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Abstract

This paper studies the effect of a magnetic field on the
transition layer between a plasma and an absorbing wall.
A numerical model is used which simulates the motion of
plasma particles in the electric and magnetic fields for
a prescribed particle influx at the plasma boundary.
Bohm's condition for the existence of a monotonic profile
of the layer is generalized.

The transition layer proves to have a double structure
comprising a quasineutral magnetic presheath preceding
the electrostatic Debye sheath. The magnetic presheath
scales with the ion gyro radius at the sound speed and
with the angle of the magnetic field. The total electric
potential drop between plasma and wall proves to be fairly

insensitive to the magnitude and angle of the magnetic field.




1. Introduction

The steady state of a plasma device is to a large extent determined
by the boundary condition at the material wall, i.e. limiter, divertor
etc. Since processes at the plasma-wall boundary are rather complex,
it is desirable to simulate these processes in a numerical model in
order to get an insight into the relative importance and the inter-
action of different effects.

One of the characteristic features of the transition between plasma
and an absorbing wall is the build-up of an electric space charge po-
tential at the plasma edge. This potential in an otherwise field-free
boundary layer has been investigated theoretically for a long time
(see /1/ for further literature). But in many practical cases, e.qg.
in tokamaks, the boundary layer is interspersed with a magnetic field
hitting the wall (limiter, divertor plate) at some angle between nor-
mal and nearly grazing. The limiting case of a field parallel to the
wall was treated recently /2/. The present paper intends to describe
a kinetic model for a plasma boundary region in a magnetic field of
arbitrary strength and direction and to study the dependence of the
edge potential and particle flow on the magnetic field.

The reason for the space charge potential is the different accele-
ration of electrons and ions at +the plasma edge by

their respective thermal pressures. Electrons,in general, are too
fast and must be slowed down by the electric field, ions are accele-
rated, so that the electric field effects equal fluxes of negative
and positive charges to the wall.

On their way out, plasma particles transverse three distinct regions:
in the inner region the electric field is relatively weak, and plasma
particles are accelerated along the magnetic field. The plasma is
quasineutral. In the second region, the electric field which is per-
pendicular to the wall, is strong enough to deflect the plasma par-
ticles from their direction parallel to the field (if this direction
is different from perpendicular). Particles experience the action

of the magnetic field. The size of this region depends on the ion
gyro radius and angle of the magnetic field to the wall normal.

The plasma is still quasineutral. This region is referred to as "magnetic
presheath". The third region is the electrostatic sheath region. The
electric field exceeds the action of the magnetic




field; the plasma is non-neutral. Its scale length is the Debye
length.

In the next section we describe a simple numerical particle model to
calculate the particle flow and the electric field in the plasma-
wall region together with a fluid approximation for the magnetic
presheath. In section 4 we discuss the plasma behaviour in the
magnetic presheath and sheath region in more detail. . '

2. Model
a) Kinetic Model

Figure 1 shows the geometry of the model for the plasma-wall transi-
tion. The plasma state is assumed to depend on the coordinate x per-
pendicular to the wall only. The electric field Ef:~}a¢k&is parallel
to the x direction and the static, homogeneous magnetic field B in-
cludes an angle ¥ to x. At x = L there is a particle absorbing wall.
The plane X = 0 (which is not very well defined) separates the bulk
plasma x< 0 with weak electric field from the transition zone x > 0
to the wall, where E is appreciable. The bulk plasma is assumed to
contain sources which maintain stationary particle fluxes across x = 0.
The transition zone x > 0 is assumed to be collisionless.

The motion of ions and electrons in their self-consistent electric

and prescribed magnetic fields are calculated by a particle-in-cell
method. Thus, in the calculation area 0 € x < L the temporal develop-
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where particle densities nj and neg are calculated from the momentary
position of the particles.

The velocity distribution of particles streaming into the calculation
area are prescribed as boundary conditions: at x = 0 a time-independent
Maxwellian distribution shifted for theions by a velocity 2 along B
is adopted;
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with vroparallel to B.
At x

L a total absorbing wall is assumed;
$ie (x=L % <0) =0 (3)

Of course, other conditions as partial reflection, secondary emission
etc. could be applied as well.

The electric field at x = 0 at a time t is determined by the
charge imbalance (Q?‘*éQg in the bulk plasma x < 0 at this time.
Assuming neutrality in the bulk plasma at the starting point t = 0,
this imbalance is connected with the difference in time-integrated
flux F through the plane x = 0, so that

t
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The initial condition of the system is an empty computation area.
Owing to the time independence of the boundary conditions for the
particles (2) and (3), the system becomes stationary after some time.
Condition (4) enforces equal fluxes of ions and electrons, which,

in steady state also become space-independent.

Still, not every steady state of the system is an acceptable solution
of the plasma-wall transition problem. It is further required that

E (x = 0) and its derivatives be nearly zero, so that also n; A/ng
and n;l o, né = 0 at x = 0. This can only be satisfied for boun-
dary conditions (2) with certain values of Vo , Tgo and T,,.

It is well known from the theory of plasma-wall transition without
magnetic field that in order to get monotonic profiles which smoothly

join the bulk plasma region, one has to satisfy the so-called
Bohm condition /3/, e.g.

L P /M‘.
(5)




for cold ions, Tio = 0. The generalization of the Bohm condition
to the case with magnetic field is given in the next section.

The model is tested by comparing the wall potential as determined
in the model with the theoretical value for perpendicular magnetic

field as a function of the ratio of instreaming fluxes I%o { ;é
0

o
o _ 3 .
where Fl'e = J Ao Ve ﬁ’Pt‘e : (Fig. 2).

Uy >0
L was changed from 5 and 20 Debye lengths in order to check the in-
dependence of the result on the system length.

In the following the model was used to find general properties and
scaling laws of the transition layer. So an artificial mass ratio

mi/me = 100 was used to save computer time.

b. Fluid Approximation

Under certain conditions (for instance small deviation from thermal
equilibrium for electrons, not too hot ions) the kinetic model can
be replaced by the simpler tow-fluid model for ions and electrons.
This model gives at least qualitatively correct results and is
especially appropriate for the magnetic presheath.

Let k’be the fluid velocity of one species

V=1J'0‘gv1t$ |
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The continuity and momentum equations for ions and electrons are

|
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As closure condition for the fluid description

QP*‘G = d’l‘e -r[‘e, \7%38 (8)



is assumed.

E is given by Poisson's equation
[ b &
E's Gim: ~9e Me (9)
For electron fluid velocity bé small compared with the thermal
velocity G ™ (Te/me)1/2 the x-momentum equation simply becomes

[

q_icE-w@Te_%e/%e =0 (10)

Furthermore, if the gradient length is large compared with the
Debye length, the system is quasinuetral, i.e.

N x m Ver ® VY, (11)

and the electric field is determined by eq. (10) instead of
eq. (9).

3. Results

Figure 3a, b shows x-profiles of the potential ¢) for different angles
of incidence *’ of the magnetic field and for cold and warm ions

as obtained from the kinetic model. For ¥ > 0 the profile is composed
of two parts: a slowly falling part which is called "magnetic pre-
sheath" in the following,succeeded by the sharp fall of the proper
sheath region at the wall, which is 5 to 10 Debye lengths A$ wide.
For increasing angle the potential drop in the presheath becomes
larger. For cold ions and medium angles an oscillation in the
presheath is superimposed, which will be discussed in the next section.
The total potential drop ¢%V from the plasma edge to the wall for

different angles * and strengths of the magnetic field is shown in
Fig. 4a, b. This dependence is rather weak.

For a discussion of the structure of the plasma-wall transition layer
it is more appropriate to inspect the profile of the flow velocities

L& . These profiles are shown in Fig. 5a, b for an angle + =60°
and two ion temperatures.




Ignoring for the moment the oscillations in the case T; = 0, it is
obvious that the transition layer has a double structure of a broad
quasineutral ( Vy;;& V;e ) presheath and a relatively narrow
Debye sheath with charge separation ( V}e‘> Viq ) . The thickness
of the presheath depends on the magnetic field, while the Debye
sheath is independent of B.

For a smooth start of the profile atthe left (plasma) side the flow

velocity of the instreaming plasma VQD has to exceed a certain limit,
i.e.

V,

o > Coomnt e,

Vo’ > C.S J CSZQ(KLI‘ T! 4 d‘eTe)/MLH.'Z)

otherwise the system would develop an electric field at the left
edge to accelerate the incoming ions to this limit. This is the ex-
pression of Bohm's condition in the numerical model.

In the following, this condition together with other details of the
transition layer are discussed.

4 .Discussion

a. Bohm's Condition and Oscillations in the Magnetic Presheath
Let us envisage a time-independent disturbance-oemf{tkﬁwith
wave number k in the x direction of an equilibrium state

Vy =V, V ![;B N w, = U, &=z0
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Equations (6) to (8) for ions together with equations (9) and (10)
yield a dispersion relation

i (ﬁlv*;.‘ﬂt)(vx; wcsz)“ﬂ); V«i
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This dispersion relation as a function of V,, is plotted in

. oy O e s
Fig. 6a,b for ‘f = 609, Tio = Teo and ! e 0. There are two
modes 1 and 2 and two asymptotic branches, i.e. an electrostatic
ion cyclotron mode I

2 v 2 Z 2! 2
‘%I B _(Z’( / \/\’o L Q%‘ (vko C_(‘ )
and an ion acoustic branche II

hpde = = (Voo Jud-c?)

Mode 1 starts for small k as an ion cyclotron mode and changes

(14)

(15)

at \/, =(C. to the ion acoustic branch, while mode 2 does the
Xo <

opposite. The ion cyclotron branch I is quasineutral. Thus, mode 1

is quasineutral for Vig € Ce , and mode 2 for V;o>'§r.
For ¢ = 0, the ion acoustic and cyclotron modes are decoupled.

As one can see from the diagram, a monotonic disturbance, i.e.

4&24:0 is only possible for condition (12). This is Bohm's con-
dition in the case of an oblique magnetic field. It is the same
as in the magnetic field-free case provided V} is taken along
the magnetic field. ;

The scale length of variation in the magnetic presheath is of
the order CSLQ‘with some dependence on ‘f - In the sheath,
this scale length is the Debye length Ai>'

The pronounced oscillations in Figs. 3b and 5b for + = 60°
are due to the excitation of an ion acoustic mode 2 with
T
0« %2)‘3 <3 for ¢, sl & Vi & Ce
z (Fig. 6b).

For the same angle but T.o

oscillating mode ‘%z>() for cgca,% ¢‘v%:4(}, hence the correspon-
ding profiles in Figs.33 and 53 are monotonic.

= Teo (Fig. 6a), there is no




b. Scaling of the Magnetic Presheath
As is shown in Fig. 5, the magnetic presheath is quasineutral.
It can, therefore, be described by equations (6) to (8) for the
ions together with equations (10) and (11) for the electrons.
By elimination and integration one gets the ordinary differential
equation for Vx :

(V=< )" 4 (WT‘CsZ)Vx“/VX + QLV,‘, ’L'QXZ%Z/VX "

(16)

Introducing
§=(><*-L)_Q/cg | bzv;f/c_!‘ [ Ejo:vxo/cs ’
- [ § 3 -
W = ( 3 [ds) | o S Lt(thgo) ; C = - wud/(lzecd
one finds the integral of equation (16):
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As boundary condition at the plasma side we assume an instreaming
flow velocity at the Bohm limit

Y2 e = W}

and
§'=yt=p

from which w,=0 f C= =2 i T (18)

As right-hand boundary condition we choose
, y 1 (19)

This choice is arbitrary and is justified afterwards from the results.




Integrating equation (17) for these boundary conditions

1
R i

yields the profiles b(sf‘P) of Fig. 7. In Fig.5a,b the profile
for ?’ = 60° (labelled with V; ) is compared with the results
from the kinetic model. As can be seen, the solution of the fluid
equations (17) to (20) represents the course of V, in the

X
magnetic presheath fairly well. The coincidence ceases in the

Debye sheath.

(20)

At the first rise of Y in the magnetic presheath, i.e. for

Y~ Ye i equation (17) with (18) is approximated by

w x o (3—3033 ; X 2 2/[330(4‘33)_]

(21)
Interpreting equation (21) in undefined form
S = jd«r/m £ Gl -

yields the asymptotic profile of 3 for ¥ = ~o0c in the magnetic
presheath

$lye =4 = AL /(5= comit)?

(23)

with the scale length

OLM& = JE CS /-lz &{U“%I

(24)

Thus, the scale length CiuLincreases with increasing angle f’
as the component jgzv of the magnetic field.




c. Potential Differences in the Transition Layer

As Fig. 4 shows, the total potential drop over the transition

layer (buf + i.e. the total energy gain or loss of ions and ;
electrons across the layer, is nearly independent of the magni- ?
tude and direction of the magnetic field, being determined only 5
by the ratio of instreaming particle fluxes ¥

Cév /n ~ L [Fk)W%o)

o » lee.

The potential drop over the magnetic presheath ¢ y , on the

other hand, is dependent on Y’ : from equations (6) and (10)
it follows that |

e‘#S/Tt x ~ Ra (V‘\,g/\/‘w)

where \/,(S‘-‘: \.)/r(k‘g) and X¢ is the position of the edge of the
presheath 3 [ - some Debye lengths. From Fig. 7 this ratio is
seen to increase monotonically with ¥ and Ce /Jz_.
Accordingly, the potential drop across the Debye sheath
decreases with growing Y and Qg/Jl.

The case ?’= 90° is singular since both ion and electron fluxes
to the wall vanish, F;T':;;E = O, Due to their larger gyro radii
ions can penetrate the field farther. Thus the potential

becomes positive.

5. Conclusion

The transition layer between a plasma and an absorbing wall is

shown to be composed of a magnetic presheath which scales with the
magnetic field as Qslil_and the electrostatic Debye sheath of several
Debye lengths. The total potential drop between plasma and wall is
fairly insensitive to the magnetic field.
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Figure Captions

Fig. 1: Geometry of the model

Fig. 2: Model test case: wall potential éw for perpendicular magnetic field
as function of the ratio of ion and electron in fluxes
FiO/Feo and for two different system lengths L as compared
to the theoretical value Jﬁb(Fio/FeQ.

Fig. 3: Potential distribution @ (¥) for different angles ¥ of
the magnetic field. (a) Tio = Teoi (b) Tio =0

Fig. 4: Wall potential 4%v at ¥ = 60° for
(a) varying angles %’
(b) varying magnetic field strengths, expressed by the
ratio of electron gyro frequency W to plasma
frequency W .

Fig. 5: Flow velocity of ions and electrons Vi’;e (k) for ¥ = 60°
from the model. The dashed curve represents the quasineutral
fluid approximation (6) to (8) and (10) for the magnetic

presheath with - =2 | ¥e = 1 . (isothermal electrons)
(CL) I'I‘D"-'\‘ IQD f('@) Tto—.-_o

Fig. 6: Dispersion relation k? ( V&o ) for the two modes 1 and 2
from linearized fluid equations (6) to (10).
The asymptotic modes are:

I ... electrostatic ion cyclotron mode,
II... ion acoustic mode.
(a) Tio = Teo; (b) Tio =0

Fig. 7: Quasineutral flow approximation for the magnetic
presheath. The approximation holds except for the sheath
region extending some Debye lengths ahead of x = L
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