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Abstract

The impurity flow parallel to the magnetic field lines in a col-
lisional tokamak scrape-off layer is numerically investigated. The
rate equations are solved treating each ionization state as a test-
fluid, which interacts with the given hydrogen background plasma

via collisions and the ambipolar electric field.

Collisional friction usually forces the impurities to flow nearly
at hydrogen speed. Thermal forces, however, can become dominant lo-
cally for small Mach number and large temperature gradient (e.g.
strong divertor recycling), causing in the divertor case impurity

accumulation especially near the divertor throat.

In addition self-sputtering at the target plates is calculated,
showing the importance of frictional impurity acceleration in addi-

tion to the charge state dependent electrostatic energy gain.




1. Introduction and Model

The scrape-off layer in a tokamak or in similar toroidal confine-
ment systems like stellarators is of outstanding importance for

the bulk plasma performance as well as for the protection of
material walls. Hydrodynamics models have been developed for the
behaviour of the hydrogen plasma in this region, where magnetic
field lines necessarily intersect material walls. The results

show strong inhomogeneity of all plasma parameters (e.g. /1-6/)

in reasonable agreement with experiment /7,8/. In this paper we
investigate the impurity flow parallel to the magnetic field in a
collisional hydrogen scrape-off plasma typical for high density
discharges in present tokamaks like ASDEX and for future tokamaks
like INTOR. The rate equations are solved treating each ionization
state as a dilute testfluid which is coupled to neighbouring states
by ionization and recombination and which interacts with the hydro-
gen background via collisions and the electric field. The back-
ground plasma parameters are taken from a hydrodynamic scrape-off
model /1,2/.

The testfluid approach requires that the impurity density is low
enough, i.e.g 22 n, & 0 = n,. Here, ng, nj and n, are the electron
and hydrogen density and the density of the Z times charged impuri-
ties, respectively. Impurity self-collisions are then ignorable and
we may also neglect any feedback from the impurities on the hydrogen
background. On the other hand, for the model to be valid, it is re-
quired that the collision time between impurities and the background
is short compared to the transit time of the impurities over typical
spatial dimensions of the problem, e.g. the width of the recycling
region. Because of the plasma and source inhomogeneity and the strong
dependence of the relevant relaxation times on the charge states a
more detailed discussion of the validity of certain results may be
necessary in each case. In any case, the present 1D-model is only a
first approximation to the at least two-dimensional, fluctuating
tokamak boundary and the results should therefore be taken as indica-
tive, only. Alternative approaches to specific impurity problems in
the boundary layer can be found e.g. in ref. /9,10/.




2. Equations and Numerical Solution

The impurity ions are described by a set of continuity equations
(one for each ionization state) including ionization and recombi-

nation from and to neighbouring states:
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s is the spatial coordinate along the field lines, SZ/ne and Rz/ne
are the ionization and recombination rate coefficients dependent on
the electron temperature Lot and dZ is an externally prescribed

source for each individual charge state.

The velocities Vé are determined by the equations of motion for the
testfluids, including momentum transfer via ionization and recombi-
nation. The coupling to the hydrogen background is described by essen-
tial three physically different terms. First, there is an electro-
static force as a consequence of the ambipolar field providing quasi-
neutrality of the background plasma for zero net current and finite

electron temperature gradient /11/:
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Additional contributions form sources, viscosity etc. /12/ are assu-

med to be negligible.

The second coupling force is the frictional drag proportional to the
velocitiy difference between impurity and hydrogen ions. Here, the

electron contribution is usually small. Finally, there are thermal



forces between the background electrons and ions and the impurity
ions proportional to the respective temperature gradients. They
arise as a consequence of Coulomb collisions in connection with
slightly Non-Maxwellian electron and hydrogen velocity distribu-
tions caused by finite temperature gradients /13,14,11/. The
thermal forces point in the direction of increasing temperature.
Of course, a completely analogous force appears between the back-
ground hydrogen ions (Z = 1) and the electrons. In order to con-
serve quasi-neutrality, however, a corresponding electric field is
set up (see equ. (2)), which exactly cancels that part of the ther-
mal forces. In contrast, a small number of trace impurities can
move freely without remarkable effect on the total electric field
or the background plasma parameters. An similar, though much more
complicated problem is the impurity transport across the magnetic
field in a tokamak /15/.

Keeping only the most important contributions, the equations of mo-
tion, including the correct momentum transfer between charge states,

are:
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Here, m, is the impurity mass, k is the Boltzmann factor and TZ

the impurity temperature. Instead of solving an energy equation for

is

each ionization state, we set TZ =T, for simplicity. This assumption
is slighly inconsistent with the finite relaxation time. But since

T, enters only in the pressure gradient term, which is frequently
small, and in view of other model restrictions this convenient sim-
plification seems to be justified. The coefficients of the collision
terms are taken from different references:'?%
time for small relative velocity, taken from Spitzer /16/, &

is the slowing down

ZlS




taken according to Braginski /11/ in order to be consistent with
the conventions taken for the hydrogen background (see also equ.
(2)), while B is taken from Chapman /13/.
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m is the hydrogen mass and 1ln /li the Coulomb logarithm.

Ne=h;

The total thermal force contribution including the hydrogen-elec- ¢
tron term entering via the electric field (equ. (2)) is then con-
sistent with /14/, except for the factor 0.71 instead of 0.8 for

the electron contribution. In the appropriate limit the coefficients
are also consistent with those used in neoclassical transport theory
(Pfirsch-Schliiter regime) /17,18/, except for a 20 percent difference
in the asymptotic numerical value of B8;.In view of the qualitative

nature of our model, this specific choice seems to be adequate.

In order to solve this set of equations, we need the following input
parameters from the hydrogen background plasma as a function of the
coordinate s along the magnetic field lines:

ng (s)., Te (s), Ti (s), v (s).
In addition we have to prescribe appropriate sources d,(s), depending
on the physical process, we want to describe. Finally we have the
following boundary conditions: At the plasma midplane (s = 0), we
have Vi 8 0 and arwjgs = 0 because of symmetry. At the target plate
(s =L ) the ions are neutralized, which means total absorption

of ions or equivalently free outstreaming. Therefore, we must not
pose a strong boundary condition. Instead, in the numerical code, we
set the second derivatives to zero, a weak condition, which allows

for sufficient physical freedom.



The numerical solution*) of the time dependent differential equa-
tions follows closely the procedure described in /19/. It corres-
ponds to a fast algorithm, in which ionization and recombination
are treated alternatively as a perturbation. A non-equidistant
numerical grid is used. Because of the weak time dependence of the
global plasma parameters in present day tokamaks like ASDEX, we
are frequently interested in stationary solutions only. Since, how-
ever, the present code as well as the hydrodynamic code providing
the background plasmaare time dependent, they could be directly
coupled in order to describe fast transient phases of the tokamak
discharge having time scales comparable to or smaller than the ty-

pical scrape-off flow time (e.g. minor disruptions, sawteeth, spi-
king). For extremly fast processes, however, additional time-depen-

dent terms would arise in the equations of motion /20/. The calcu-
lation of the instantaneous radiation losses would be straight for-
ward, too. The rate coefficients used below were compiled by
K.Behringer /21/. Charge exchange recombination with hydrogen neu-
trals has been omitted, since the neutral hydrogen background was

not yet calculated in sufficient detail.

3. The hydrogen background plasma

The results presented below are chosen such as to demonstrate the
principle features of the impurity behaviour for typical situations
occuring in present day and future tokamaks. We adopt the ASDEX
divertor geometry sketched in fig. 1 as our main reference case. Ty-
pical parameters of the background plasmas as obtained from the hy-
drodynamic code /1,2/ are shown in fig. 2. They correspond to a total
particle and non-radiative energy loss of 1022 e and 1 MW, resp.,
from the main plasma, appearing as sources in that part of the scrape-off
plasma directly adjacent to the main plasma.The recycling in the
divertor chamber, characterized by the pumping time constant'@h for
neutral hydrogen, is assumed to be rather high. Such a situation is
typical for most high power discharges in ASDEX /7/ and is expected
also for large fusion tokamaks. As can be seen in fig. 2, the flow
velocity is subsonic outside the divertor chamber and the total
pressure is about constant there. In the divertor chamber, where the
recycling occurs, the plasma is gradually accelerated to sound speed.

The electron temperature decreases smoothly because of the flattening

*) see: Appendix A




effect of heat conduction. The ion temperature decreases sharply
near the divertor entrance, while the density in the divertor is
even higher than outside. The electric potential is positive
everywhere ( AfkTe), with a weak maximum inside the divertor, im-
plying a reversal of the electric field E = -3¢/Ds near the di-
vertor entrance.

With increasing power or decreasing pumping speed ( ~ 1/t') the re-

cycling tends to increase and the above features become even more
pronounced. A more detailed description and interpretation of the

resultsof the hydrodynamic model is presented elsewhere /2/.

4. Results for typical impurities

Using the parameters of fig. 2, we first present typical charge

state and flow velocity distributions for oxygen as a reference
impurity for different types of sources. Next the behaviour of he-
lium is discussed because of its principal importance for thermo-
nuclear fusion. Finally, iron is treated as a typical representative
for heavier impurities. In addition, iron is well suited to study

the details of self-sputtering. Other impurities were also considered
(e.g. C, Ne). But since their behaviour can be qualitatively under-

stood on the basis of the above three examples, we omit further de-
tails. Results for more restricted physical models (e.g. neglecting

intertia or thermal forces) are given in Appendix B.

€h_as_a_reference impurity
First we assume an oXygen source in the main plasma chamber with

a Gaussian distribution along the field lines and a decay length of
about 4 m (the same as for the hydrogen plasma). Fig 3 shows the
results for the assumption that all source particles have charge
state OII, e.g. oxygen neutrals released at the wall and immediately
ionized in the scrape-off. The charge state distribution plotted in
fig. 3a shows a mixture of mainly OIV to OVI near the midplane were
the electron temperature is Tesz 40 eV. Oxygen ions arriving at the
target plates are mostly OVI and OV, with a smaller OVII contribu-

tion. Of course, this result is a direct consequence of the high




ionization rates up to OVII and the weak recombination rates com-

pared to the residence time of oxvgen in the scrape-off (~ 1 ms).

The total oxygen density exhibits a pronounced maximum just at the
divertor entrance. Comparison of the individual forces in equ. (3)
shows that in this region the thermal forces become important

since especially the ion temperature gradient is large, while the
hydrogen flow velocity and therefore the frictional drag is still
low. Outside the divertor again the frictional force is dominant.
Therefore, near the divertor entrance, the two opposing forces cause
impurity accumulation until the resulting pressure gradient is large
enough to overcome the retarding thermal force.

The flow velocity (fig. 3b) also shows clearly the retardation at

the divertor entrance, while elsewhere the impurities flow at roughly
the background velocity, except for the lowest charge states. Because
of the 22 dependence of the collision frequency, low-Z states first
become collision-free rendering a fluid model inapplicable. But in

the present case low-Z states are negligible minority anyway.

The strength of the accumulation and the point where it occurs ob-
viously depend on details of the hydrogen recycling in the divertor.
If the hydrogen is reionized predominantly closer to the neutralizing
target plates, then the impurity peak might occur inside the chamber,
where it should be less dangerous. In this sense, the homogeneous
recycling source in the divertor chosen for our standard background

plasma may be pessimistic.

The density decrease towards the target plates imply results from
acceleration of impurity ions and their constant flux (see fig. 3c).
The high oxygen velocity at the target plates tvzgg v) has important
consequences on the sputtering. The kinetic energy of the heavy par-
ticles is roughly by the mass ratio higher than the hydrogen energy
at sound speed {mzvzz/Z :g(AJAH)(kTe + kTi)/Z). Together with the
electrostatic acceleration in the Debye sheath ( ~ 3 ZkTe) we get

for the present example a total impact energy of up to 600 eV and
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the iron sputter yield at a stainless steel plate would be around

ten percent /22/. Self-sputtering will be discussed lateron.

In reality the oxygen source from the main plasma is a mix-

ture of various charge states. Taking a typical mixture obtained
from a one-dimensional solution of the rate equations perpendicular
to the magnetic field /19, 2/ we obtain the density distribution
along field lines shown in fig. 4. The density mix does not signi-
ficantly change on the way into the divertor. The reason is that
the high charge states, when moving into colder parts, do not have
enough time for recombination and low-Z states are a minority any-
way. The total oxygen density again shows the same variation as in

fig. 3.

The effect of the thermal forces changes significantly when the
hydrogen background changes. For example, fig. 5 shows density and
velocity profiles along field lines for essentially the same case

as in fig. 3, but for lower and higher input power. For 0.3 MW the
divertor recycling is lower, the Mach number in the main chamber
approaches M =a 0.5. In this case thermal forces become unimportant
everywhere and the local density is essentially inversely proprotional
to the background velocity (fig. 5a). Such a high Mach number, low
recycling scrape-off, however, may be more typical for present day

limiter experiments than for a divertor experiment like ASDEX.

For 2 MW, on the other hand, the recycling is even higher, the Mach
number falls below M == 0.1, and the temperature gradients are again
steep. Therefore, extremly strong impurity accumulation occurs just
outside the divertor (fig. 5c). The local flow velocity is nearly

zero. Of course, diffusion across magnetic field lines and a diffe-
rent hydrogen recycling profile could significantly affect the loca-

tion and amplitude of the peak.

An order of magnitude comparison between the frictional drag and
the the thermal forces shows that accumulation occurs when the local
Mach number is smaller han the ratio of the hydrogen mean free path,

ﬁ.i, to the temperature gradient length, RT' i.e. M,{ ﬂ.i/)LI. consistent
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with the numerical results. Therefore thermal forces may influence
the impurity pumping efficiency in the high recycling regime of

future tokamaks.

As a final case a homogeneous 0II source in the divertor chamber is
considered. For low input power the impurities are quickly accele-
rated and swept towards the divertor plates with nearly sound speed.
The density and the flux increase monotonically towards the plate
(fig. 6a). The total oxygen density outside the divertor is several
orders of magnitude lower and within the numerical error. Obviously,
the impurities are well confined in the divertor chamber by the fric-
tional force. In practice the achievable confiment or "compression"
of impurities will be limited by bypasses, allowing for a backflow

of neutral impurities into the main chamber. This cannot be discribed

correctly within the one-dimensional model.

A quite different behaviour is obtained for the high recycling case
(2 MW) as shown in fig. 6b. As in fig. 5c, a density peak forms in
front of the divertor and again, in a real geometry, cross diffusion
at that point may efficiently remove impurities and deteriorate the

impurity retention in the divertor.

A guantitative assessment of helium pumping would require much more
geometrical details and atomic physics than contained in our present
model. Nevertheless, a few non-trivial statements can be obtained.

For this purpose, we choose a background plasma with high power

throughput (2 MW) and strong recycling (midplane: T, = 48 ev,

L = 45 ev, n, = 3 x 1019 m_3; target plate: Te = 14 eV, Typom 9 ev,
n, = 6 x 1019 m_3). Otherwise the profiles are similar to those in
fig., 2.

Helium III ions leave the main plasma and flow towards the divertor.
In the divertor we prescribe a recycling of 98 percent in from of a
homogeneous helium II source, i.e. only weak neutral helium pumping.

The high recycling produces a high stationary helium ion pressure in the

divertor (fig. 7). This high pressure, however, extends quite a distance




beyond the divertor entrance, again due to the flux retardation
by the thermal forces. There is even a small net outflux of helium

II towards the main plasma which is ionized and returned as helium
III. The thermal force effect, however, is weaker than for oxygen
because of the low Z, and disappears for low power throughput and
low recycling. On the other hand,it is the high recycling scrape-off
which is presently favoured for future tokamaks. We therefore con-
clude that thermal forces must be considered in any study concerning

impurity or ash removal.

Iron is treated finally as a typical medium-2Z first wall material.
Calculations with various source distributions give results quite
similar to those for oxygen exept that on the average slightly higher
ionization states are reached and thermal force effects are therefore
more pronounced. Here we concentrate on self-sputtering at a stain-
less steel divertor plate.

In order to obtain correctly the total yield we calculate the iron self-

sputtering separately for each charge state from the sputtering co-
efficient Y(GZ), where

€z = l"z—_*-v;+3-z-k7'e +ckl;

The effect of the thermal ion velocity spread around the mean velo-
city cannot be calculated without a detailed knowledge of the angular
dependence of Y and the angle of incidence of the iron ions. But the
contribution to the average energy EZ is small anyway and setting

C 2 1 may be a reasonable approximation.

Self-sputtering results for nickel are used 123/ since more accurate
data are available and the difference to iron should be small. The

total neutral iron source at the target plate is

f;’-' Zz: (naVvy-Y(es))

where n,v, andE,Z are taken at the plate.




These iron neutrals penetrate the scrape-off plasma at best a few
millimeters before they are ionized. In the model, we introduce
these ions as a Fe II source, decaying exponentially away from the
target plate. The decay length htjwiﬂlrespect to the direction of
the magnetic field depends on the angle of incidence of the field
lines (usually a few degree) and the effective ionization length.

It is treated as a free parameter in the following.

The total iron flux enhancement is OZ =Iﬂ£/[;, where Iﬂ; is the
iron flux originating from the main chamber. An average sputtering

coefficient Y may then be defined as ¥ = 1 - 42-1.

Fig. 8 shows iron profiles for a low power background plasma (0.3 MW).
Though the electron and ion temperature at the wall are only 12 eV
and 6.5 eV, the flux amplification is 72 =« 3.2. The main contribution
comes from primary particles with a charge state around Fe VI and
about hydrogen velocity. The secondary particles, however, are ionized
only up to Fe IV in this specific case and then quickly swept onto

the plate (Z2 dependence of the cross section). Their final velocity
is appreaciably below the hydrogen speed and for Fe II and probably
also Fe III the fluid model may be questionable, though the pre-
dicted behaviour will be qualitatively correct.

Y has been calculated for various cases by changing the background
plasma parameters and the iron penetration depth. As an example,

fig. 9 shows Y as function of the electron temperature at the target
plate and for different source width ﬂb of secondary particles. The
temperature variation was obtained by changing the power input. A
self-sputtering avalanche is obtained for Té /& 20 eV, depending
moderatelyemuhTr For comparison Y is given for an average Z = 4,
keeping only the electrostatic acceleration in the Debye sheath, i.e.
EZ = 12 kTe. This procedure, which is frequently used as an estimate,
generally yields too low sputtering and too high a threshold.

The scaling of Y as obtained from the multifluid model may be under-
stood from a simple consideration. If Y, is the average sputtering

coefficient of primary ions and Y2 that of secondary ions (usually




Y2 < Y1), then the sum over infinitely many generations yields

a flux amplification

‘2-/+-,——Y—'—
_Yz.

Obviously, a self-sputtering avalanche is obtained only when

Y, —» 1, even if Y‘I is large.

In a limiter configuration, a fraction (1 - r) of the secondary
iron neutrals may directly enter the closed line region and return
as primary ions with sputtering coefficient Y1. The flux amplifi-

cation then is

Y,
1-rY,-(1-n)Y,

and the self-sputtering avalanche is obtained when the denomina-

7= 1+

tor, now dependent also on Y1, approaches zero.

5. Summary

The impurity transport parallel to the magnetic field lines in the
scrape-off layer of a tokamak has been investigated numerically on
the basis of a multifluid model and in the limit of small impurity

concentration (nzz2 &« n g;ni). The model is a reasonable appro-

e
ximation for high density discharges in present experiments like
ASDEX and for the high recycling regime of future fusion tokamaks

like INTOR.

Typical impurities occuring in a tokamak (e.g. O, Fe, C, He) have
been treated. The behaviour of others may be qualitatively inferred
from these results, keeping in mind the different electronic shell
structures. In general, the ionization rate is large for low Z sta-
tes, while recombination is a small effect on the millisecond life
time of the impurities in the boundary layer (charge exchange re-

combination with hydrogen not yet included).

The charge state distribution in the scrape-off is therefore mainly

determined by the source distribution. Neutral impurities from ma-
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terial walls are quickly ionized a few times, while high Z im-
purities from the central plasma essentially keep their charge
state. The charge state mixture arriving at the target plates
therefore has in most cases no similarity with that obtained

from local Coronal equilibrium.

For high local Mach number the friction between impurities and
the background hydrogen ions is the dominant effect, forcing the
impurities to flow at nearly the hydrogen velocity. Efficient
impurity removal from the main chamber is obtained. In case of
strong impurity recycling in the divertor (e.g. rare gases) im-
purity "compression" by the frictional drag occurs. Another im-
portant consequence is that impurities arriving at the target
plates, where the background plasma reaches sound speed, have
gained high kinetic energy proportional to their mass. For heavy
impurities its contribution to the total impact energy may be
comparable or even larger than the electrostatic acceleration in
the Debye layer (~3 ZkTe) with obvious consequences for the

target erosion.

For high target recycling the Mach number outside the recycling
region becomes quite low and other forces can compete with fric-
tion, causing a remarkable slip between impurities and the back-
ground plasma. The most significant change occurs just in front
of the recycling zone, i.e. near the divertor entrance, where es-
pecially the ion temperature drops quickly. Here, thermal forces
directed towards high temperature may slow down or even reverse
the impurity flow if MK ni/LT' Rather pronounced impurity accu-
mulation is found in this region, deteriorating impurity pumping
from the main chamber and impurity retention in the divertor. A
more quantitative assessment will, however, require a more sophi-

sticated, two-dimensional description of that regime.

Self-sputtering at the target plates has been investigated for

iron as a typical wall material. Typically two classes of ions
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are obtained. Those originating from the main plasma show a broad
mixture of charge states and their self-sputter yield is frequent-
ly above one. Secondary iron particles sputtered at the plate are
ionized a few times and quickly swept back onto the target. A
self-sputtering avalanche is obtained only when the average sput-
tering yield of these secondary particles approaches one, the thres-
hold temperature being dependent on many parameters.
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Figure Captions:
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Schematic cross section of the ASDEX divertor tokamak.
The shaded scrape-off region between the midplane (s = 0)
and the divertor plate (s = L) is treated by a 1D-model

as indicated at bottom.

Variation of scrape-off plasma parameters along magne-
tic field lines for an ASDEX-type configuration with
additional heating and fairly high divertor recycling.
s = 0 and s = 15 m correspond to the torus midplane and
the divertor plate, respectively. The divertor throat,
defined by the edge of the divertor recycling region,
is located at s &~ 12 m.

Normalized densities, velocities and fluxes for oxygen
charge states obtained for the background plasma shown
in fig. 2. An OII source centred at the midplane

(s = 0) is assumed.

Normalized oxygen charge state distribution for a reali-
stic charge state mixture (maximum at OVII)

compared to a pure OII source as in fig. 3.

Normalized oxygen charge state distribution and velocity
for different power through-put and hence different di-
vertor recycling and Mach number outside the divertor
(OITI source at midplane).

Normalized oxygen charge state distribution for different
power through-put. In contrast to fig. 5 a homogeneous
OII source in the divertor chamber is assumed.

Helium IT and III distribution along field lines. A He III
source at the midplane and a He II recycling source in

the divertor are assumed (98 % recycling).
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Normalized densities, velocities and fluxes of iron
ionization states for low power through-put including
self-sputtering at the target plates.

Effective iron self-sputtering yieldas function of the
electron temperature at the target plate. The neutral
iron penetration length is parameter. The dashed line
represents an estimate based on an average 7Z and electro-
static sheath acceleration only.
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Appendix A: Numerical Solution for Different Models

The full set of equations egs. (1,3) contains coupling terms
arising from ionization and recombination, i.e. in the con-
tinuity equation for ng appear n,_, and niz,, and in the

equation of motion for v, appear v and Vz - Furthermore,

2 -1
the equation for n, dependson v, and the equation for Va

on n

oo = g =054,

The direct simultanous solution of this system of equations
for 2 =1, ... N charge states for {nz_, v, { would require
matrix inversion of (2 x N, 2 x N) matrices, which would be

rather expensive.

Therefore the set of continuity equations and the set of the
equations of motion are solved sequentially; this can be done
consistently, if the ¢rids for n; and v, are staggered in space
and time.

A A A
I’l; (;'-y n ‘j ”3/‘5‘“)
{+at O 'I:‘ 26) J:

N\

{-f%* — + - X- == =X = X--
Vi (- Ve ) Vie (+1)

A -0 o o
Nz b5+1) () Ha(3+)

ng ,,(t) and vé;i(t + df/z ) are known; then the implicit dif-
ference approximation for equations ny, leads to an algebraic
system of equations for

h‘z_ 5(5-';5))""!)({—4 Af)

which only depends on \/z (-t--l- ‘%-'_t )which is known.




This set of equations for n, o Z=1, ... N is solved by the
algorithm described in /19/; i.e. in one step only the ioniza-
tion terms (containing 3;_, ’ ﬁi ) are treated implicitely and
in a second step only the recombination terms (ﬁiz' ﬁg+| ) are

taken into account implicitly.

The solution for the equations of motion (i.e. advance 'S -(%-+4f
to 32,5 {C .+ %! + at ) where ni_ (fr At) e already known}
is the carried out similarly Hereby the nonllnear term V&;%_ V_z
is properly linearized; an artificial visconsity term -ﬁﬁre

(Richtmyer-liorton)

B Limny(53) ’/ 25 <o
z o ’/ -,ﬁ'é Zo

is put into the equation to stabilize possible shock waves.

2. Without Inertia

If in the equations of motion (3) the inertia terms are omit-

ted, one can express V% algebraicly:
-K_a el
Neve = —Daghy, + N3\
where )™ _ii_RT%
i 1

P 2 T
\/ - A — ? {,‘Kk[il ZeE - oy 'S_QI/'JE— ﬂ%?,skrl}

and substitute this into eq. (1); thus:
e PASH 5 ¥) _
G — A(DRR) + 2(new)
T S-E Na-0 7 (§£+E%)ni, t P—Eh”-};u + 6(1".'

This set of equations for {”fj is then parabolic, since beside
the drift-term ,,S(nava) there appears a diffusion term. For
this type of equation the algorithm /19/ was originally developed.
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Appendix B: Results for Restricted Physical Models

In order to assess the importance of various physical effects, we
present results for restricted physical model assumptions, i.e.

we neglegt the corresponding terms in the equations of motion
(equ. (3)).

The background plasma parameters are again those shown in fig. 2

and oxygen is the reference impurity. A Gaussian OII source at the
midplane is assumed in exactly the same form as for the first
oxygen example in the main text. Therefore, the results for restric-
ted models presented below must be compared with those for the

full model equations presented in fig. 3 of the main paper.

1. _Inertia_terms _neglected

As a first example we drop the inertia terms, i.e. we replace
equ. (3) by

J(kE) D(kTJ

) pa-n,2eE- 3(” Ve) _ Mgty S =~ e fy =y

s

This set of equations allows for a simpler numerical solution as pointed
out in appendix A. Fig. B-I shows the charge state densities and
flow velocities. Compared to the full model (fig. 3), a significant
change occurs only with respect to the velocity of low charge states.
These are flowing now faster than the hydrogen background, since
there is no retardation by inertia. The driving force for these
states is mainly their individual pressure gradient with some con-
tribution from the electric field. For high-Z the friction and

thermal forces, both scaling as 2?, are dominant.

While inertia seems to be less important in this case, there are

also problems, where these terms must be definitely kept, e.g. for
sources in the divertor chamber. An example is the iron self-sput-
tering case shown in fig. 8. Neglecting inertia, all charge states

hit the target plate at a velocity, which is a few percent higher
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than the hydrogen velocity. The resulting impact energy is about
500 eV in this case, causing a self-sputtering avalanche (Y, > 1),
where the full model yielded only an average self-sputtering coef-
ficient of Y = 0.68.

Now we keep the inertia terms but neglect the thermal forces

( NE = BZ = 0 in equ. (3)). In addition, thermoelectric terms in
the hydrogen background model, arising from thermal forces between
hydrogen ions and electrons /11/, must be dropped in order to get
a self-consistent description. The corresponding change of the
background plasma, however, is rather small. A significant change
occurs only for the electric field which now is approximately

E = - QP, /D.S (compare equ. (2)).

As expected, the impurity accumulation in front of the divertor
recycling region disappears and the velocity is close to the back-
ground velocity everywhere, except for the lowest charge states
(fig. B-II). Of course, the change is much more spectacular for
the high recycling case shown in fig. 5c, which, without thermal
forces, behaves also quite similar to fig. B-II. Therefore, a
calculation ignoring thermal forces would be completely misleading

for these cases.

As an extreme simplification we may neglect any slip between hy-

drogen and impurities. Equation (3) is then simply replaced by

and we ask only for the charge state distribution at prescribed
flow velocity. Fig. B-III shows that there is little difference
with respect to the density distribution compared to fig. B-II.
The reason is that without thermal forces the flow velocity of

the most prominent charge states was already close to the back-

ground velocitiy. Therefore, this simple model is definitely restricted

to cases where thermal forces are negligible (M 3> A; /71.7—) and
where the collisional drag is the dominant effect also compared to

the other contributions in equ. (3).
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