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1. Introduction

Plasma contamination by impuritiesis one of the key problems on the way to controlled nuclear
fusion. In addition to the impurity ion transport in the plasma, the release of impurity neutrals
from the plasma facing components and the penetration depth of the neutrals into the plasma
have a significant influence on the plasma contamination, in particular on the central impurity
density. The mechanism of impurity release from the walls is determined by the velocity
distribution function of the incident ions. Since the reflection and sputtering processes are very
sensitive to the distribution of the angle of ion incidence, a careful anaysis of this subject is
very important, but complicated by the fact that the magnetic field Bis oblique with respect to
most of the intersected wall components. In regions of oblique B the plasma-wall transition is
characterized by a multiple sheath structure, i.e. by the appearance of a quasineutral magnetic
presheath between the Debye sheath in front of the wall and the collisional presheath in the
plasma. Inside the magnetic preshesth, which very often may be considered as collisionless,
the ion gyroorbits are destroyed (the drift approximation ceases to be valid) and the thermal
ion gyro-energy is converted into the kinetic energy of the surface-parallel E x B motion. The
transition from the collisional to the magnetic presheath is defined by the sonic point in the
HE velocity of the majority (deuterium background) ion motion. In this paper we calculate the
orbits in the magnetic presheath and Debye sheath of at least 10* ions representing the velocity
distribution of instreaming ions and their ensuing distribution at the wall surface.

2. Numerical Solution of the Equation of M otion for lons

It is assumed that all quantities depend only on the y-coordinate (see Fig. 1), the wall isin
the x-z-plane and completely absorbing, the transport in this region is collisionless, the angle
of the magnetic field is5° < ap < 85°, the potential ¢(y) is determining by the background
Deuterium, theimpurities have no significant influence on the potentia (n; < np), theelectrical
field £ = —V¢ = —dg(y) /dy isfory > | ~ 5c,/Q; = 5\/kp (T. + Tp) /mp/Qp negligible.
At the sheath entrance y = [ thevelocity distributionisdescribed by the Maxwellian distribution
fi([,0) ~g (Uﬁ) exp (—(’U” - cS)Z/Ufh) exp (— (v + v2) /vz,) whichis shifted in vy direction
by the Deuterium sound speed c¢,. The smoothing factor g (vﬁ) guarantees a smooth transition
to f; = 0 for vy < 0 and vy, = \/2kpT;/m; [1].

The coordinate system (s, s, s), in which the calculations are performed, is defined by
the magnetic field B (see Fig. 1), and it is transformed by the equation v,, = v, — vy tO
a system moving with the vg, g = —FE | /B drift velocity. For the caculations the velocity
distribution f;(, V) at the sheath entrance is divided in velocity space into small intervals dv.
In each interval v + dv a representative particle is chosen, for which the equation of motion
m;dif/dt = ze (E'+ ¥ x B) isnumerically solved. The time derivatives of space and velocity
coordinates are in the transformed system : 5 = v; $1 = v1; Sap = Upr; U = 2e/ME);
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Figure 1. Definition of the coordinate system and the angle of the magnetic field ag.

U1 = Qg Vg = — (v — vp) (gyro-reduced). Here the polarisation drift v, is described by
v, = 1/(BQ;)dE, /dt.

The last equations have the discrete form

Sur(t + At/2) = vy () At + 54, (t — AL/2);

vy (t+ At/2) = Qg (DAL + vy (t — At/2);

v (t+ At/2) = ze/m; B (1) At + v (t — At/2); s (t+ At) = v (t + At/2)At + s, (1);

s (t + At) = vy (t + At/2) At + 5(t); y(t + At) = —s)(t + At) sinap — s, (t + At) cos a;

vp(t+ At/2) = 1/(S4B)(E, (t+ At) — E| (t))/At;

Vor(t+ At) = —Q; (v) (t + At/2) — v, (t + At/2)) At + v,,(2).

The first three equations are shifted with respect to the others by a half time step. This choice
opens the opportunity to solve successively the full set of the equations inside the magnetic
presheath and Debye sheath. Outside the sheath there exists as a result of the assumption
E(y > [) = 0 asimple analytic solution of the equation of motion.

Since there are no sources in the sheath, the fluxes at the sheath entrance and at the
wall have to be equal, I} = [,. It has to be taken into account that at the sheath en-
trance only the v, = v sin ap velocity component and at the wall the sum of components
Vyw = U Sinap + v, cosap give a contribution. This consideration makes it possible to
calculate the velocity distribution of ions at thewall f,, :

AT = d®Ty;

A&’ = d®n v) sin ag; d*n = f (UH,UL, vx) dvjdvdvy,;

T, = d®ny, (U”w sin g + v, COS ozB) APy = fu (UHw, VL, wa) AV} dv L AV

With dv)j,dv 1 dvg,, = Jdvjdv, dv,, where J isthe Jacobi determinant. From thisit follows
fo (UHw, UVl w, wa) = fi (U”, v, Um) 1/J (v sin o)/ (v)jw sin ap + v cOS ap).

Theangleof ionincidencerelativeto thesurfacenormal iscalculated by v; = arccos (—vy. /|U]),
and the average value of thisangleis given by

<7 >= f’}/sz (’UHwa U Lw, U:z:w) dUdeUJ_de:rw/ f fw (UHwa U Lw, U:z:w) dUdeUJ_de:rw-

3. Results and Discussion

The velocity distribution of Helium ions at the magnetic presheath entrance isillustrated in the
(v, v, )- gyro-planein Fig. 2 a). For the calculations of the velocity distribution of impurity
ionsthe same potential wasused asin Ref. [1]. Theplasmaparametersareap = 6°, T, = 20eV/,
T;/T.=1, n, = 10"2cm™3 and B = 2 Teda. Fig. 2 b) shows the the velocity distribution of
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Figure 2. Velocity distribution in the plane of gyration at the magnetic sheath entrance a)
and at the wall b).

He?t at thewdl in the (v, v,) - gyro-plane. Two effects were observed: First a shift of the
maximum of the velocity distribution as a result of the vz, g drift and the polarisation drift.
Second gyrocooling effect (first described in [2]) whereby the thermal energy of gyro-motion
is gradually converted into kinetic energy of drift motion ( the velocity distribution at the wall
is “squeezed”). The influence of the mass on the velocity distribution is shown in Figs. 2 b),
3 @ and 3 b), where the maximum is shifted from (v,,v,)/csp = (1.1,—-0.9) in 2 b) to
(vi,vg)/csp = (0.7,—0.4) in3d) and to (v, v,)/cs p = (0.6,—0.2) in 3 b). The different
widths of the velocity distribution are due to the different thermal velocities vy, ~ 1/,/m;. The
influence of the charge on the velocity distribution is shown in Figs. 3 @), ¢) and d). For highly
charged ionsthe drifts are larger than for lowly charged ions.

A potentia of a double exponential form with a dependency on the magnetic field angle
isused[4] to calculate the average angle of incidence of theions at thewall. Fig. 3 €) illustrates
the average angle of incidence of hydrogen ions. The application of our model on hydrogen
ions shows agood agreement wit the results as obtained in [3]. The differences have their cause
in a different potential and in a different velocity distribution at the entrance of the magnetic
presheath. The average angles of incidence are shown in Fig. 3 f) for different impurity ions.
For a shallow magnetic field angle oz the drifts of the light ions (H e?*) are larger than for the
heavy ions(Ne2?™). Thisisthereasonwhy v.2+ < vne2+. For aperpendicular magnetic field,
however the width of the velocity distribution, which depends on vy, ~ 1/,/m;, dominates the
average angle of incidence leading to vy 2+ > Yver+

It should be noticed that our model isbased on the possibility to calculate singleion orbits.
The comparison in ref. [5] of the Deuterium ion orbits in a linearly increasing electrical field
withref. [2] showsan excellent agreement. The velocity distributionsfor Deuterium ionswhich
are published in ref. [1] could also be reproduced [5]. At least 10* ions must be followed in
order to reduce the statistical error sufficiently for getting smooth profiles.

In the present paper it has been shown that with our model we are now able to calculate
also the average angle of incidence of impurity ions which is a sensitive parameter for plasma
wall interaction. Additionally we displayed with the model the influence of the vg,  drift and
the polarisationdrift on the angle of incidence.
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Figure 3. Velocity distribution in the plane of gyration at the wall a), b), c), d) and the
average angle of incidence for different species e), f). The plasma parameters for f) are
T, = 30eV, T;/T. = 2,ne = 5-102cm =3 and B = 2.25 Tesla.
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