHt + 2e 11.6 8.0 1. D14 [12] 5 
E7 SiH3 + e -+ SiHt + H + 2e 12.2 12.2 g.. D1 -
E8 SiH3 + e -+ SiH2 + H+ + 2e 24.5 24.5 9.. E 5 -

D5 SiH3 + e -+ SiHz + H + e 11.6 3.0 t ND5 [12] 4 
12 SiH2 + e -+ SiHt + 2e 11.6 9.4 ~. D1 -

E9 SiHz + e -+ SiH+ + H + 2e 12.2 12.5 1. D1 -5 
E 10 SiH2 + e -+ SiH + H+ + 2e 24.5 24.5 ~. E 5 -

D6 SiH2 + e -+ SiH + H + e 11.6 3.3 1. ND -z 
13 SiH + e -+ SiH+ + 2e 11.6 9.0 t ~i -
E11 SiH + e -+ Si+ + H + 2e 12.2 12.7 -5 
E 12 SiH + e -+ Si + H+ + 2e 24.5 24.5 ~. E 5 -

D7 SiH + e -+ Si + H + e 11.6 3.0 ~. ND -

R1 SiHt + e -+ SiH2 + H - ~ 17 Langer [22] -
Al SiHt + e -+ SiHt + H + e 11.6 3.0 9. .D5 -
A2 SiHt + e -+ SiH2 + H+ + e 24.5 3.0 !. D5 -4 
R2 S iHt + e -+ S iH + H - ~ 17 Langer[22] -

A3 SiHt + e -+ SiH+ + H + e 11.6 3.3 1·D6 -z 
A4 SiHt + e -+ SiH + H+ + e 24.5 3.3 1·D6 -2 
R3 SiH+ + e -+ Si + H - ~ 17 Langer[22] -

A5 SiH+ + e -+ Si+ + H + e 11.6 3.0 ~ ·D7 -
A6 SiH+ + e -+ Si + H+ + 2e 24.5 3.0 ~ ·D7 -

proton impact reactions 
CX 1 SiH4 + P -+ SiHi + 2H + H + 2e - 0.0 Langer[22] -

CX 2 SiH3 + P -+ SiHt + H + 2e - 0.0 Langer[22] -
CX 3 SiH2 + P -+ SiHt + H + 2e - 0.0 Langer[22] -

CX 4 SiH + p -+ SiH+ + H + 2e - 0.0 Langer[22] -
CX 4 Si + p -+ Si+ + H + 2e - 0.0 Langer[22] -

lThese values are taken from Schneider [50], except those for the two re action types: 
1) SiHx + e -+ SiHx - n + H;; + 2e with n = 1,2 and 
2) SiHx + e -+ SiHx - 1 + H. 

2if no measured cross sections exist, the reaction rates will be scaled with this factor to the mentioned reaction. 
3 where the measured cross sections are taken from. 
4dissociative ionization of the SiH4 -molecule. 
Sneutral dissociation of the SiH4 -molecule. 
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A.l Fitting of the cross sections 

For the fitting of the cross sections different fitting formulae have been used: 

• SiH4 + e ---+ SiHt + H + 2e 
Fit: Lotz-formula6 with coefficients: 

ao = 1.084112· 102 

a1 = 6.071566· 10-1 

a2 = 1.29847.10-1 

• SiH4 + e ---+ SiH:}: + H2 + 2e 
Fit: Lotz-formula with coefficients: 

ao = 1.355031 . 102 

a1 = 6.44493 . 10-1 

a2 = 1.139226.10-1 

• SiH4 + e ---+ SiH+ + H2 + H + 2e 
Fit: Splines 

• SiH4 + e ---+ Si+ + H2 + 2H + 2e 
Fit: Splines 

• SiH4 + e ---+ SiH3 + H+ + 2e 
Fit: Splines 

• SiH4 + e ---+ SiH2 + H:}: + 2e 
Fit: Splines 

• total dissociation of SiH4 
Fit: Splines 

• neutral dissociation of SiH4 

Fit: Splines 

• total dissociative ionization of SiH4 

Fit: Splines 

A.2 Fit Parameters of the reaction rates 

$ SiH4 + e ---+ SiHt + H + 2e 
b = 1.00 
bo = -2.98154. 10+1 
b3 = +2.01061· 10+0 

b6 = -1.12818.10-2 

b1 = + 1.26599 . 10+1 

b4 = -4.87348.10-1 

b7 = +8.84541 .10-4 

b2 = -6.10431. 10+0 

b5 = +8.81920. 10-2 

b8 = -3.11082. 10-5 

6The fit with Latz formula used for energies E ::; 200eV was taken from [50] where the Latz-fit [31] is given 
by: 

(J' = -ln - 1 - al . e Eth 
ao E [ -a2(-1L-1)] 
E Eth 

for higher energies a spline fit was used. 
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CI SiH4 + e ---t SiH:}" + 2H + 2e 
b = 1.00 
bo = -2.90427.10+1 b1 = +1.20595·10+1 b2 = -5.80462.10+0 

b3 = +1.91152.10+0 b4 = -4.63135.10-1 bs = +8.37831· 10-2 

b6 = -1.06972· 10-2 b7 = +8.33755· 10-4 bs = -2.90057· 10-s 

CI SiH4 + e ---t SiH+ + H2 + H + 2e 
b = 1.00 
bo = -3.37217·10+1 b1 = +1.52473.10+1 b2 = -8.42467.10+0 

b3 = +4.00281· 10+0 b4 = -1.52947.10+0 bs = +4.02745.10-1 

b6 = -6.61927.10-2 b7 = +6.08508.10-3 bs = -2.38863.10-4 

CI SiH4 +e---tSi++H2 +2H+2e 
b = 1.00 
bo = -3.41568.10+1 b1 = +1.39865.10+1 b2 = -7.37975.10+0 

b3 = +4.08995.10+0 b4 = -1.96068.10+0 bs = +6.28791· 10-1 

b6 = -1.21818.10-1 b7 = +1.28853.10-2 bs = -5.71620.10-4 

CI SiH4 + e ---t SiH3 + H+ + 2e 
b = 1.00 
bo = -4.53938.10+1 b1 = +2.49633.10+1 b2 = -1.26745. lOH 
b3 = +4.71172· 10+0 b4 = -1.22843· 10+0 bs = +2.05980· 10-1 

b6 = -2.03181· 10-2 b7 = +1.00192.10-3 bs = -1.50767 .1O-s 

CI SiH4 + e ---t SiH2 + H:}" + 2e 
b = 1.00 
bo = -4.75861· 10+1 b1 = +2.70810.10+1 b2 = -1.39828.10+1 

b3 = +5.84433.10+0 b4 = -2.06347.10+0 bs = +5.40212.10-1 

b6 = -9.20076.10-2 b7 = +8.91458.10-3 bs = -3.70806.10-4 

CI SiH4 + e ---t SiH3 + H + e 
b = 0.35 
bo = -2.53277· lOH b1 = +8.42838.10+0 b2 = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 bs = -6.96675.10-2 

b6 = +9.89709· 10-3 b7 = -9.64827· lO-s bs = -5.19730· 10-5 

CI SiH4 + e ---t SiH2 + 2H + e 
b = 0.50 
bo = -2.53277· lOH b1 = +8.42838.10+0 b2 = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 bs = -6.96675.10- 2 

b6 = +9.89709· 10-3 b7 = -9.64827· lO-s bs = -5.19730· 10-s 

CI SiH4 + e ---t SiH + H2 + H + e 
b = 0.10 
bo = -2.53277.10+1 b1 = +8.42838.10+0 b2 = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 bs = -6.96675.10-2 

b6 = +9.89709· 10-3 b7 = -9.64827· lO- s bs = -5.19730· 10-5 
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• SiH4 + e -t Si + Hz + 2H + e 
b = 0.05 

APPENDIX A. RATE COEFFICIENTS FOR SILANE 

bo = -2.53277·10+1 b1 = +8.42838.10+0 bz = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675· 10-z 
b6 = +9.89709.10-3 b7 = -9.64827.10- 5 bs = -5.19730.10- 5 

CI SiH3 + e -t SiHt + 2e 
b = 0.80 
bo = -2.75585 ·10+1 b1 = +1.02656.10+1 bz = -4.04565.10+0 

b3 = +9.18383.10-1 b4 = -9.11069· 10-z b5 = -8.53707.10-3 

b6 = +3.63420· 10-3 b7 = -4.15887· 10-4 bs = + 1. 76030· 10-5 

e SiH3 + e -t SiHi + H + 2e 
b = 0.20 
bo = -2.75585.10+1 bt = +1.02656 ·10+1 bz = -4.04565.10+0 

b3 = +9.18383.10-1 b4 = -9.11069 ·10-z b5 = -8.53707.10-3 

b6 = +3.63420.10-3 b7 = -4.15887.10-4 bs = +1.76030.10-5 

e SiH3 + e -t SiHz + H+ + 2e 
b = 0.75 
bo = -4.53938.10+1 b1 = +2.49633, 10+1 bz = -1.26745·10+1 
b3 = +4.71172 .10+0 b4 = -1.22843.10+0 b5 = +2.05980.10-1 

b6 = -2.03181·1O-z b7 = +1.00192.10-3 bs = -1.50767.10-5 

CI SiH3 + e -t SiHz + H + e 
b = 0.75 
bo = -2.53277.10+1 b1 = +8.42838.10+0 bz = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675. lO-z 

b6 = +9.89709· 10-3 b7 = -9.64827.10-5 bs = -5.19730· 10-5 

CI SiHz +e-tSiHi+2e 
b = 0.80 
bo = -2.75585·10+1 b1 = +1.02656·10+1 bz = -4.04565.10+0 

b3 = +9.18383.10-1 b4 = -9.11069 ·10-z b5 = -8.53707.10-3 

b6 = +3.63420.10-3 b7 = -4.15887.10-4 bs = +1.76030.10-5 

e SiHz + e -t SiH+ + H + 2e 
b = 0.20 
bo = -2.75585.10+1 b1 = +1.02656.10+1 bz = -4.04565.10+0 

b3 = +9.18383.10-1 b4 = -9.11069.10- 2 b5 = -8.53707.10-3 

b6 = +3.63420.10-3 b7 = -4.15887.10-4 bs = +1.76030·10"':5 

• SiH2 + e -t SiH + H+ + 2e 
b = 0.50 
bo = -4.53938.10+1 b1 = +2.49633 ·10+1 bz = -1.26745.10+1 

b3 = +4.71172 . 10+0 b4 = -1.22843· 10+0 b5 = +2.05980· 10-1 

b6 = -2.03181· 10-2 b7 = +1.00192.10-3 bs = -1.50767.10-5 
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• SiH2 + e -7 SiH + H + e 
b = 0.50 
bo = -2.53277· 10+1 b1 = +8.42838.10+0 b2 = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675.10-2 

b6 = +9.89709· 10-3 b7 = -9.64827.10-5 bs = -5.19730.10- 5 

• SiH + e -7 SiH+ + 2e 
b = 0.80 
bo = -2.75585· 10+1 b1 = +1.02656.10+1 b2 = -4.04565.10+0 

b3 = +9.18383· 10-1 b4 = -9.11069· 10-2 b5 = -8.53707· 10-3 

b6 = +3.63420.10-3 b7 = -4.15887.10-4 bs = +1. 76030.10-5 

• SiH + e -7 Si+ + H + 2e 
b = 0.20 
bo = -2.75585.10+1 b1 = +1.02656 ·10+1 b2 = -4.04565.10+0 

b3 = +9.18383· 10-1 . b4 = -9.11069.10-2 b5 = -8.53707· 10-3 

b6 = +3.63420.10-3 b7 = -4.15887.10-4 bs = +1.76030.10-5 

• SiH + e -7 Si + H+ + 2e 
b = 0.25 
bo = -4.53938,10+1 b1 = +2.49633.10+1 b2 = -1.26745·10+1 
b3 = +4.71172.10+0 b4 = -1.22843.10+0 b5 = +2.05980.10-1 

b6 = -2.03181· 10-2 b7 = +1.00192.10-3 bs = -1.50767.10- 5 

G SiH + e -7 Si + H + e 
b = 0.25 
bo = -2.53277.10+1 b1 = +8.42838.10+0 b2 = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675.10-2 

b6 = +9.89709· 10-3 b7 = -9.64827· 10-5 bs = -5.19730· 10-5 

• SiHt + e -7 SiH2 + H 
b = 1. 
bo = -1.65188· 10+1 b1 = -8.84597.10-1 b2 = -3.23417· 10-2 

b3 = +5.93140· 10-3 b4 = -6.06568· 10-4 b5 = -6.80725· 10-6 

b6 = + 1.01312· 10-5 b7 = -1.07506· 10-6 bs = +3.73853· lO-s 

• SiHt + e -7 SiHt + H 
b = 0.495 
bo = -2.53277·10+1 b1 = +8.42838.10+0 b2 = -3.37947.10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675.10- 2 

b6 = +9.89709.10-3 b7 = -9.64827.10-5 bs = -5.19730.10-5 

• SiHt + e -7 SiH2 + H+ + e 
b = 0.75 
bo = -4.53938'10+1 b1 = +2.49633.10+1 b2 = -1.,26745.10+1 

b3 = +4.71172.10+0 b4 = -1.22843.10+0 b5 = +2.05980.10-1 

b6 = -2.03181· 10-2 b7 = +1.00192.10-3 bs = -1.50767.10-5 
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o SiHt + e --+ SiH + H 
b = 1. 
bo = -1.61538.10+1 b1 = -7.58647.10-1 b2 = -1.13053.10-1 

b3 = -6.96563· 10-4 b4 = +4.52860· 10-3 b5 = -6.55797· 10-4 

b6 = -1.97544· 10-5 b7 = +1.05815.10-5 b8 = -6.04128· 10-7 

• SiHt + e --+ SiH+ + H + e 
b = 0.25 
bo = -2.53277· 10+1 b1 = +8.42838.10+0 b2 = -3.37947· 10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675. 10-2 

b6 = +9.89709· 10-3 b7 = -9.64827· 10-5 b8 = -5.19730· 10-5 

o SiHt + e --+ SiH + H+ + e 
b = 0.5 
bo = -4.53938·10+1 b1 = +2.49633.10+1 b2 = -1.26745.10+1 

b3 = +4.71172 . 10+0 b4 = -1.22843· 10+0 b5 = +2.05980· 10-1 

b6 = -2.03181· 10-2 b7 = +1.00192.10-3 b8 = -1.50767.10-5 

• SiH+ + e --+ Si + H 
b = 1. 
bo = -1.65019.10+1 b1 = -7.57799.10-1 b2 = -1.13737.10-1 

b3 = -1.20805· 10-3 b4 = +4.85270.10-3 b5 = -6.27751· 10-4 

b6 = -5.97824.10-5 b7 = +1.78869.10-5 b8 = -1.01245.10-6 

• SiH+ + e --+ Si+ + H + e 
b = 0.25 
bo = -2.53277.10+1 b1 = +8.42838.10+0 b2 = -3.37947. 10+0 

b3 = +5.83943.10-1 b4 = +1.12597.10-1 b5 = -6.96675.10-2 

b6 = +9.89709· 10-3 b7 = -9.64827.10-5 b8 = -5.19730· 10-5 

o SiH+ + e --+ Si + H+ + 2e 
b = 0.25 
bo = -4.53938·10+1 b1 = +2.49633.10+1 b2 = -1.26745.10+1 

b3 = +4.71172.10+0 b4 = -1.22843.10+0 b5 = +2.05980.10-1 

b6 = -2.03181· 10-2 b7 = +1.00192.10-3 b8 = -1.50767.10-5 

CI Si + e --+ Si+ + 2e [6J 
b = 1.0 
bo = -2.38605· 10+1 b1 = +8.70021.10+0 b2 = -4.37859.10+0 

b3 = +1.46033.10+0 b4 = -3.35497.10-1 b5 = +5.13336.10-2 

b6 = -4.94238· 10-3 b7 = +2.68509.10-4 b8 = -6.22562· 10-6 
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Figure A.l: Reaction rates of the SiD4-molecule. 
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Figure A.2: Reaction rates of the SiD3-radicals. 
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Figure A.3: Reaction rates of the SiD2-radicals. 
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Figure A.4: Reaction rates of the SiD1-radicals. 



Appendix B 

Rate Coefficients for Molybdenum and 
Tungsten in the Energy Range of 0.5 -
200eV 

B.1 Calculating the rate coefficients < (J • v > 

As described in [6] the rate coefficients are calculated according to the following formula: 
For an electron temperature range /0 ~ kTe ~ 10· I, where I is the ionization potential 

-I [kT; m ( (kT. )) n < (J • V > (Te) = e kTe V ---;- E an loglO ---;-

and for the electron temperature range kTe 2: 10· I 

(I [ (kT. ) k (kT. ) -ij < (J. v> (Te) = V w: aln ---;- + {;ßi ---;-

(B.I) 

(B.2) 

The rate coefficients have been calculated according to the following Lotz-formula [51]: 

<(J'v> = 1 R 1
3

/
2 

3 10-8 
. 6m'; Vße-ß f(ß)(7 ] (B.3) 

ß 
E 

and (BA) = -
Te 

f(ß) = -ßeß Ei( -ß) (B.5) 

where for the coefficients the parameter m used, is the amount of electrons in the outer shell of 
the atom in the ground state: 

charge state 0 1 2 3 4 
Mo 1 5 4 3 2 
W 2 1 4 3 2 
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B.2 Rate Cüefficients für Mülybdenum 

charge 0 1 2 3 4 
ionization 
potential 7.09 16.2 27.1 46.4 54.48 
[eV] 
ao +9.1341. 10 8 + 1.3278 . 10 ·7 +4.8647. 10 8 + 1.6335 . 10 8 +8.5993. 10 9 

al -8.2145. 10-8 -1.2023 . 10-7 -4.0111 . 10-8 -1.4407.10-8 -7.3307 . 10-9 

a2 -4.1762. 10-8 -5.9924 . 10-8 -2.0261 . 10-8 -5.9594 . 10-9 -6.6144 . 10-9 

a3 + 1.9845 . 10-7 +2.9179. 10-7 +4.8329 . 10-8 +2.7174.10-8 +1.7474.10-8 

a4 -1.2112.10-7 -1.8257.10-7 +4.5822 . 10-8 -5.5024 . 10-9 +1.9344.10-8 

a5 +9.0759.10-9 +1.6345.10-8 -5.5194 . 10-8 -1.1885· 10-8 -3.9772.10-8 

a +2.3867. 10-6 +2.6145.10-6 + 1.0000 . 10+0 + 1.0000 . 10+0 + 1.0000 . 10+0 

ßo -7.6421.10-6 -7.6794 . 10-6 + 1.0000 . 10+0 + 1.0000 . 10+0 + 1.0000 . 10+0 

ßl +3.4467. 10-5 +2.9060· 10-5 +1.0000 . 10+0 + 1.0000 . 10+0 + 1.0000 . 10+0 

ß2 -8.122. 10-5 -5.3634 . 10-5 + 1.0000 . 10+0 + 1.0000 . 10+0 + 1.0000 . 10+0 

B.3 Rate Cüefficients für Tungsten 

charge 0 1 2 3 4 
ionization 
potential 8.0 15.08 25.43 39.29 53.15 
[eV] 
ao + 1.5410 . 10 ·7 +2.9570. 10 8 +5.335.10 8 +2.0919 . 10 8 +8.9193. 10 9 

al -1.4091 . 10-7 -2.6783· 10-8 -4.4638.10-8 -1.9055 . 10-8 -7.6145.10-9 

a2 -6.7428.10-8 -1.3382.10-8 -2.1863· 10-8 -2.6973 . 10-9 -6.4909 . 10-9 

a3 +3.4182 . 10-7 +6.5236 . 10-8 +5.8908· 10-8 +3.4011 . 10-8 +1.7524.10-8 

a4 -2.2023.10-7 -4.1061 . 10-8 +3.6855 . 10-8 -4.1255· 10-8 + 1. 7849 . 10-8 

a5 +2.3284. 10-8 +3.8345.10-9 -5.2445· 10-8 +2.6448 . 10-8 -3.7134 . 10-8 

a +4.3672 . 10-6 +6.0248 . 10-7 + 1.0000 . 10+0 +1.0000· 10+0 + 1.0000 . 10+0 

ßo -1.4321 . 10-5 -1.7891· 10-6 + 1.0000 . 10+0 + 1.0000 . 10+0 +1.0000.10+0 

ßl +6.791 . 10-5 +6.9148· 10-6 +1.0000· 10+0 + 1.0000 . 10+0 +1.0000.10+0 

ß2 -1.7063.10-4 -1.3160 . 10-5 + 1.0000 . 10+0 +1.0000 . 10+0 + 1.0000 . 10+0 



Appendix C 

Calculated Sputtering Yields 

For all elements, for which the sputtering data have been published by Eckstein et al. [21], 
the sputtering yields of a maxwellian ion distribution, accelerated in the sheath of <J:!wall -

<J:!plasma edge = 3k~Te have been calculated according eqn.(2.114) as a function of electron tem­
perature and charge state of the incident ion. (Since the integration needs a large amount of 
cpu-time, it was cut off at an maximum energy of E = 3.6keV). The data for the most relevant 
elements in fusion (namely Lithium, Beryllium, Boran, Carbon, Silicon, Iran, Nickel, Copper, 
Molybdenum and Tungsten) are shown in this chapter. 

.. Lithium 

I Te [eV] I H+ I D+ I T+ I He+ 

1.0 1.847· 10 -q 1.523· 10 -q 6.958.10 -0 3.668.10 ·0 5.452·10 .q 

5.0 1.575. 10-2 2.245.10- 2 2.464.10- 2 3.395.10- 2 6.182.10- 2 

10.0 2.554.10- 2 3.863. 10- 2 4.671 . 10- 2 7.558. 10- 2 1.011 . 10-1 

15.0 2.916. 10-2 4.521.10- 2 5.645. 10-2 9.888.10- 2 1.184.10-1 

20.0 3.052.10- 2 4.811.10- 2 6.105.10- 2 1.126. 10- 1 1.269.10-1 

25.0 3.095.10-2 4.925. 10- 2 6.334.10- 2 1.215.10-1 1.309.10-1 

30.0 3.086. 10-2 4.951. 10-2 6.420. 10-2 1.274.10-1 1.330.10-1 

35.0 3.051. 10-2 4.931. 10-2 6.441.10- 2 1.312. 10- 1 1.335.10-1 

40.0 3.006. 10- 2 4.877.10- 2 6.405.10-2 1.339. 10-1 1.332. 10-1 

45.0 2.953. 10-2 4.810. 10-2 6.346. 10-2 1.355. 10-1 1.324.10-1 

50.0 2.898.10- 2 4.733.10- 2 6.268.10- 2 1.363. 10- 1 1.314.10-1 

75.0 2.609.10- 2 4.320.10- 2 5.803.10- 2 1.359.10-1 1.236.10-1 

100.0 2.365.10- 2 3.945. 10-2 5.339.10- 2 1.318. 10- 1 1.153.10-1 

150.0 1.996. 10-2 3.368.10- 2 4.606.10- 2 1.218. 10-1 1.013.10-1 

200.0 1.737.10- 2 2.950.10- 2 4.059.10- 2 1.123. 10- 1 9.044.10- 2 

I Te [eV] I C+ ICH 

1.0 4.164. 10 ./S 1.925. 10 -b 3.993.10 ·0 4.489.10 -'I 2.790·10 -;j 8.745·10 -;j 

5.0 2.090. 10-2 6.810. 10-2 1.157. 10-1 1.561. 10-1 1.899.10-1 2.181. 10-1 

10.0 9.769. 10- 2 1.785. 10-1 2.353.10-1 2.768. 10- 1 3.094.10- 1 3.365.10- 1 

15.0 1.641. 10- 1 2.507. 10-1 3.059.10- 1 3.455. 10-1 3.749.10- 1 3.970. 10-1 

20.0 2.158.10-1 3.010.10- 1 3.538.10-1 3.885. 10- 1 4.142.10- 1 4.325.10-1 

25.0 2.565.10- 1 3.386. 10-1 3.877.10- 1 4.186. 10-1 4.404. 10-1 4.554.10- 1 

30.0 2.889.10- 1 3.685.10- 1 4.128.10- 1 4.399.10- 1 4.585.10- 1 4.711.10- 1 

35.0 3.160.10- 1 3.917.10- 1 4.319. 10-1 4.559.10- 1 4.720.10- 1 4.816. 10-1 

40.0 3.387.10- 1 4.096.10- 1 4.466. 10-1 4.682· 10-1 4.811 . 10-1 4.882.10-1 

45.0 3.586. 10- 1 4.258· 10-1 4.589.10- 1 4.773. 10-1 4.879.10- 1 4.935.10- 1 

50.0 3.754.10-1 4.384.10- 1 4.682· 10-1 4.842. 10-1 4.925.10- 1 4.962.10- 1 

75.0 4.342.10- 1 4.785· 10-1 4.953. 10-1 5.003. 10- 1 5.000.10- 1 4.959.10- 1 

100.0 4.676.10- 1 4.976. 10-1 5.036.10- 1 5.005. 10-1 4.940.10- 1 4.848. 10-1 

150.0 5.015.10- 1 5.088.10- 1 4.996. 10-1 4.856.10- 1 4.705.10- 1 4.549.10- 1 

200.0 5.153.10- 1 5.055· 10-1 4.858. 10-1 4.646. 10-1 4.446.10- 1 4.254.10- 1 
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I Te [eV] I 0+ 
1.0 1.982· 10 -~ 1.260·10 3.573.10 -6 5.707.10 ·5 5.476. 10 -4 3.106·10 -;; 
5.0 1.415.10-2 5.540.10- 2 1.013. 10-1 1.497. 10-1 1.906.10-1 2.261 . 10-1 

10.0 8.672. 10- 2 1.765. 10-1 2.467· 10-1 2.972.10- 1 3.432.10- 1 3.786. 10-1 

15.0 1.590.10- 1 2.651.10- 1 3.371 . 10- 1 3.901.10- 1 4.312.10- 1 4.630.10- 1 

20.0 2.201. 10-1 3.279· 10-1 4.007.10- 1 4.507.10- 1 4.891 . 10-1 5.178. 10-1 

25.0 2.695.10- 1 3.796. 10-1 4.483.10- 1 4.954.10- 1 5.302.10-1 5.567. 10-1 

30.0 3.116.10- 1 4.196.10-1 4.843.10- 1 5.285.10- 1 5.613.10- 1 5.846· 10-1 

35.0 3.464.10- 1 4.521. 10-1 5.146· 10-1 5.555. 10-1 5.849.10-1 6.058. 10-1 

40.0 3.761.10- 1 4.797. 10-1 5.382. 10- 1 5.765.10-1 6.034.10- 1 6.222. 10-1 

45.0 4.038. 10-1 5.025. 10-1 5.595. 10-1 5.942.10-1 6.185.10- 1 6.350. 10-1 

50.0 4.264. 10-1 5.230. 10-1 5.760.10- 1 6.084. 10-1 6.305.10- 1 6.451. 10-1 

75.0 5.116. 10-1 5.918.10-1 6.312.10- 1 6.528.10- 1 6.647.10- 1 6.703.10- 1 

100.0 5.651. 10-1 6.307· 10-1 6.594. 10- 1 6.715.10- 1 6.760.10- 1 6.748.10-1 

150.0 6.287.10-1 6.703. 10-1 6.803. 10-1 6.786. 10-1 6.719.10-1 6.614. 10-1 

200.0 6.628. 10-1 6.852. 10-1 6.816. 10- 1 6.700.10- 1 6.551.10- 1 6.385. 10-1 

I Te [eV] I Li+ 
1.0 2.719. 10 -0 6.983. 10 '0 7.750·10 -q 

5.0 3.053.10- 2 6.946.10- 2 1.030. 10-1 

10.0 9.162.10- 2 1.401.10-1 1.685.10-1 

15.0 1.336. 10-1 1.768. 10-1 2.004.10-1 

20.0 1.616. 10-1 1.996.10-1 2.174.10- 1 

25.0 1.817 .10- 1 2.139.10- 1 2.275.10- 1 

30.0 1.963. 10-1 2.233.10- 1 2.334. 10- 1 

35.0 2.080.10- 1 2.300.10- 1 2.366.10- 1 

40.0 2.166. 10-1 2.344.10- 1 2.384.10-1 

45.0 2.235.10- 1 2.375.10- 1 2.388.10- 1 

50.0 2.289. 10-1 2.396. 10-1 2.383. 10- 1 

75.0 2.430. 10- 1 2.400· 10-1 2.306.10- 1 

100.0 2.469. 10-1 2.343. 10-1 2.198. 10- 1 

150.0 2.425.10- 1 2.186.10- 1 1.985.10-1 

200.0 2.338. 10-1 2.032.10-1 1.807. 10- 1 
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10°'°--.------------------------. 

Figure C.l: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for D+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

-----8- Li 3 + 
-B- Li2 + 
-e- Li+ 

20 40 60 

Figure C.2: Twiced averaged sputtering yield Y(Te, q) according eqn.(2.114) for seH sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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& Beryllium 

I Te [eV) I H+ I D+ I T+ I He+ 

1.0 1.454·10 1.976.10 1 4.104.10 .t; 9.171 . 1O-~ 4.394·10'( 
5.0 3.785· 10-3 5.714. 10-3 5.442.10- 3 6.760. 10-3 2.112.10- 2 

10.0 1.122.10- 2 1.730.10-2 1.939.10-2 3.020.10- 2 5.061.10- 2 

15.0 1.544.10-2 2.398.10- 2 2.817.10- 2 4.820.10- 2 6.653.10- 2 

20.0 1.784. 10-2 2.794. 10-2 3.361.10- 2 6.061. 10-2 7.630.10- 2 

25.0 1.925. 10-2 3.025. 10- 2 3.686.10- 2 6.946.10- 2 8.230.10- 2 

30.0 2.003. 10- 2 3.161.10- 2 3.893.10- 2 7.575.10- 2 8.582.10- 2 

35.0 2.043.10- 2 3.238. 10-2 4.013.10- 2 8.072.10- 2 8.835.10- 2 

40.0 2.062. 10-2 3.284.10- 2 4.099.10- 2 8.422. 10-2 8.963. 10-2 

45.0 2.069. 10-2 3.295. 10-2 4.139.10- 2 8.697. 10-2 9.037.10- 2 

50.0 2.064.10- 2 3.295. 10- 2 4.160. 10-2 8.919.10- 2 9.087.10- 2 

75.0 1.972. 10-2 3.175.10- 2 4.064.10- 2 9.382. 10-2 8.911.10- 2 

100.0 1.848. 10- 2 2.994.10- 2 3.869.10-2 9.410. 10-2 8.540.10- 2 

150.0 1.625. 10-2 2.653. 10- 2 3.461.10- 2 9.038.10- 2 7.741.10- 2 

200.0 1.447. 10-2 2.376.10- 2 3.120.10- 2 8.544.10- 2 7.054.10- 2 

I Te [eV) I c+ 
1.0 1.190. 10 ·14 1.835. 10 ·12 1.174·10 1u 4.316· 10 .~ 1.035 . 10 7 1.712.10 ·6 

5.0 1.805.10-3 1.162. 10- 2 3.155.10- 2 5.678. 10-2 7.861. 10- 2 9.747.10- 2 

10.0 2.514.10- 2 7.082.10- 2 1.110.10- 1 1.434.10- 1 1.690. 10- 1 1.912.10-1 

15.0 6.168. 10-2 1.225.10-1 1.674.10-1 1.987. 10-1 2.250. 10-1 2.447.10- 1 

20.0 9.631. 10-2 1.626.10- 1 2.056. 10-1 2.368.10- 1 2.603. 10-1 2.778.10- 1 

25.0 1.259· 10-1 1.927· 10-1 2.355.10- 1 2.642. 10- 1 2.846.10- 1 2.996.10- 1 

30.0 1.513. 10-1 2.178.10- 1 2.578. 10-1 2.844. 10-1 3.022· 10-1 3.156.10- 1 

35.0 1.732.10-1 2.377. 10- 1 2.756.10- 1 2.997.10- 1 3.159. 10-1 3.269.10- 1 

40.0 1.921. 10-1 2.549. 10-1 2.903.10- 1 3.118. 10-1 3.259. 10-1 3.355.10- 1 

45.0 2.083. 10-1 2.690. 10- 1 3.016. 10-1 3.214. 10-1 3.339.10- 1 3.418.10- 1 

50.0 2.226.10- 1 2.815. 10-1 3.111.10- 1 3.290. 10-1 3.399. 10-1 3.465. 10-1 

75.0 2.750. 10-1 3.208. 10- 1 3.413.10- 1 3.509· 10-1 3.551· 10-1 3.554.10- 1 

100.0 3.075. 10-1 3.424.10- 1 3.547. 10-1 3.580.10- 1 3.570.10- 1 3.536.10- 1 

150.0 3.432· 10-1 3.611 . 10-1 3.608. 10- 1 3.556. 10- 1 3.480· 10-1 3.391.10- 1 

200.0 3.613. 10- 1 3.657. 10- 1 3.572.10- 1 3.457. 10- 1 3.337.10- 1 3.216.10- 1 
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I Te [eV) I 0+ 
1.0 3.616.10 -17 7.964. 10 -15 6.951. 10 ·1::1 3.442. 10 -11 1.116· 10 -~ 2.542· 10 -~ 

5.0 8.861.10-4 7.399 - 10-3 2.183. 10- 2 4.913· 10- 2 6.890. 10-2 9.750.10- 2 

10.0 1.887.10-2 6.409.10- 2 1.104· 10-1 1.497. 10-1 1.823. 10-1 2.094.10-1 

15.0 5.406.10- 2 1.232.10-1 1.779. 10-1 2.181. 10-1 2.549. 10-1 2.813. 10-1 

20.0 9.204. 10- 2 1.714.10-1 2.266. 10-1 2.704.10- 1 3.040. 10-1 3_297. 10-1 

25.0 1.260. 10-1 2.104. 10-1 2.683· 10-1 3.092.10- 1 3.394. 10-1 3.641. 10-1 

30.0 1.566. 10-1 2.420. 10-1 2.988. 10-1 3.385. 10-1 3.679· 10-1 3.892. 10-1 

35.0 1.836. 10-1 2.701 . 10-1 3.247· 10-1 3.621.10- 1 3.893. 10-1 4.096. 10-1 

40.0 2.072.10- 1 2.940. 10-1 3.465· 10-1 3.819. 10-1 4.066. 10-1 4.254. 10-1 

45.0 2.284. 10- 1 3.137. 10-1 3.637. 10-1 3.973. 10-1 4.214.10- 1 4.377. 10-1 

50.0 2.475. 10-1 3.323. 10-1 3.806. 10-1 4.111 . 10-1 4.332. 10-1 4.483. 10-1 

75.0 3.195.10- 1 3.942.10- 1 4.326. 10-1 4.553. 10-1 4.698. 10-1 4.783.10-1 

100.0 3.674.10- 1 4.312. 10-1 4.615. 10-1 4.774.10- 1 4.861· 10-1 4.892. 10-1 

150.0 4.265.10- 1 4.722.10- 1 4.889.10- 1 4.938.10- 1 4.936. 10-1 4.894. 10-1 

200.0 4.607.10-1 4.917.10- 1 4.976· 10-1 4.946.10- 1 4.877. 10-1 4.786.10-1 

I Te [eV) I Be+ 

1.0 1.336 . 10 -12 1.468.10 ·10 6.955·10 -!! 1.900 . 10 .'( 
5.0 3.001. 10-3 1.516. 10- 2 3.675.10- 2 5.249. 10-2 

10.0 2.889.10- 2 6.661· 10- 2 9.970· 10- 2 1.226· 10-1 

15.0 6.158.10- 2 1.083. 10-1 1.383.10-1 1.588.10-1 

20.0 8.827.10- 2 1.361.10-1 1.635 . 10-1 1.829.10-1 

25.0 1.113. 10-1 1.569. 10-1 1.824. 10-1 1.976. 10-1 

30.0 1.298. 10-1 1.719. 10-1 1.950. 10-1 2.084. 10-1 

35.0 1.446.10-1 1.849. 10-1 2.050. 10-1 2.158. 10-1 

40.0 1.575.10-1 1.947.10-1 2.120. 10-1 2.213.10- 1 

45.0 1.680. 10- 1 2.022.10- 1 2.179.10- 1 2.245. 10-1 

50.0 1.774.10-1 2.085· 10-1 2.220.10- 1 2.273 . 10-1 

75.0 2.082.10- 1 2.274.10- 1 2.319.10- 1 2.308.10- 1 

100.0 2.245. 10-1 2.341· 10-1 2.324. 10-1 2.271 . 10-1 

150.0 2.393. 10-1 2.348.10- 1 2.248. 10-1 2.141.10- 1 

200.0 2.430. 10-1 2.292. 10-1 2.142.10- 1 2.004.10- 1 
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Figure C.3: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.1l4) for D+, H e2+, 
eH, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

Figure C.4: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.1l4) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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.. Boron 

I Te [eV] I H+ I T+ I He+ 

1.0 6.626. 10 ·10 7.188.10 ·u 9.324. 10 ·10 7.524.10 ·14 9.292. 10 ·l~ 

5.0 4.870.10-4 9.949.10-4 9.670. 10-4 1.005.10-3 5.203. 10-3 

10.0 3.757.10-3 6.723.10-3 7.811.10-3 1.061.10-2 2.437.10- 2 

15.0 7.062.10- 3 1.213.10-2 1.501 . 10-2 2.297.10- 2 3.784· 10-2 

20.0 9.369· 10-3 1.585· 10- 2 2.015. 10- 2 3.292. 10- 2 4.737.10- 2 

25.0 1.100.10-2 1.829.10-2 2.388.10- 2 4.082.10- 2 5.354. 10-2 

30.0 1.212.10-2 2.017.10- 2 2.648.10- 2 4.668.10- 2 5.781.10- 2 

35.0 1.286.10-2 2.135· 10-2 2.825. 10-2 5.170.10- 2 6.078.10- 2 

40.0 1.345.10-2 2.219.10- 2 2.972. 10-2 5.551.10- 2 6.302.10- 2 

45.0 1.383.10-2 2.286. 10-2 3.066.10- 2 5.872. 10-2 6.455.10- 2 

50.0 1.405. 10-2 2.327. 10- 2 3.132.10- 2 6.110. 10- 2 6.564. 10- 2 

75.0 1.437. 10- 2 2.374.10- 2 3.248.10- 2 6.822.10- 2 6.721· 10- 2 

100.0 1.398. 10- 2 2.317. 10-2 3.199. 10-2 7.074.10- 2 6.625.10- 2 

150.0 1.284.10-2 2.131. 10-2 2.974.10- 2 7.061.10- 2 6.190. 10-2 

200.0 1.174.10-2 1.952.10-2 2.741· 10-2 6.848.10- 2 5.754. 10-2 

I Te [eV] I c+ IcH 
1.0 2.731. 10 '~0 1.202. 10 ·~u 1.891. 10 .1/; 1.624. 10 ·1ö 9.040. 10 -li> 3.560. 10 -10 

5.0 9.025.10- 5 1.249.10-3 6.431.10- 3 1.325.10-2 2.886.10- 2 4.495.10-2 

10.0 5.369.10- 3 2.361.10- 2 5.150.10- 2 7.636. 10-2 9.289.10- 2 1.146. 10-1 

15.0 2.097.10- 2 5.965. 10-2 9.419. 10-2 1.212. 10-1 1.429.10-1 1.602.10- 1 

20.0 4.165. 10- 2 9.065· 10- 2 1.271. 10-1 1.533. 10-1 1.750. 10-1 1.909· 10-1 

25.0 6.304. 10- 2 1.144. 10-1 1.529. 10- 1 1.787.10- 1 1.983. 10- 1 2.123.10-1 

30.0 8.232.10- 2 1.378. 10-1 1.731.10- 1 1.975 . 10- 1 2.149.10- 1 2.286· 10- 1 

35.0 9.930.10- 2 1.559 . 10- 1 1.893. 10-1 2.128· 10-1 2.288. 10-1 2.407. 10-1 

40.0 1.157.10-1 1.704. 10-1 2.034. 10-1 2.251. 10-1 2.396. 10- 1 2.500. 10-1 

45.0 1.301 . 10-1 1.840. 10-1 2.151. 10-1 2.345.10- 1 2.482. 10- 1 2.572.10- 1 

50.0 1.418. 10-1 1.955. 10-1 2.242. 10-1 2.428. 10-1 2.547· 10- 1 2.629.10- 1 

75.0 1.907.10- 1 2.345.10- 1 2.566. 10-1 2.681. 10-1 2.744.10-1 2.773· 10-1 

100.0 2.219.10- 1 2.574.10- 1 2.727.10- 1 2.788· 10-1 2.811 . 10-1 2.806· 10-1 

150.0 2.591 . 10-1 2.806. 10- 1 2.850.10- 1 2.839.10- 1 2.801. 10-1 2.750.10- 1 

200.0 2.797.10- 1 2.895. 10-1 2.867. 10-1 2.804.10- 1 2.728. 10- 1 2.645· 10-1 
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I Te [eV] I 0+ 104+ 
1.0 2.582 . 10 -;17 1.719. 10 -24 3.804. 10 ·22 4.456. 10 -20 3.337. 10";:T8 1. 759 . 10-10 

5.0 2.490.10- 5 4.672.10- 4 3.508.10-3 1.057.10-2 1.710.10-2 3.595. 10- 2 

10.0 3.258. 10-3 1.783.10-2 4.557. 10-2 6.811 . 10-2 9.833.10- 2 1.189.10-1 

15.0 1.574.10-2 5.438.10- 2 9.356. 10- 2 1.260. 10-1 1.526. 10-1 1.773 . 10-1 

20.0 3.526. 10-2 8.749.10- 2 1.329 . 10- 1 1.704.10-1 1.983. 10-1 2.210. 10-1 

25.0 5.714.10- 2 1.202· 10-1 1.650. 10-1 2.029. 10-1 2.291.10- 1 2.523.10-1 

30.0 7.924.10-2 1.460. 10- 1 1.936· 10-1 2.292. 10-1 2.558.10- 1 2.765. 10-1 

35.0 9.958. 10-2 1.706. 10-1 2.174.10- 1 2.506. 10-1 2.756.10- 1 2.951 . 10-1 

40.0 1.176.10-1 1.906. 10-1 2.367.10- 1 2.687. 10-1 2.929. 10-1 3.106. 10-1 

45.0 1.354. 10-1 2.075.10- 1 2.536· 10-1 2.843. 10-1 3.064.10-1 3.234. 10-1 

50.0 1.515. 10- 1 2.240. 10- 1 2.678· 10-1 2.973 . 10-1 3.184.10- 1 3.339. 10-1 

75.0 2.133. 10- 1 2.812.10- 1 3.178.10- 1 3.413. 10-1 3.558· 10- 1 3.663. 10-1 

100.0 2.576. 10- 1 3.174.10- 1 3.480.10- 1 3.648. 10-1 3.754.10- 1 3.810. 10-1 

150.0 3.139.10- 1 3.598.10- 1 3.785.10- 1 3.866.10- 1 3.894. 10-1 3.891. 10-1 

200.0 3.486. 10- 1 3.816. 10- 1 3.917.10- 1 3.931.10- 1 3.906. 10-1 3.855. 10-1 

I Te [eV] I B+ 
1.0 5.105. 10 ·22 1.945 . 10 ·19 2.715.10 -17 2.089.10 ·15 1.046. 10 =13 

5.0 1.297.10-4 1.604.10-3 7.195.10-3 1.427.10-2 3.037.10- 2 

10.0 6.039.10-3 2.457.10- 2 5.000.10- 2 7.254. 10-2 9.095. 10-2 

15.0 2.189. 10-2 5.779. 10-2 8.741.10- 2 1.102. 10-1 1.290.10- 1 

20.0 4.159.10- 2 8.564.10- 2 1.158.10- 1 1.400. 10-1 1.562.10-1 

25.0 6.130. 10-2 1.078. 10- 1 1.376.10-1 1.595. 10-1 1.754.10-1 

30.0 7.869. 10-2 1.256.10-1 1.553· 10-1 1.755. 10-1 1.890.10-1 

35.0 9.396. 10-2 1.413.10-1 1.692· 10-1 1.869. 10-1 1.995. 10-1 

40.0 1.082.10- 1 1.544. 10-1 1.804. 10- 1 1.965.10- 1 2.072.10- 1 

45.0 1.202. 10-1 1.646.10- 1 1.892. 10-1 2.038. 10-1 2.131.10- 1 

50.0 1.311 . 10- 1 1.739. 10- 1 1.966.10- 1 2.098. 10-1 2.180· 10-1 

75.0 1.709.10-1 2.049. 10- 1 2.197.10- 1 2.267. 10-1 2.298.10- 1 

100.0 1.961.10- 1 2.216. 10- 1 2.302.10- 1 2.325.10- 1 2.318. 10-1 

150.0 2.248.10- 1 2.362.10- 1 2.360· 10- 1 2.318.10- 1 2.261.10- 1 

200.0 2.392. 10-1 2.403. 10- 1 2.338.10- 1 2.251. 10-1 2.166.10- 1 
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Figure C.5: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for n+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

Figure C.6: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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• Carbon 

I Te [eV] I H+ I D+ I T+ I He+ 
1.0 2.807. 10 .1f 3.672. 10 ·10 4.328. 10 ·llj 2.298. 10 ·n 4.653.10 ·15 

5.0 1.237.10-4 3.530.10-4 3.132. 10-4 3.157. 10-4 2.303.10-3 

10.0 1.968.10-3 4.138. 10-3 4.363.10- 3 5.901. 10-3 1.713. 10- 2 

15.0 4.789.10- 3 9.126. 10-3 1.020 . 10-2 1.557. 10- 2 3.022.10- 2 

20.0 7.269.10-3 1.309.10-2 1.517.10- 2 2.499. 10-2 3.948.10- 2 

25.0 9.080. 10-3 1.605· 10- 2 1.882.10-2 3.251 . 10-2 4.606.10- 2 

30.0 1.053. 10- 2 1.825.10- 2 2.178.10- 2 3.902. 10- 2 5.091.10- 2 

35.0 1.155. 10- 2 1.991 . 10-2 2.388.10- 2 4.406.10- 2 5.447.10-2 

40.0 1.238.10-2 2.109. 10- 2 2.556.10- 2 4.833. 10-2 5.714.10- 2 

45.0 1.298.10-2 2.202. 10- 2 2.679. 10- 2 5.184. 10-2 5.942· 10-2 

50.0 1.346. 10- 2 2.271. 10- 2 2.783.10- 2 5.467.10- 2 6.099.10- 2 

75.0 1.449.10-2 2.424. 10- 2 3.004.10- 2 6.363.10- 2 6.462.10- 2 

100.0 1.452.10-2 2.423.10- 2 3.035.10- 2 6.764.10- 2 6.485.10- 2 

150.0 1.380.10-2 2.302. 10- 2 2.908. 10- 2 6.963. 10-2 6.222.10- 2 

200.0 1.288. 10-2 2.147.10- 2 2.727.10- 2 6.869. 10-2 5.860.10- 2 

I Te [eV] I C+ ICH 

1.0 5.766· 10 .~lj 4.408. 10 .:lfj 1.096 . 10 ·:lil 1.429 . 10 ·:l1 1.184. 10 ·19 6.891. 10 ·18 

5.0 1.193. 10-5 2.437.10- 4 2.051.10- 3 7.233.10-3 1.118. 10-2 2.374.10- 2 

10.0 2.129.10- 3 1.224.10-2 3.201.10- 2 5.107. 10-2 7.233.10- 2 8.351. 10-2 

15.0 1.102.10-2 3.919. 10-2 6.671.10- 2 9.069 . 1Q-~ 1.134.10-1 1.314.10-1 

20.0 2.555.10- 2 6.524.10- 2 9.694.10- 2 1.235. 10-1 1.457.10-1 1.620. 10-1 

25.0 4.219· 10-2 8.948.10- 2 1.234. 10-1 1.493.10-1 1.686. 10-1 1.831. 10-1 

30.0 5.929. 10- 2 1.080 . 10-1 1.440. 10- 1 1.683.10- 1 1.858.10-1 1.998. 10-1 

35.0 7.474.10- 2 1.265· 10-1 1.600. 10-1 1.833.10-1 2.004.10-1 2.127.10- 1 

40.0 8.926. 10-2 1.408. 10-1 1.744· 10-1 1.960.10- 1 2.116.10- 1 2.229.10- 1 

45.0 1.022· 10-1 1.549· 10-1 1.860. 10-1 2.063. 10-1 2.211 . 10-1 2.311 . 10-1 

50.0 1.149. 10-1 1.663.10-1 1.955· 10-1 2.153.10- 1 2.285.10- 1 2.375.10- 1 

75.0 1.619· 10-1 2.065. 10-1 2.303.10- 1 2.432. 10-1 2.516.10- 1 2.561. 10-1 

100.0 1.940. 10-1 2.317.10- 1 2.485. 10- 1 2.573.10- 1 2.613. 10-1 2.626. 10-1 

150.0 2.337. 10-1 2.579. 10-1 2.657· 10-1 2.670. 10-1 2.653. 10-1 2.619. 10-1 

200.0 2.572· 10-1 2.704. 10-1 2.709. 10-1 2.667.10- 1 2.614.10- 1 2.549. 10-1 
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I Te [eV] I 0+ 
1.0 6.194.10 -;-5'1 7.393. 10 -0:11 2.641 . 10 ·28 4.758. 10 -26 5.343. 10 -;t'l 4.169· 10 -~~ 
5.0 2.204.10- 6 6.117.10- 5 7.319.10-4 4.149.10-3 1.002· 10- 2 1.296.10-2 

10.0 1.128. 10-3 8.391.10-3 2.308.10- 2 4.835. 10- 2 6.285.10- 2 9.052.10- 2 

15.0 7.579.10-3 3.162. 10-2 6.542.10- 2 9.620. 10- 2 1.219.10-1 1.408· 10-1 

20.0 2.012.10- 2 6.213· 10-2 1.023.10-1 1.355. 10-1 1.627.10-1 1.851. 10-1 

25.0 3.639.10- 2 8.749.10-2 1.326.10-1 1.671.10-1 1.938. 10-1 2.145· 10-1 

30.0 5.393· 10- 2 1.142. 10-1 1.573 . 10-1 1.931. 10-1 2.181. 10-1 2.398.10-1 

35.0 7.190.10- 2 1.344.10-1 1.816. 10-1 2.146.10- 1 2.389. 10-1 2.588· 10-1 

40.0 8.845.10- 2 1.553. 10-1 2.006. 10-1 2.326.10- 1 2.568.10- 1 2.750.10-1 

45.0 1.041. 10-1 1.714· 10- 1 2.163.10- 1 2.481. 10-1 2.707.10-1 2.881. 10-1 

50.0 1.182.10-1 1.879.10-1 2.308.10- 1 2.615. 10-1 2.830.10-1 2.993. 10-1 

75.0 1.786.10-1 2.449.10-1 2.829.10-1 3.073. 10-1 3.241. 10-1 3.352· 10-1 

100.0 2.221 . 10-1 2.831. 10-1 3.146.10- 1 3.335. 10-1 3.458. 10-1 3.532. 10-1 

150.0 2.799.10- 1 3.278. 10-1 3.492. 10-1 3.600. 10-1 3.654.10- 1 3.669. 10-1 

200.0 3.172.10- 1 3.530.10-1 3.662. 10-1 3.704.10- 1 3.705.10- 1 3.676. 10-1 

Figure C.7: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.1l4) for D+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 
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Figure C.8: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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e Silicon 

I Te [eV] I H+ I D+ I T+ I He+ 

1.0 3.625. 10 ·l~ 1.149. 10 ·11 5.502. 10 ·lU 1.887 . 10 .~ 1.020·10 
5.0 7.381. 10-5 1.139.10-3 2.530.10-3 4.445.10-3 1.522.10-2 

10.0 1.701.10-3 7.970.10-3 1.363.10-2 2.359.10- 2 4.230.10- 2 

15.0 4.814.10-3 1.495.10-2 2.316.10- 2 4.068.10- 2 6.094.10- 2 

20.0 8.001.10-3 2.032· 10- 2 3.047. 10-2 5.414. 10-2 7.352.10- 2 

25.0 1.063.10-2 2.426.10- 2 3.580.10- 2 6.478.10- 2 8.259.10- 2 

30.0 1.280.10- 2 2.751.10- 2 3.998.10- 2 7.323.10- 2 8.952.10- 2 

35.0 1.464. 10- 2 3.000.10- 2 4.321.10- 2 8.022.10- 2 9.511 . 10-2 

40.0 1.605. 10- 2 3.199. 10-2 4.571.10-2 8.595.10- 2 9.931 . 10-2 

45.0 1.737.10-2 3.358. 10- 2 4.785. 10- 2 9.078.10- 2 1.027. 10-1 

50.0 1.838.10-2 3.491. 10-2 4.946.10- 2 9.497.10-2 1.057. 10-1 

75.0 2.160.10- 2 3.871.10- 2 5.435.10- 2 1.089.10-1 1.140.10-1 

100.0 2.311.10- 2 4.022. 10-2 5.615. 10-2 1.165. 10-1 1.173.10-1 

150.0 2.394.10- 2 4.057.10- 2 5.642.10- 2 1.233· 10-1 1.180. 10-1 

200.0 2.369. 10-2 3.959.10- 2 5.502.10- 2 1.251. 10-1 1.156. 10-1 

I Te [eV] I c+ 
1.0 1.149. 10 -11 1.081.10 -11 4.437· 10 -~ 1.047.10 -I) 1.567.10 -b 1.533.10-4 

5.0 4.327.10- 3 2.065.10- 2 4.788. 10-2 7.417.10- 2 9.550.10- 2 1.207.10- 1 

10.0 3.845.10- 2 9.085. 10-2 1.351. 10-1 1.696.10-1 2.013. 10-1 2.261.10- 1 

15.0 8.149. 10-2 1.484.10-1 1.975.10-1 2.354.10- 1 2.657.10-1 2.904.10- 1 

20.0 1.205.10- 1 1.928. 10-1 2.441. 10-1 2.817.10- 1 3.109.10- 1 3.344.10-1 

25.0 1.537. 10-1 2.299.10-1 2.802.10- 1 3.168. 10-1 3.451· 10-1 3.673. 10-1 

30.0 1.831· 10-1 2.600. 10-1 3.094. 10-1 3.444.10- 1 3.718. 10-1 3.927. 10-1 

35.0 2.086.10- 1 2.853. 10-1 3.337.10-1 3.677.10- 1 3.931. 10-1 4.129.10- 1 

40.0 2.309.10- 1 3.074.10- 1 3.538· 10-1 3.866.10- 1 4.110.10- 1 4.296.10- 1 

45.0 2.508. 10-1 3.260.10- 1 3.715.10- 1 4.028.10- 1 4.262. 10-1 4.433.10- 1 

50.0 2.692.10- 1 3.432· 10-1 3.870. 10-1 4.167.10- 1 4.388.10- 1 4.549. 10-1 

75.0 3.381.10- 1 4.042. 10-1 4.412. 10-1 4.650.10- 1 4.809.10-1 4.921. 10-1 

100.0 3.857.10- 1 4.431. 10-1 4.741· 10-1 4.921 . 10-1 5.038.10- 1 5.106.10- 1 

150.0 4.469. 10-1 4.904.10- 1 5.097.10- 1 5.191.10- 1 5.233. 10-1 5.236.10- 1 

200.0 4.852· 10-1 5.159.10- 1 5.267. 10-1 5.291.10-1 5.273.10- 1 5.228. 10-1 
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I Te [eV] I 0+ lOH 
1.0 3.251. 10 'lä 4.042 . 10 -11 2.133· 10 -~ 6.480.10 -/S 1.273 . 10 -ö 1.695 . 10 -5 

5.0 2.997.10-3 1.709. 10- 2 4.554. 10- 2 7.105.10- 2 1.048. 10-1 1.278· 10-1 

10.0 3.506.10- 2 9.255.10- 2 1.457. 10-1 1.941· 10- 1 2.332.10-1 2.661.10- 1 

15.0 8.289.10- 2 1.622. 10-1 2.268.10- 1 2.777.10- 1 3.194.10-1 3.532.10- 1 

20.0 1.277· 10-1 2.208.10- 1 2.884. 10- 1 3.385.10- 1 3.818.10- 1 4.154.10- 1 

25.0 1.691.10-1 2.683. 10-1 3.375.10- 1 3.890· 10-1 4.301.10- 1 4.629.10- 1 

30.0 2.046. 10-1 3.082.10- 1 3.770. 10-1 4.285.10- 1 4.686.10- 1 5.006.10- 1 

35.0 2.375. 10-1 3.425.10- 1 4.113. 10- 1 4.615.10- 1 5.005. 10-1 5.313· 10-1 

40.0 2.665. 10-1 3.709. 10-1 4.406. 10-1 4.895· 10-1 5.274.10- 1 5.569.10- 1 

45.0 2.929. 10-1 3.982.10-1 4.662.10- 1 5.142.10- 1 5.506.10- 1 5.791 . 10-1 

50.0 3.165.10- 1 4.224. 10-1 4.884. 10-1 5.351. 10-1 5.709.10- 1 5.979· 10-1 

75.0 4.104.10- 1 5.108.10- 1 5.710. 10-1 6.116.10- 1 6.411 . 10-1 6.628.10- 1 

100.0 4.769.10- 1 5.705.10- 1 6.242.10- 1 6.582.10- 1 6.836.10- 1 7.006.10- 1 

150.0 5.671 . 10-1 6.468.10- 1 6.881. 10- 1 7.134.10- 1 7.292.10- 1 7.381.10- 1 

200.0 6.275. 10-1 6.925.10- 1 7.250.10-1 7.411· 10- 1 7.498.10- 1 7.524.10- 1 

I Te [eV] I Si+ I se+ 
1.0 1.376·1O-n 3.231. 10 ·15 2.980. 10 ·lä 1.555· 10 ·11 5.317. 10 ·lU 1.279. 10 ·8 

5.0 9.213. 10-4 8.138. 10-3 2.560.10- 2 5.988. 10-2 9.027. 10-2 1.260. 10-1 

10.0 2.212· 10-2 8.076.10- 2 1.465.10-1 2.057. 10-1 2.583. 10-1 3.099. 10-1 

15.0 6.761. 10-2 1.663.10-1 2.544.10- 1 3.267. 10-1 3.946· 10-1 4.497.10- 1 

20.0 1.204. 10-1 2.420. 10- 1 3.420.10- 1 4.255. 10-1 4.949.10- 1 5.535.10- 1 

25.0 1.711 . 10-1 3.086. 10-1 4.199.10- 1 5.055.10- 1 5.771 . 10-1 6.356. 10-1 

30.0 2.189.10- 1 3.698. 10- 1 4.845.10- 1 5.721 . 10-1 6.441· 10-1 7.056.10- 1 

35.0 2.633. 10-1 4.240. 10- 1 5.405. 10-1 6.300.10- 1 7.040.10- 1 7.644.10- 1 

40.0 3.027. 10-1 4.709. 10- 1 5.896. 10-1 6.813. 10-1 7.548. 10-1 8.142.10- 1 

45.0 3.415. 10-1 5.149.10- 1 6.355.10- 1 7.262.10- 1 7.997.10- 1 8.596.10- 1 

50.0 3.754.10- 1 5.537. 10-1 6.743.10-1 7.668.10- 1 8.394. 10-1 8.987.10- 1 

75.0 5.221 . 10-1 7.085.10- 1 8.318.10- 1 9.210. 10-1 9.914. 10-1 1.046.10° 
100.0 6.322. 10-1 8.216. 10-1 9.416. 10- 1 1.027 . 10° 1.093 . 10° 1.144· 10° 
150.0 7.938.10- 1 9.788.10- 1 1.091.10° 1.167· 10° 1.225.10° 1.268.10° 
200.0 9.099. 10-1 1.086.10° 1.189.10° 1.257.10° 1.307 . 10° 1.342.10° 
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Figure C.9: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for D+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

Figure C.10: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.1l4) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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• Iron 

I Te [eV] I H+ I D+ I T+ I He+ 

1.0 8.635 . 10 -;:So 2.097 . 10 -11 1.212.10 -I;& 1.340. 10 -lU 9.196· 10 -~ 
5.0 2.836. 10-7 1.629.10-4 9.108.10-4 2.474. 10-3 9.693.10-3 

10.0 1.401.10-4 2.975.10-3 7.903.10- 3 1.636. 10-2 3.310.10- 2 

15.0 8.933. 10-4 7.937.10-3 1.621 . 10-2 3.088. 10- 2 5.005.10- 2 

20.0 2.273.10-3 1.285. 10- 2 2.308.10-2 4.303.10- 2 6.289.10- 2 

25.0 3.977. 10-3 1.700. 10-2 2.875.10- 2 5.309. 10- 2 7.248.10- 2 

30.0 5.718.10-3 2.063.10- 2 3.334.10- 2 6.128.10- 2 8.019. 10-2 

35.0 7.443.10-3 2.362.10- 2 3.705. 10-2 6.834.10- 2 8.646.10- 2 

40.0 8.961. 10-3 2.620.10- 2 4.036.10- 2 7.460. 10- 2 9.177 .10-2 

45.0 1.034.10-2 2.842.10- 2 4.308.10- 2 7.984.10- 2 9.622.10- 2 

50.0 1.151.10-2 3.033.10- 2 4.527. 10- 2 8.441.10- 2 9.985. 10-2 

75.0 1.622.10-2 3.693.10- 2 5.322. 10-2 1.012.10-1 1.130.10-1 

100.0 1.910. 10-2 4.058.10- 2 5.750.10- 2 1.117.10-1 1.201. 10-1 

150.0 2.217.10- 2 4.424.10- 2 6.155. 10-2 1.240. 10-1 1.271· 10-1 

200.0 2.363.10-2 4.552. 10- 2 6.284.10- 2 1.304. 10-1 1.295.10-1 

I Te [eV] I c+ 
1.0 8.588· 10 -~ 4.407·10 .( 1.009.10 '0 1.268.10-4 9.075.10 -4 3.470. 10 -;5 

5.0 9.555. 10-3 3.467.10- 2 6.271 . 10-2 8.811 . 10-2 1.106.10-1 1.320. 10-1 

10.0 5.186. 10-2 1.038.10-1 1.460. 10- 1 1.814.10-1 2.105.10-1 2.353.10- 1 

15.0 9.417. 10-2 1.581. 10-1 2.061.10-1 2.438. 10-1 2.739.10- 1 2.994.10-1 

20.0 1.305. 10- 1 2.016. 10-1 2.516. 10- 1 2.891· 10-1 3.202.10-1 3.455. 10-1 

25.0 1.616. 10- 1 2.366· 10-1 2.873. 10-1 3.255. 10-1 3.561.10- 1 3.810.10- 1 

30.0 1.891. 10- 1 2.660.10-1 3.171.10- 1 3.551. 10-1 3.853.10- 1 4.092.10- 1 

35.0 2.132.10- 1 2.906. 10-1 3.421.10- 1 3.800. 10-1 4.094.10- 1 4.326. 10-1 

40.0 2.349.10-1 3.129.10-1 3.640.10- 1 4.007. 10-1 4.298.10- 1 4.524.10- 1 

45.0 2.540. 10- 1 3.327. 10-1 3.830.10- 1 4.194. 10-1 4.474.10- 1 4.693.10- 1 

50.0 2.716. 10- 1 3.501.10-1 4.001.10- 1 4.356.10-1 4.631.10- 1 4.841.10- 1 

75.0 3.406. 10- 1 4.167. 10-1 4.627. 10- 1 4.945. 10-1 5.182.10-1 5.357. 10-1 

100.0 3.901. 10- 1 4.620. 10-1 5.040. 10-1 5.319.10- 1 5.522.10- 1 5.667.10- 1 

150.0 4.582. 10- 1 5.212. 10-1 5.553.10- 1 5.766. 10-1 5.908.10- 1 5.997. 10-1 

200.0 5.045. 10- 1 5.582.10- 1 5.856. 10-1 6.008.10- 1 6.100.10- 1 6.142.10- 1 
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I Te [eV] I 0+ 104+ 

1.0 2.505.10 -9 1.480. 10 'f 3.907. 10 ·6 5.765.10- 5 5.032.10 -4 2.522·10 -;j 

5.0 9.499.10-3 3.729· 10-2 6.835.10-2 1.013. 10- 1 1.331 . 10- 1 1.605.10-1 

10.0 5.788.10- 2 1.217.10- 1 1.771. 10-1 2.227. 10- 1 2.607.10- 1 2.947.10-1 

15.0 1.085. 10-1 1.919. 10- 1 2.541. 10-1 3.054. 10- 1 3.473.10- 1 3.827. 10-1 

20.0 1.546.10- 1 2.478. 10- 1 3.154.10- 1 3.674.10-1 4.118.10- 1 4.479. 10-1 

25.0 1.949. 10- 1 2.939. 10- 1 3.643.10- 1 4.186. 10-1 4.625.10- 1 4.988.10-1 

30.0 2.297.10- 1 3.337· 10- 1 4.054. 10- 1 4.604. 10-1 5.045.10- 1 5.402· 10-1 

35.0 2.612.10- 1 3.680. 10- 1 4.409. 10- 1 4.956.10- 1 5.394.10-1 5.751.10- 1 

40.0 2.892. 10-1 3.978. 10-1 4.721. 10-1 5.262· 10- 1 5.701.10- 1 6.047.10- 1 

45.0 3.142.10- 1 4.253. 10- 1 4.992. 10- 1 5.536· 10-1 5.965.10- 1 6.305. 10-1 

50.0 3.382.10- 1 4.501. 10- 1 5.239. 10- 1 5.777. 10-1 6.200.10- 1 6.535.10- 1 

75.0 4.321.10- 1 5.456· 10- 1 6.169. 10- 1 6.675. 10- 1 7.067.10- 1 7.367.10-1 

100.0 5.012.10-1 6.127. 10- 1 6.804. 10- 1 7.276.10-1 7.631.10- 1 7.899.10- 1 

150.0 5.999. 10-1 7.037.10- 1 7.641.10-1 8.042.10-1 8.326. 10-1 8.528. 10-1 

200.0 6.689. 10-1 7.643.10- 1 8.172.10- 1 8.498. 10-1 8.725.10- 1 8.869. 10-1 

I Te [eV] I Fe+ 

1.0 6.949. 10 '!ö 1.104· 10 -!;j 8.080. 10 ,12 3.473.10 ,lU 9.899· 10 -~ 1.985· 10 
5.0 2.953.10- 3 1.676. 10- 2 4.492.10- 2 9.465. 10-2 1.275.10-1 1.881. 10-1 

10.0 4.767.10- 2 1.322. 10- 1 2.231.10- 1 3.091.10- 1 3.886· 10- 1 4.614. 10-1 

15.0 1.257. 10- 1 2.582.10- 1 3.770.10- 1 4.887.10- 1 5.839. 10-1 6.729.10-1 

20.0 2.070. 10- 1 3.710.10- 1 5.142· 10-1 6.378· 10-1 7.471 . 10-1 8.443. 10-1 

25.0 2.810.10- 1 4.709.10- 1 6.293. 10-1 7.651.10- 1 8.844. 10- 1 9.883. 10-1 

30.0 3.515.10- 1 5.606. 10-1 7.317.10- 1 8.770.10- 1 1.003 . 10° 1.114· 10° 
35.0 4.146. 10- 1 6.415. 10- 1 8.241. 10- 1 9.760.10- 1 1.110.10° 1.225.10° 
40.0 4.744.10- 1 7.152.10- 1 9.072· 10-1 1.067.10° 1.205.10° 1.326.10° 
45.0 5.287. 10-1 7.827. 10-1 9.841· 10-1 1.150.10° 1.294.10° 1.416.10° 
50.0 5.807. 10- 1 8.459. 10- 1 1.053· 10° 1.225.10° 1.373.10° 1.499.10° 
75.0 7.985.10- 1 1.109.10° 1.348· 10° 1.537.10° 1.697.10° 1.833.10° 
100.0 9.712.10- 1 1.316 . 10° 1.571.10° 1.773· 10° 1.941.10° 2.080.10° 
150.0 1.243.10° 1.632.10° 1.909· 10° 2.122.10° 2.296· 10° 2.440.10° 
200.0 1.455.10° 1.872.10° 2.160· 10° 2.378.10° 2.553· 10° 2.696.10° 



136 APPENDIX C. CALCULATED SPUTTERING YIELDS 

10°·°,-----------------------, 

Figure C.ll: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for D+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

20 40 60 2 0 

Figure C.12: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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e Nickel 

I Te [eV] I H+ I D+ I T+ I He+ 

1.0 5.305· 10 .;jl; 8.254. 10 'l~ 1.690. 10 'l;j 3.335. 10 ·11 2.577· 10 .~ 

5.0 8.512.10-8 1.019· 10-4 6.765. 10-4 1.966.10-3 8.138. 10-3 

10.0 8.487.10- 5 2.349.10-3 6.773. 10-3 1.443.10- 2 3.059. 10-2 

15.0 6.431.10-4 6.779.10- 3 1.469. 10- 2 2.839. 10- 2 4.719.10- 2 

20.0 1.773.10-3 1.147.10- 2 2.129. 10- 2 4.021 . 10- 2 5.980. 10-2 

25.0 3.262.10-3 1.554. 10- 2 2.698. 10- 2 4.995.10- 2 6.961. 10-2 

30.0 4.876.10-3 1.904.10-2 3.157. 10- 2 5.824.10- 2 7.729.10- 2 

35.0 6.483.10-3 2.209.10- 2 3.543.10- 2 6.532. 10-2 8.372.10- 2 

40.0 7.992.10-3 2.461 . 10-2 3.862· 10-2 7.134.10- 2 8.898.10- 2 

45.0 9.338.10-3 2.694.10- 2 4.135. 10-2 7.659.10- 2 9.360. 10- 2 

50.0 1.056.10-2 2.886.10- 2 4.376.10- 2 8.149.10- 2 9.738.10- 2 

75.0 1.526.10-2 3.572.10- 2 5.205. 10-2 9.850. 10-2 1.110. 10-1 

100.0 1.827.10-2 3.974.10- 2 5.660. 10- 2 1.093. 10-1 1.186. 10-1 

150.0 2.167. 10-2 4.381.10- 2 6.120. 10- 2 1.223.10-1 1.264. 10-1 

200.0 2.331.10- 2 4.542.10- 2 6.282. 10- 2 1.291 . 10- 1 1.294. 10-1 

I Te [eV] I c+ 
1.0 5.866· 10 .~ 3.120·10' 7.405.10 -0 9.692. 10 '0 7.297.10 ''1 2.994·10 -;j 

5.0 8.754.10- 3 3.246. 10- 2 5.912.10- 2 8.299.10- 2 1.056.10-1 1.271 . 10-1 

10.0 4.894.10- 2 9.858.10- 2 1.408. 10-1 1.751.10-1 2.039.10- 1 2.281 . 10-1 

15.0 8.973.10- 2 1.525 . 10-1 1.994. 10-1 2.362. 10-1 2.664.10-1 2.918. 10-1 

20.0 1.247. 10-1 1.946. 10-1 2.439. 10-1 2.819. 10-1 3.125.10- 1 3.379. 10-1 

25.0 1.554.10-1 2.291. 10-1 2.795. 10-1 3.177.10-1 3.485.10- 1 3.733.10- 1 

30.0 1.824.10-1 2.580. 10-1 3.092. 10-1 3.475.10-1 3.776.10- 1 4.019. 10-1 

35.0 2.062. 10-1 2.833· 10-1 3.344. 10-1 3.722. 10-1 4.018.10- 1 4.257. 10-1 

40.0 2.271 . 10-1 3.052· 10-1 3.563.10- 1 3.931 . 10-1 4.224.10- 1 4.455. 10-1 

45.0 2.462. 10-1 3.245. 10-1 3.749. 10-1 4.119. 10-1 4.404.10- 1 4.627.10- 1 

50.0 2.634.10- 1 3.416. 10-1 3.922. 10-1 4.281· 10-1 4.562. 10-1 4.778.10- 1 

75.0 3.319.10- 1 4.087. 10-1 4.556. 10-1 4.881.10- 1 5.126. 10-1 5.311 . 10-1 

100.0 3.809.10- 1 4.542. 10-1 4.976.10- 1 5.269.10-1 5.481.10- 1 5.635. 10-1 

150.0 4.501.10- 1 5.148. 10-1 5.509.10-1 5.735. 10-1 5.890.10- 1 5.990.10- 1 

200.0 4.966.10- 1 5.535. 10-1 5.827.10-1 5.995. 10-1 6.102.10- 1 6.157. 10-1 
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I Te [eV] I 0+ 
1.0 1.949· 10 .~ 1.175·10·{ 3.164·10 ." 4.774.10 '0 4.283.10 -'I 2.227.10 -<I 

5.0 8.927.10-3 3.535.10- 2 6.497.10- 2 9.788.10- 2 1.285.10-1 1.550. 10-1 

10.0 5.530. 10- 2 1.174.10-1 1.710.10- 1 2.155. 10-1 2.533.10-1 2.868. 10-1 

15.0 1.043. 10- 1 1.855.10- 1 2.461.10- 1 2.973. 10-1 3.382.10- 1 3.741.10- 1 

20.0 1.491.10- 1 2.401. 10- 1 3.071. 10- 1 3.594.10- 1 4.023.10- 1 4.386. 10-1 

25.0 1.881. 10- 1 2.856.10- 1 3.550.10- 1 4.090· 10- 1 4.533.10- 1 4.892. 10-1 

30.0 2.225· 10- 1 3.249. 10- 1 3.965.10-1 4.510.10- 1 4.947.10- 1 5.310. 10-1 

35.0 2.531. 10-1 3.588. 10-1 4.312.10- 1 4.866. 10- 1 5.303.10- 1 5.659. 10-1 

40.0 2.807· 10- 1 3.890. 10- 1 4.624. 10- 1 5.170.10- 1 5.607.10-1 5.959. 10-1 

45.0 3.052. 10- 1 4.161.10- 1 4.891.10- 1 5.441. 10-1 5.873 . 10-1 6.221. 10-1 

50.0 3.287.10- 1 4.398. 10- 1 5.138. 10- 1 5.683.10-1 6.112.10- 1 6.452. 10-1 

75.0 4.216. 10- 1 5.353.10- 1 6.075.10- 1 6.591. 10- 1 6.991 . 10-1 7.301.10- 1 

100.0 4.901.10- 1 6.028. 10- 1 6.720.10- 1 7.204.10- 1 7.569.10- 1 7.847.10-1 

150.0 5.891. 10- 1 6.952.10- 1 7.576.10- 1 7.991.10- 1 8.292.10- 1 8.507. 10-1 

200.0 6.586.10- 1 7.569.10- 1 8.121. 10-1 8.470. 10- 1 8.715.10- 1 8.876. 10-1 

I Te [eV] I Ni+ I N(l+ 

1.0 2.573 . 10 ·16 4.067. 10 -l'l 3.108.10 -l:J 1.401. 10 ·lU 4.197·10 -!! 8.879.10 -I; 

5.0 2.836.10- 3 1.574. 10- 2 4.238.10- 2 9.155. 10- 2 1.255· 10-1 1.847. 10-1 

10.0 4.838.10- 2 1.315. 10- 1 2.223. 10- 1 3.080. 10- 1 3.873 .10- 1 4.600. 10-1 

15.0 1.294. 10- 1 2.603. 10-1 3.798.10- 1 4.890. 10-1 5.874· 10-1 6.738. 10-1 

20.0 2.139.10- 1 3.756.10- 1 5.168.10- 1 6.395. 10-1 7.498. 10-1 8.518. 10-1 

25.0 2.910. 10-1 4.772.10- 1 6.359. 10-1 7.697.10- 1 8.954.10- 1 1.002.10° 
30.0 3.636. 10- 1 5.679. 10-1 7.388.10- 1 8.877. 10-1 1.018.10° 1.133· 10° 
35.0 4.284. 10- 1 6.494.10- 1 8.357. 10- 1 9.918. 10- 1 1.128.10° 1.249.10° 
40.0 4.897. 10-1 7.247.10- 1 9.207.10- 1 1.084.10° 1.228.10° 1.352.10° 
45.0 5.452. 10-1 7.953.10- 1 9.999. 10- 1 1.171.10° 1.319.10° 1.447.10° 
50.0 5.985. 10-1 8.594.10-1 1.074.10° 1.249.10° 1.402.10° 1.533.10° 
75.0 8.205. 10-1 1.134.10° 1.377.10° 1.573· 10° 1.742.10° 1.886.10° 
100.0 9.967. 10- 1 1.347· 10° 1.610 . 10° 1.823.10° 2.000.10° 2.151· 10° 
150.0 1.277.10° 1.676.10° 1.968.10° 2.195· 10° 2.383.10° 2.538.10° 
200.0 1.495.10° 1.929· 10° 2.235.10° 2.470· 10° 2.662.10° 2.818.10° 
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100.0-,-----------------____ --, 

Figure C.13: Twiced averaged sputtering yield Y(Te, q) according eqn.(2.114) for D+, H e2+, 
eH, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

-A-- Ni6 + 
-B-- Ni4 + 
-e- Ni2 + 

20 40 60 2 0 

Figure C.14: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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• Copper 

I Te [eV] I H+ I D+ I T+ I He+ 

1.0 2.564. lO-.H 7.440.10 ·10 2.738.10 -11 2.582·10 -" 1.349·10 
5.0 7.351· 10-7 2.846.10-4 1.535.10-3 4.016.10-3 1.402. 10- 2 

10.0 2.157.10-4 4.114.10- 3 1.079.10-2 2.143.10- 2 3.993.10- 2 

15.0 1.221 . 10-3 1.013.10-2 2.064. 10-2 3.774.10- 2 5.917.10- 2 

20.0 2.936. 10-3 1.576.10-2 2.863.10- 2 5.099.10- 2 7.303.10- 2 

25.0 4.958.10- 3 2.046.10- 2 3.497. 10-2 6.197. 10- 2 8.374.10- 2 

30.0 6.996. 10-3 2.457.10- 2 4.017.10- 2 7.114.10- 2 9.206. 10-2 

35.0 8.905.10- 3 2.790. 10-2 4.453.10- 2 7.881.10- 2 9.912. 10-2 

40.0 1.060. 10-2 3.081. 10-2 4.811.10- 2 8.548.10- 2 1.050.10- 1 

45.0 1.211 . 10-2 3.326.10- 2 5.117.10- 2 9.132. 10- 2 1.100. 10-1 

50.0 1.353. 10-2 3.544. 10-2 5.396. 10- 2 9.642.10- 2 1.142.10-1 

75.0 1.873.10-2 4.285. 10-2 6.291. 10-2 1.149.10-1 1.288.10- 1 

100.0 2.190.10- 2 4.716.10- 2 6.802. 10- 2 1.267. 10-1 1.372. 10-1 

150.0 2.547.10- 2 5.147.10- 2 7.299.10- 2 1.406. 10-1 1.458. 10- 1 

200.0 2.712. 10-2 Q.319. 10-2 7.470.10- 2 1.482. 10-1 1.491.10- 1 

I Te [eV] I c+ 
1.0 4.232. 10 r 1.367. 10 -5 1.937.10 -4 1.368.10 ·ö 4.507.10 -ö 6.288.10 -ö 

5.0 1.825. 10- 2 5.179.10- 2 8.417 . 10- 2 1.136. 10-1 1.414.10-1 1.648.10-1 

10.0 7.221. 10-2 1.311. 10-1 1.790.10-1 2.162.10- 1 2.479.10-1 2.749.10- 1 

15.0 1.201. 10-1 1.918. 10-1 2.437.10- 1 2.837. 10-1 3.175.10-1 3.449. 10-1 

20.0 1.601. 10-1 2.376.10- 1 2.920.10- 1 3.341. 10-1 3.678.10-1 3.957. 10-1 

25.0 1.945.10- 1 2.756.10- 1 3.317.10-1 3.734.10- 1 4.071 . 10-1 4.348.10-1 

30.0 2.243. 10-1 3.073.10- 1 3.638.10- 1 4.060· 10-1 4.394.10-1 4.661. 10-1 

35.0 2.503. 10-1 3.354.10- 1 3.918.10- 1 4.333. 10-1 4.662.10-1 4.926.10- 1 

40.0 2.730· 10-1 3.590. 10-1 4.155.10- 1 4.564· 10-1 4.885.10-1 5.147. 10-1 

45.0 2.941. 10-1 3.803. 10-1 4.365· 10-1 4.767.10- 1 5.088.10-1 5.336. 10-1 

50.0 3.128.10- 1 3.993.10- 1 4.552.10-1 4.945· 10-1 5.261.10- 1 5.502.10- 1 

75.0 3.878. 10-1 4.728. 10-1 5.250.10- 1 5.613. 10-1 5.889.10-1 6.096. 10-1 

100.0 4.414. 10-1 5.224.10- 1 5.714.10- 1 6.044. 10-1 6.283.10- 1 6.457.10- 1 

150.0 5.169· 10-1 5.895. 10-1 6.305.10- 1 6.563. 10-1 6.742.10- 1 6.857. 10-1 

200.0 5.676. 10-1 6.324.10- 1 6.659.10- 1 6.857.10- 1 6.981.10-1 7.047.10-1 
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I Te [eV) I 0+ 
1.0 2.390.10 1 8.479. 10 -6 1.339 . 10 -4 1.089.10 .::J 4.385.10 ·6 7.533. 10 -6 

5.0 2.010. 10- 2 6.012.10-2 1.010.10-1 1.374. 10-1 1.706. 10-1 2.009. 10-1 

10.0 8.492.10- 2 1.593. 10-1 2.196.10- 1 2.698.10- 1 3.131.10- 1 3.495. 10-1 

15.0 1.447. 10-1 2.359. 10-1 3.055· 10-1 3.609. 10- 1 4.070.10- 1 4.460. 10-1 

20.0 1.952. 10-1 2.972. 10-1 3.716.10-1 4.298.10- 1 4.772 .10- 1 5.174.10- 1 

25.0 2.391. 10-1 3.482. 10-1 4.252· 10-1 4.845.10- 1 5.333.10-1 5.737. 10-1 

30.0 2.772.10- 1 3.910.10- 1 4.703.10-1 5.309. 10-1 5.798.10- 1 6.196.10- 1 

35.0 3.112.10- 1 4.288.10- 1 5.092. 10-1 5.697. 10-1 6.188.10- 1 6.588.10- 1 

40.0 3.419.10- 1 4.622.10- 1 5.433. 10-1 6.038. 10-1 6.526.10- 1 6.919.10- 1 

45.0 3.695. 10-1 4.915. 10-1 5.734· 10-1 6.338. 10-1 6.820.10- 1 7.210· 10-1 

50.0 3.952. 10-1 5.184. 10-1 6.007. 10-1 6.607. 10-1 7.084.10- 1 7.467.10- 1 

75.0 4.974.10- 1 6.239. 10-1 7.037· 10-1 7.618.10-1 8.066.10- 1 8.415· 10-1 

100.0 5.729. 10-1 6.982.10- 1 7.757.10-1 8.300. 10-1 8.714.10-1 9.026. 10-1 

150.0 6.818. 10-1 8.006. 10- 1 8.710. 10-1 9.179.10- 1 9.521.10-1 9.767. 10-1 

200.0 7.582.10- 1 8.691. 10-1 9.318· 10-1 9.718.10- 1 9.999.10- 1 1.018· 10° 

I Te [eV) I Cu+ 

1.0 1.435. 10 'l~ 1.282. 10 ·lU 6.027. 10 -li 1.700·10 ( 3.150.10 -t; 3.978.10 ·b 

5.0 9.563. 10-3 3.918. 10-2 9.608· 10-2 1.462. 10-1 2.158.10-1 2.700. 10-1 

10.0 9.771.10- 2 2.096. 10-1 3.230. 10- 1 4.304. 10-1 5.241 . 10-1 6.104. 10-1 

15.0 2.167. 10-1 3.743.10- 1 5.178. 10-1 6.481. 10-1 7.639.10- 1 8.687. 10-1 

20.0 3.249. 10-1 5.172 .10- 1 6.831. 10-1 8.284.10- 1 9.600. 10-1 1.077.10° 
25.0 4.246. 10-1 6.394. 10-1 8.238.10- 1 9.844. 10-1 1.127·10° 1.254.10° 
30.0 5.109.10- 1 7.471.10-1 9.475.10- 1 1.121.10° 1.273 . 10° 1.406.10° 
35.0 5.917.10- 1 8.454.10- 1 1.059.10° 1.242.10° 1.404.10° 1.544.10° 
40.0 6.637. 10-1 9.343.10- 1 1.161.10° 1.353.10° 1.520.10° 1.667.10° 
45.0 7.300. 10-1 1.016 . 10° 1.254· 10° 1.452.10° 1.627.10° 1.778.10° 
50.0 7.934.10- 1 1.094.10° 1.341.10° 1.546.10° 1.727.10° 1.882.10° 
75.0 1.054.10° 1.415· 10° 1.698.10° 1.932.10° 2.130· 10° 2.302· 10° 
100.0 1.263.10° 1.666.10° 1.977.10° 2.227.10° 2.439.10° 2.618.10° 
150.0 1.591 . 10° 2.056.10° 2.400.10° 2.672.10° 2.897.10° 3.085.10° 
200.0 1.848.10° 2.355.10° 2.720· 10° 3.003.10° 3.234.10° 3.424· 10° 
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1 Oo.oT-------=:==:::;~======~F===l 

Figure C.15: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for n+, H e2+, 
eH, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

Figure C.16: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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.. Molybdenum 

I Te [eV] I H+ I D+ I T+ I He+ 

1.0 1.765.10 'lU;< 8.541 . 10 -'lö 9.870· 10 "j;< 1.751· 10 .;<'1 7.955.10 -n 

5.0 3.140. 10-19 2.378.10-9 1.199.10-6 1.977.10-5 2.674.10- 4 

10.0 8.132.10- 10 2.202.10-5 3.209.10-4 1.312.10-3 5.609.10- 3 

15.0 5.657.10- 7 2.994.10-4 1.790.10-3 5.305.10-3 1.474.10- 2 

20.0 1.117. 10- 5 1.052.10-3 4.293.10-3 1.076. 10-2 2.299.10- 2 

25.0 5.867· 10-5 2.255.10-3 7.240.10-3 1.654.10-2 2.984.10- 2 

30.0 1.680.10-4 3.759.10-3 1.026.10-2 2.190. 10- 2 3.612. 10-2 

35.0 3.508.10-4 5.395.10-3 1.309.10-2 2.679. 10-2 4.142. 10- 2 

40.0 6.081.10- 4 7.059.10-3 1.565.10-2 3.139.10- 2 4.574.10- 2 

45.0 9.348.10-4 8.702.10-3 1.792. 10-2 3.556.10- 2 4.992. 10- 2 

50.0 1.320.10-3 1.027· 10- 2 2.014.10- 2 3.921.10- 2 5.346.10- 2 

75.0 3.685.10- 3 1.657.10-2 2.839.10- 2 5.400.10- 2 6.637· 10-2 

100.0 6.060.10- 3 2.101. 10-2 3.384. 10-2 6.419.10- 2 7.453.10- 2 

150.0 9.582.10-3 2.659.10- 2 4.035.10- 2 7.739.10- 2 8.428.10- 2 

200.0 1.188. 10-2 2.986.10- 2 4.393.10- 2 8.553. 10- 2 8.969. 10-2 

I Te [eV] I c+ 
1.0 9.811 . 10 'B 1.248. 10 ·11 6.727.10 -lU 2.087.10 -ö 4.191· 10' 5.720.10 ·b 

5.0 1.236.10-3 7.210.10-3 1.956.10-2 3.123· 10-2 4.643.10- 2 5.651.10-2 

10.0 1.524. 10- 2 4.116.10- 2 6.567.10- 2 8.886.10- 2 1.082. 10-1 1.247.10-1 

15.0 3.702. 10- 2 7.402· 10- 2 1.055· 10-1 1.308 . 10-1 1.523.10-1 1.699.10-1 

20.0 5.821· 10-2 1.028· 10-1 1.366. 10-1 1.631. 10-1 1.855· 10-1 2.042.10-1 

25.0 7.830.10-:- 2 1.269.10-1 1.624. 10-1 1.896.10-1 2.123.10- 1 2.310.10-1 

30.0 9.587. 10-2 1.474.10-1 1.837. 10-1 2.120. 10-1 2.344. 10-1 2.531.10-1 

35.0 1.126. 10-1 1.659.10-1 2.029. 10-1 2.308. 10-1 2.532.10-1 2.718.10- 1 

40.0 1.272. 10-1 1.817.10-1 2.192.10-1 2.471. 10-1 2.691. 10-1 2.878.10-1 

45.0 1.409.10-1 1.963. 10-1 2.337.10-1 2.616. 10-1 2.838. 10-1 3.018.10-1 

50.0 1.537. 10-1 2.093.10- 1 2.469. 10-1 2.740.10-1 2.966.10-1 3.141.10-1 

75.0 2.049· 10-1 2.612. 10-1 2.974.10-1 3.234. 10-1 3.438.10-1 3.596.10- 1 

100.0 2.430.10- 1 2.974.10-1 3.322. 10-1 3.562. 10-1 3.750.10-1 3.891 . 10-1 
150.0 2.983.10-1 3.483. 10-1 3.787. 10-1 3.991. 10-1 4.144. 10-1 4.253.10-1 

200.0 3.369· 10-1 3.819. 10-1 4.084.10- 1 4.256. 10-1 4.377. 10-1 4.459.10-1 
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I Te [eV] I 0+ 
1.0 1.700. 10 ·liS 2.122. 10 -11 1.122. 10 ·9 3.411 . 10 -Il 6.703 ·10 .( 8.929.10 '0 

5.0 1.581.10-3 9.199.10- 3 2.498.10- 2 3.968. 10-2 5.933.10- 2 7.340.10- 2 

10.0 1.912. 10-2 5.216.10- 2 8.429.10- 2 1.146.10- 1 1.400.10-1 1.622.10- 1 

15.0 4.637.10- 2 9.443. 10-2 1.358.10-1 1.699.10- 1 1.990.10-1 2.236.10- 1 

20.0 7.303.10- 2 1.317.10-1 1.772. 10-1 2.128. 10- 1 2.446.10- 1 2.704.10- 1 

25.0 9.841.10- 2 1.633. 10-1 2.118.10- 1 2.499· 10-1 2.817.10- 1 3.081. 10-1 

30.0 1.210. 10- 1 1.908. 10- 1 2.408. 10- 1 2.803. 10- 1 3.126.10- 1 3.395. 10-1 

35.0 1.424. 10-1 2.152. 10-1 2.667. 10-1 3.066· 10-1 3.392.10- 1 3.662.10- 1 

40.0 1.617. 10- 1 2.361.10- 1 2.896.10- 1 3.297.10-1 3.624.10- 1 3.893. 10-1 

45.0 1.797· 10-1 2.564.10- 1 3.101. 10-1 3.506.10- 1 3.832.10- 1 4.100. 10-1 

50.0 1.962. 10- 1 2.749.10- 1 3.284.10-1 3.689. 10- 1 4.018.10-1 4.283.10- 1 

75.0 2.647.10- 1 3.466. 10- 1 4.009. 10- 1 4.407.10- 1 4.721.10- 1 4.971.10- 1 

100.0 3.169.10- 1 3.993.10-1 4.524. 10-1 4.902· 10-1 5.207.10- 1 5.441 . 10-1 

150.0 3.939· 10- 1 4.738.10- 1 5.229.10- 1 5.580. 10-1 5.843.10- 1 6.041.10- 1 

200.0 4.502. 10-1 5.249. 10-1 5.710. 10-1 6.017.10- 1 6.247.10- 1 6.413.10- 1 

I Te [eV] I Mo+ 

1.0 5.927 . 10 ·;lo 2.433. 10 .;l<\ 4.645 . 10 -;l1 4.903. 10 -1>:1 3.367.10 ·n 1.642. 10 ·10 

5.0 1.495.10-4 1.495.10-3 8.594.10-3 2.184. 10-2 3.997.10- 2 7.777.10- 2 

10.0 1.284.10-2 4.545.10- 2 1.061. 10-1 1.572. 10- 1 2.299· 10- 1 2.910. 10-1 

15.0 5.296.10- 2 1.365. 10- 1 2.292.10- 1 3.171 . 10- 1 3.992. 10-1 4.752. 10-1 

20.0 1.098. 10-1 2.230. 10-1 3.433. 10-1 4.504. 10- 1 5.492. 10- 1 6.378.10- 1 

25.0 1.710· 10- 1 3.134.10- 1 4.465.10-1 5.699. 10-1 6.821.10- 1 7.824.10- 1 

30.0 2.306. 10-1 3.936.10- 1 5.409.10-1 6.757. 10- 1 7.994.10- 1 9.099. 10-1 

35.0 2.864.10- 1 4.671. 10- 1 6.274.10- 1 7.756.10- 1 9.076.10-1 1.025.10° 
40.0 3.382. 10-1 5.366. 10-1 7.108.10- 1 8.673 . 10-1 1.006.10° 1.130.10° 
45.0 3.904.10-1 6.001. 10- 1 7.879.10-1 9.511 . 10-1 1.098.10° 1.228.10° 
50.0 4.364. 10- 1 6.624. 10-1 8.591. 10-1 1.030.10° 1.181.10° 1.318.10° 
75.0 6.404.10- 1 9.242. 10-1 1.162.10° 1.363.10° 1.541 . 10° 1.698.10° 
100.0 8.086. 10- 1 1.137· 10° 1.404.10° 1.630· 10° 1.826.10° 1.997 . 10° 
150.0 1.080 . 10° 1.477 . 10° 1.792.10° 2.048.10° 2.267.10° 2.457.10° 
200.0 1.301.10° 1. 751 . 10° 2.095.10° 2.373.10° 2.609.10° 2.809.10° 
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100.0-,---------------------

Figure C.17: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for D+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 

Figure C.18: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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• Tungsten 

I Te [eV] I H+ I D+ I He+ 

1.0 8.153.10 ·;<ro 2.338.10 ·ut> 5.034. 10 ·"u 5.402. 10 -0>1 3.487. 10 'Ob 

5.0 1.001 . 10-51 2.304. 10-23 5.431. 10-15 3.680.10- 11 2.647· 10-9 

10.0 3.591. 10- 25 1.172. 10- 11 8.431· 10-8 4.592.10- 6 8.014. 10-5 

15.0 1.115. 10-16 4.630.10- 8 1.110. 10- 5 1.344.10-4 1.068.10-3 

20.0 1.370. 10-12 2.127. 10-6 1.007.10-4 6.468.10- 4 3.232.10-3 

25.0 3.174.10-10 1.799. 10- 5 3.514.10- 4 1.661.10-3 6.291.10- 3 

30.0 1.050.10-8 6.868. 10- 5 8.004.10-4 3.150. 10-3 1.004.10-2 

35.0 1.169.10-7 1.724. 10-4 1.443.10-3 5.000. 10-3 1.335.10-2 

40.0 6.682. 10-7 3.387.10-4 2.260.10-3 7.071.10-3 1.637.10-2 

45.0 2.474.10- 6 5.710. 10- 4 3.210. 10-3 9.278. 10-3 1.960.10-2 

50.0 6.812.10-6 8.689.10-4 4.243.10-3 1.150. 10-2 2.248.10- 2 

75.0 1.160. 10-4 3.096.10-3 9.743· 10-3 2.201.10- 2 3.392.10- 2 

100.0 4.395.10-4 5.794.10-3 1.453. 10- 2 3.059.10-2 4.250· 10- 2 

150.0 1.665.10-3 1.064.10-2 2.168.10- 2 4.334.10- 2 5.386.10- 2 

200.0 3.199. 10-3 1.429. 10- 2 2.656.10- 2 5.233.10- 2 6.115· 10-2 

I Te [eV] I c+ 
1.0 1.543 . 10 -;,,, 5.988. 10 ,;'u 8.473. 10 ·18 6.598. 10 ·16 3.342 . 10 -14 1.198. 10 ·1:! 

5.0 5.078.10- 5 6.454.10-4 3.008.10- 3 6.301.10-3 1.396.10-2 2.022. 10-2 

10.0 2.587.10-3 1.133. 10-2 2.466.10- 2 3.780. 10- 2 4.978· 10-2 5.952. 10- 2 

15.0 1.012.10-2 2.928.10- 2 4.782. 10- 2 6.402. 10- 2 7.882.10- 2 9.259. 10-2 

20.0 2.043. 10-2 4.650· 10- 2 6.822.10-2 8.791. 10-2 1.037.10-1 1.183.10-1 

25.0 3.166.10- 2 6.218. 10-2 8.620.10- 2 1.068 .. 10-1 1.244.10-1 1.390. 10-1 

30.0 4.246.10- 2 7.603.10- 2 1.025. 10-1 1.240 .. 10-1 1.417· 10-1 1.564.10-1 

35.0 5.267.10- 2 8.947. 10- 2 1.168. 10-1 1.384. 10-1 1.567 . 10-1 1.718. 10-1 

40.0 6.275.10- 2 1.011 . 10-1 1.295· 10-1 1.514.10- 1 1.697· 10-1 1.850. 10-1 

45.0 7.195.10- 2 1.118.10- 1 1.408.10-1 1.631 . 10-1 1.815. 10-1 1.969. 10-1 

50.0 8.084.10- 2 1.217.10- 1 1.514· 10-1 1.737. 10-1 1.923.10-1 2.075. 10-1 

75.0 1.180.10-1 1.627. 10-1 1.925.10-1 2.153. 10-1 2.335. 10-1 2.485.10- 1 

100.0 1.476. 10-1 1.927. 10-1 2.227.10- 1 2.450.10- 1 2.626· 10-1 2.768.10- 1 

150.0 1.926. 10-1 2.365.10- 1 2.652. 10- 1 2.859 ' 10-1 3.020.10- 1 3.146. 10-1 

200.0 2.256.10-1 2.677.10- 1 2.945.10- 1 3.134. 10-1 3.279. 10-1 3.391. 10-1 
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I Te [eV] I 0+ 
1.0 1.822 . 10 ·19 5.048.10 ·1 5.354.10 ·10 3.185.10 ·lil 1.239.10 ·11 3.403. 10 ·lU 

5.0 1.594.10-4 1.603.10-3 5.683.10-3 1.349.10-2 2.318. 10-2 2.877.10- 2 

10.0 4.907.10-3 1.956.10-2 3.618. 10-2 5.396. 10- 2 7.122.10- 2 8.625. 10- 2 

15.0 1.654.10-2 4.263.10- 2 6.929.10- 2 9.150. 10- 2 1.109. 10-1 1.284. 10-1 

20.0 3.111 . 10-2 6.593.10-2 9.650. 10-2 1.219. 10-1 1.434· 10-1 1.628. 10-1 

25.0 4.588. 10- 2 8.724. 10-2 1.202.10-1 1.474.10-1 1.706.10-1 1.909. 10-1 

30.0 5.972. 10-2 1.059.10-1 1.409. 10-1 1.701· 10-1 1.942.10- 1 2.151 . 10-1 

35.0 7.372· 10-2 1.230. 10-1 1.602. 10-1 1.899. 10-1 2.148. 10-1 2.360· 10-1 

40.0 8.632.10- 2 1.385. 10-1 1.770.10- 1 2.076. 10-1 2.331. 10-1 2.546.10- 1 

45.0 9.864. 10-2 1.524. 10-1 1.924. 10-1 2.238. 10-1 2.496. 10-1 2.712.10- 1 

50.0 1.101.10-1 1.660. 10-1 2.065.10-1 2.382· 10-1 2.644.10- 1 2.863. 10-1 

75.0 1.590. 10-1 2.207. 10-1 2.638. 10-1 2.965. 10-1 3.231. 10-1 3.450. 10-1 

100.0 1.980.10-1 2.623. 10-1 3.061. 10-1 3.389. 10-1 3.654. 10-1 3.867. 10-1 

150.0 2.582. 10-1 3.240· 10-1 3.672· 10-1 3.989. 10-1 4.243. 10-1 4.445· 10-1 

200.0 3.037. 10-1 3.686. 10-1 4.103. 10-1 4.410. 10-1 4.645. 10-1 4.832.10- 1 

I Te [eV] I w+ 
1.0 6.908. 10 -<l'l 7.380 . 10 ·<ll 2.564. 10 .:Jl:S 4.578. 10 ·:JÖ 5.135. 10 .:J'I 4.020.10 -n 

5.0 6.725.10- 6 1.306.10-4 1.388.10-3 7.490. 10-3 1.823.10-2 2.532. 10- 2 

10.0 4.017.10- 3 2.029. 10-2 5.490.10-2 1.130. 10-1 1.531. 10-1 2.239. 10-1 

15.0 3.147. 10- 2 9.041. 10-2 1.738. 10-1 2.586. 10-1 3.359. 10-1 4.035. 10-1 

20.0 9.055. 10-2 1.896.,10- 1 2.979.10- 1 3.999. 10-1 4.952.10-1 5.838. 10-1 

25.0 1.697. 10-1 2.859· 10-1 4.124.10- 1 5.298.10-1 6.358.10- 1 7.339.10- 1 

30.0 2.563. 10-1 3.858.10- 1 5.185. 10-1 6.487. 10-1 7.639.10- 1 8.752.10- 1 

35.0 3.425.10- 1 4.731. 10-1 6.204. 10-1 7.576.10- 1 8.806. 10-1 1.002.10° 
40.0 4.238. 10-1 5.597.10-1 7.139.10- 1 8.585.10-1 9.938. 10-1 1.120· 10° 
45.0 4.998. 10-1 6.358. 10-1 7.949.10- 1 9.518.10-1 1.097.10° 1.230.10° 
50.0 5.704· 10-1 7.104.10- 1 8.790.10-1 1.040.10° 1.192.10° 1.332· 10° 
75.0 8.563. 10-1 1.017.10° 1.223· 10° 1.418.10° 1.606.10° 1.778· 10° 
100.0 1.069.10° 1.259.10° 1.499.10° 1.729.10° 1.945.10° 2.140.10° 
150.0 1.381 . 10° 1.646.10° 1.954· 10° 2.234.10° 2.493.10° 2.729.10° 
200.0 1.618.10° 1.960.10° 2.318.10° 2.643.10° 2.939· 10° 3.202.10° 
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Figure C.19: Twiced averaged sputtering yield Y(Te, q) according eqn.(2.114) for D+, H e2+, 
C3+, 04+ impact. The lines are connection lines of the calculated values indicated by the 
symbols. 
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Figure C.20: Twiced averaged sputtering yield Y(Te , q) according eqn.(2.114) for self sputtering. 
The lines are connection lines of the calculated values indicated by the symbols. 
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Appendix D 

Organisation of C-Files and Databases 

D.l Index of C-Files, Header-and Make-Files 

I C -Souree/Header-File I Deseription 
Cpsi.e standard ERO-TX: routine(s): Cpsi-handle( ... ) 

bildrefteetion.e standard ERO-TX: routine(s): bild-moleeule( ... ) 

bildtherm.e standard ERO-TX: routine( s): bildtherm( ... ) 

bildvert.e standard ERO-TX: routine(s): bild-vert1( ... ) 

e-ehemie.e standard ERO-TX: routine(s): ehange-status( ... ), ehem-rate( ... ) 
ehem-rate-prot( ... ), prozesses( ... ) 

ehainjob.e standard ERO-TX: routine( s) :ehain-submitter( ... ) 

ehequer.e standard ERO-TX: routine(s): eheque( ... ) 

distrib.e standard ERO-TX: routine(s): eoneentrate( ... ), powerload( ... ), 
marking( ... ), s-koord( ... ), s-angle( ... ), s-energy( ... ), NoElem( ... ), 
ElemNo( ... ), ftux-to-eell( ... ) 

emlSSlOn.e standard ERO-TX: routine(s): load-emission( ... ), free-emission( ... ) 
emission( .. ) 

extrafieldsII.e standard ERO-TX: routine(s): B-field( ... ), E-field( ... ) 

extrafieldsIII.e non-standard ERO-TX utility: routine(s): B-field( ... ) ,E-field( ... ) 

ftow.e standard ERO-TX: routine(s): moleeular-ftow( ... ) 

impurity.e standard ERO-TX: routine(s): impurity-pereent( ... ), fiqi( ... ), 
z-effeetive( ... ), q-plasma( ... ) 

limgrid.e standard ERO-TX: routine( s): s-grid-maker( ... ) ,s-grid-free( ... ), 
v-grid-maker( ... ), v-grid-free( ... ), volume-out( ... ), surfaee-in( ... ), 
surfaee-out( ... ), B-fieldl( ... ), emission-out( ... ) 

loeal-es.e standard ERO-TX: routine(s): loeal-ftow-veloeity( ... ), 
relaxation-times( ... ) 

loeal-dl.e standard ERO-TX: routine(s): loeal-dl( ... ) 

main.e standard ERO-TX: routine(s): main( ... ) 

mathhlp.e standard ERO-TX: routine(s): runden( ... ), maximum( ... ), minimum( ... ), 
maxwell-energy( ... ), win-gleiehverteilt-for( ... ), 
win-eosineverteilt-for( ... ), gauss-ran( .. .)l, gauss-ran-ltd( ... ), 
plumin-ran( ... ), determinate( ... ), G( ... ), Phi-G( ... ), ranl-( .. .)l 

move2sputter .e non-standard ERO-TX utility: routine(s): move-etrl( ... ) 

move-etrl.e standard ERO-TX: routine( s): move-ctrl( ... ) 

lthis routines are taken from the Numerical Recipes [45) 



D.l. INDEX OF C-FILES, HEADER-AND MAKE-FILES 151 

C -SourcejHeader-File Description 

nT.c standard ERO-TX: routine(s): ne( ... ), Te( ... ), Ti( ... ), grad-Te( ... ), 
grad-Ti( ... ) 

nr.c standard ERO-TX: routine(s): gaussj( ... Yerf1( ... )~, gammp( ... y, 
gser( ... )2, gcf( ... )2, gammln( ... )2 

nrutil.c standard ERO-TX: routine(s): ref. Numerical Recipes~ 

param.c standard ERO-TX: routine(s): datapool1( ... ) 

part-go.c standard ERO-TX: routine(s): part-gol( ... ), part-go-chem( ... ) 

psi.c standard ERO-TX: routine(s): psi-handle( ... ) 

rates.c standard ERO-TX: routine(s): rates( ... ), l-ratecoeff( ... ) 

read-reflection.c standard ERO-TX: routine(s): read-reflection( ... ) 

reflector. c standard ERO-TX: routine(s): reflect-mker( ... ), Rprobability( ... ) 

si-chemie.c standard ERO-TX: routine( s): si-chem-rate( ... ), 
si-chem-rate-prot( ... ), prozesses( ... ) 

sort-in.c standard ERO-TX: routine(s): sort-in( ... ) 

sputt.c non-standard ERO-TX utility: routine(s): integral( ... ), 
integrandl( ... ), integrand2( ... ), phys-sputt( ... ) ,chem-sputt( ... ), 
subl-sputt( ... ), res-sputt( ... ) 

sputtern.c standard ERO-TX: routine(s): local-yield( ... ), rt-phys-sputt( ... ) 

thermal-force.c standard ERO-TX: routine(s): thermal-force( ... ) 

const.h standard ERO-TX: standard constants used in ERO-TX 
TRUE, FALSE,INF-, RAD, GRAD, E-V, V-E, EPSILONO, MPROTON, 
EELEKTRON, NM, 

distrib.h standard ERO-TX: prototypes for: concentrate( ... ), powerload( ... ), 
marking( ... ), NoElem( ... ), ElemNo( ... ), bild-molecule( ... ), bild-reflection( ... ), 
bild-vertl( ... ), bildtherm( ... ), s-koord( ... ), s-angle( ... ), smolecular-flow( ... ), 
s-energy( ... ), rates( ... ), l-ratecoeff( ... ), read-reflection( ... ), flux-to-cell( ... ) 

emission.h standard ERO-TX: prototypes for: load-emission( ... ), free-emission( ... ) 
emission( .. ) 

lim-go.h standard ERO-TX: prototypes for: move-ctrl( ... ), part-gol( ... ), 
part-go-chem( ... ), psi-handle( ... ), Cpsi-handle( ... ), B-field( ... ), E-field( ... ), 
change-status( ... ), chem-rate( ... ), chem-rate-prot( ... ), prozesses( ... ), 
si-chem-rate( ... ), si-chem-rate-prot( ... ), si-prozesses( ... ), cheque( ... ), 
fiqi( ... ), impurity-percent( ... ), z-effective( ... ), q-plasma( ... ), 

limgrid.h standard ERO-TX: prototypes for: s-grid-maker( ... ), s-grid-free( ... ), 
surface-out( ... ), surface-in( ... ), emission( ... ) 
v-grid-maker( ... ), v-grid-free( ... ), volume-out( ... ), B-fieldl( ... ), 

local-cs.h standard ERO-TX: prototypes for: local-flow-velocity( ... ), local-dl( ... ), 
relaxation-times( ... ), thermal-force( ... ), 

main.h standard ERO-TX: prototypes for: datapool1( ... ), chain-submitter( ... ), 

mathhlp.h standard ERO-TX: prototypes for: runden( ... ), maximum( ... ), minimum( ... ), 
maxwell-energy( ... ), win-gleichverteilt-for( ... ), win-cosineverteilt-for( ... ), 
ranl-( ... ), plumin-ran( ... ), gauss-ran( ... ), gauss-ran-ltd( ... ), G( ... ), Phi-G( ... ), 
determinate( ... ) 

2 this routines are taken from the Numerical Recipes [45] 
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Reader-File Deseription 

nT.h standard ERO-TX: prototypes for: ne( ... ), Te( ... ), Ti( ... ), grad-Te( ... ), 
grad-Ti( ... ) 

nr.h standard ERO-TX: prototypes for: gaussj( ... )gammp( ... ), gser( ... ), gcf( ... ), 
gammln( ... ), erf1( ... ) 

nrutil.h standard ERO-TX: prototypes for: refer to Numerieal Recipes 

refleetor .h standard ERO-TX: prototypes for: Rprobability( ... ), refleet-mker( ... ), 

sort-in.h standard ERO-TX: prototypes for: sort-in( ... ) 

sputt.h standard ERO-TX: prototypes for: integral( ... ), integrandl( ... ), integrand2( ... ), 
phys-sputt( ... ), ehem-sputt( ... ), res-sputt( ... ), subl-sputt( ... ), 

sputtern.h standard ERO-TX: prototypes for: loeal-yield( ... ), rt-phys-sputt( ... ), 

struet.h standard ERO-TX: strueture prototypes for: 
struet FileDialogData 
struet LoopDialogData 
struet NumerieDialogData 
struet PlasmaDialogData 
struet ElementDialogData 
struet LimiterDialogData 
struet TeilchenDialogData 
struet MarkerDialogData 
struet ChemieDialogData 
struet SurfaeeGridData 
struet VolumenGridData 
struet V-TraeeData 
struet TimeGridData 
struet Particle Struet 
struet Ion 
struet Numerie 
struet Plasma 
struet nTdata 
struet Magnetie 
struet Eleetrie 
struet Diffusion 
struet Ort 
struet Spezies 
struet BRotator 
struet V-PM 
struet BField 
struet EField 
struet Foree 
struet PConst 
struet Contents 
struet SurfaeeCell 
struet VolumeCell 
struet Base 
struet VolumeAll 
struet Emission 
struet Chemie 
struet ChemConst 
struet MaterialData 
struet SputterData 
struet RefleetionData 
struet LostParticle 



D.2. INDEX OF SUPPLIED SPUTTERING DATA 153 

Makefile I Description 

make.Efeld non-standard ERO-TX utility: makefile for inclusion of the parallel electric 
field due to the sour ce itself 

makefile standard ERO-TX: standard makefile 

D.2 Index of Supplied Sputtering Data 

All data of the report "Sputtering Data" [21] have been transfered to a file. In addition the sputtering 
yields of H,C,O,Si on Si have been calculated with TRIM.VMC and fitted with the revised Bodhansky 
ref. eqn.(2.112) formula to specific needs. 

FILE DESCRIPTION 

sput.kor data as published (at best knowledge) including density 
sputsi1ev.dat same as sput.kor, but for sputtering of: 

D,C,O,Si -> Si surface binding energy was set to 
Esb(Si) = 1eV (calculation done with TRIM.VMC and then 
fitted with revised Bodhansky formula 

sputsi2ev.dat same as sput.kor, but for sputtering of: 
D,C,O,Si -> Si surface binding energy was set to 
Esb(Si) = 2eV (calculation done with TRIM.VMC and then 
fitted with revised Bodhansky formula 

D.3 Index of Supplied Integral Sputtering Yield Data 

The integral sputtering yield has been calculated for all projectilejtarget-combinations given in [21] 
according to eqn.(2.114) up to charge state q = 4, 6 and for electron temperatures Te = 5 - 200eV (ref. 
to Appendix C for the values of the most important elements in fusion physics). 

I FILE I DESCRIPTION 
i-sputt.dat integral yield for all elements given in Eckstein report 

up to charge state 4 and electron temperature Te = 200e V (but integration 
only up to E = gOOe V) 

integral.all integral yield for all elements given in Eckstein report (projectiles H,D,T,C,O, 
and self sputtering) up to charge state 6 and electron temperature Te = 200e V 
( integration up to E = 3600e V) 

sputt-si1ev.all same as previous, but sputtering D,C,O,Si -> Si with Esb(Si) = 1eV 
sputt-si2ev.all same as previous, but sputtering D,C,O,Si -> Si with Esb(Si) = 2eV 
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D.4 Index of Supplied Reflection Data 

The reflection yield for the following projectilejtarget combinations was calculated with TRIM.VMC. 

I FILE I Description 

-b-on-b.dat Reflection of boron on boron 
-c-on-c.dat Reflection of carbon on carbon 
-c-on-w.dat Reflection of carbon on tungsten 
-c-on-cu.dat Reflection of carbon on copper 
-c-on-fe.dat Reflection of carbon on iron 
-c-on-mo.dat Reflection of carbon on molybdenum 
-c-on-si.dat Reflection of carbon on silicon 
-w-on-c.dat Reflection of tungsten on carbon 
-w-on-w.dat Reflection of tungsten on tungsten 
cu-on-c.dat Reflection of copper on carbon 
cu-on-si.dat Reflection of copper on silicon 
fe-on-c.dat Reflectionof iron on carbon 
fe-on-si. dat Reflection of ir on on silicon 
mo-on-c.dat Reflection of molybdenum on carbon 
mo-on-mo.dat Reflection of molybdenum on molybdenum 
si-on-c.dat Reflection of silicon on carbon 
si-on-cu.dat Reflection of silicon on copper 
si-on-fe. dat Reflection of silicon on iron 
si-on-si.dat Reflection of silicon on silicon 

D.5 Index of Supplied Ionization Rate Coefficients 

The data to calculate the ionization rate coefficients published by Bell et al., [6], [30],[27] have been 
transfered to files. In addition the ionization rates of molybdenum and tungsten have been calculated 
from a Lotz-formulae and fitted to the rate coefficient scheme of Bell et al. given by eqns.(3.1,3.2) (ref. 
Appendix B). 

available elements 
-b.dat -c.dat -f.dat -h.dat 
-k.dat -n.dat -o.dat -p.dat 
-s.dat -v.dat -w.dat al.dat 
ar.dat ba.dat be.dat ca.dat 
cd.dat cl.dat co.dat cr.dat 
cs.dat fe.dat he.dat hg.dat 
kr.dat li.dat mg.dat mn.dat 
mo.dat na.dat ne.dat ni.dat 
rb.dat sc.dat si.dat sr.dat 
ti.dat xe.dat zn.dat 



Appendix E 

Final Remarks 

The following is a list of further information, which does not fit in any previous chapters and contains 
also some comments on bugs and other flies: 

E.O.l Physical Information 

co Chemical erosion of carbon due to oxygen is dealt in that way, that each impinging oxygen ion is 
assumed to form a volatile carbonmonoxyde molecule (CO) with a prob ability of 0.5. It is assumed 
that no effective redeposition takes place (each redeposited CO-molecule releases a carbon atom 
and forms again a new CO-molecule), therefore only the erosion effect due to background oxygen 
impact is considered. 

e Depth profiling is possible using the xxxfilm. tmp-temporary file. Since this file could become very 
large on deposition dominated areas after several dozens of time steps it is compressed if more than 
48 subsequent layers are reached. Compression is handled in a very simple way, namely that the 
lowest five layers are compressed to a single one. 

e The bulk material is always assumed to have a resource capacity of 10100 atoms. If bookkeeping 
on the bulk material erosion is desired it should be specified as a marker of finite thickness (e.g. 
some microns). 

e All particles released by a simulation particles impact on the material surface are collected in a 
special bin and transported away with the particles sputtered by the background plasma impact 
in the next time step. 

E.O.2 Error Handling & Runtime Errors 

e If a particle starts with direction into the colder and less dense plasma areas and therefore is not 
redeposited a special notice will be printed: 
t.larning : neutral "_C" to wall in cell (x= "15" y= "12") where the values in quotation 
marks above are examples for illustration 

e If a particle starts with but the ionization length is too long, so that the atom leaves the compu­
tational before it is ionized a special notice will be printed: 
Warning : neutral "_C" out of box in cell (x= "15" y= "12") where the values in quota­
tion marks above are examples for illustration 

• If an ion is supposed to be ionized to high er charge states than supplied in the database, the code 
will not recover. Usually the search routines searches then until infinity (or until cpu-time limit is 
exceeded). 

• If particle_sputtering is swichted on, the user should be careful, that the relevant data exist, 
otherwise an runtime error will occur. 

• Ifparticle_reflectionis switched on although the relevant data are not supplied to the database, 
the code will set the reflection coefficient R to R == O. 

E.O.3 Numerical Information 

e Although already mentioned it should be repeated, that the code is able to deal with sequences 
in electron density, ion and electron temperature, sour ce rates from the extern al sour ce and the 
length of the time steps. These values are updated after each time step, when the code is started 
newly. 
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• The density of different elements, compounds and alloys can differ quite significantly, therefore the 
definition of the parameter interaction_depth is somewhat unspecified. Since ERO-TEXTOR 
deals with numbers of atoms, rather than with thickness or density per cm2 , the problem is solved 
in that way that a mean density of p = 5.1015 a~~s is assumed. The specific inter action volume is 
thus merely another word for a specific number of atoms per cm2 considered in the ca!culations. 

• There are some hard wired numbers (in the move_ctrlO-routine), which should be mentioned here: 

win_max = cos CRAD * 80.) - which is the cutoff angle if angle(BField, nsurface) > winmax 

LAMBDA = 15. - the Coulomb-Iogarithm 

max_charge = 10 -maximum considerable charge state 

angle_c = 0.5 -mean angle of incidence of background plasma ions onto surface (0.5 == 
cos(600)) 

some other hard wired numbers not mentioned here result from the limitation on the amount of 
different species the code can deal with. 

• Although not explicitly stated, the code (version 2.0) can only handle magnetic field vectors parallel 
to the x-axis (B 11 e.,), yet. If other magnetic topologies are required the following routines have 
to be rewritten, respecting that the decay of these plasma parameter does not depend on the local 
z-value alone: 

double Te C ... ) 

double Ti C ... ) 

double ne C ... ) 

void grad_TeC ... ) 

void grad_TiC ... ) 

In addition the calculation of the z-value of the !cfs is no Ion ger independent of the local x- and y­
coordinates, so that this ca!culation has also be done locally. 

• Since the ability to handle limiter surfaces of different shapes is restricted to some simple linear, 
spherical or toroidal shapes, it may be desirable from case to case to implement different geometries. 
ERO-TEXTOR calculates these surface properties in the following routines, which then must be 
changed: 

void move_ctrlC ... ) 

int local_flow_velocityC ... ) 

int local_dlC ... ) 

E_field(. .. ) 

void bild_vert1C ... ) 

void bild_thermC ... ) 

void s_koordC ... ) 

struct SurfaceCell ***s_grid_makerC ... ) 

struct VolumeAll *v_grid_makerC ... ) 
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