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Particle-in-cell simulations of the plasma-wall transition
with a magnetic field almost parallel to the wall
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Abstract

Using simple analyses and 1d3v (one space and three velocity dimension) particle-in-cell simulations we show that
the properties of the plasma-wall transition change when the angle o between the wall and the magnetic field is of the
order of, or smaller than, certain values o, a,. These values depend on the ion mass and collisionality, and on the ion-
to-electron temperature ratio in the magnetic presheath. In this range of o, no significant decrease in the particle and

heat fluxes to the wall is expected with decreasing o.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Theory

In the design of contemporary and future fusion
devices, there is a clear tendency to decrease the incli-
nation angle o between the divertor plates and the
magnetic field. It is assumed that the undesirable particle
and energy fluxes decrease with decreasing o. On the
other hand, up to now it was unclear whether for ex-
tremely low angles (o < 1°) the ‘classical’ plasma-wall
transition (PWT) exists. There are two reasons for this:
First, at these angles the ion flux becomes ‘scraping-off’-
dominated and the potential drop across the PWT may
therefore differ from the classical one [1,2]. Second, the
projection of the charged-neutral-collision mean free
path onto the normal to the wall can become of the same
order as the ion gyroradius, so that the assumption of a
collisionless magnetic presheath (MP) is no longer valid
[1,2].
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In describing the PWT it is (usually) assumed that
Ap K p; K I < I (see Fig. 1), where Ap is the Debye
length, p; is the ion Larmor radius, and /., and /.. are
the charged-neutral particle and the Coulomb collision
mean free paths, respectively. Then the PWT is free of
Coulomb collisions and can be divided into three parts
[1]: the Debye sheath (DS), the MP and the collisional
presheath (CP). The collisionless DS (width is a few 1p)
forms just in front of the wall and is characterized by a
strong space charge. In the quasineutral collisionless MP
(width is a few p;), the ion scraping-off and the related
kinetic effects become important. In the CP (extension
along the normal to the wall is about /., sina), the
collision effects become dominant. This subdivision al-
lows us to consider different parts of the PWT sepa-
rately. Following this strategy, we present some (well
known) results for the PWT with inclination angle above
the critical « (see for example [1,2]).

The main characteristics of the DS and the MP are
the potential drop between the MP entrance (MPE),
associated with the boundary between the MP and CP,
and the wall (A¢yp), the normal (to the wall) component
of the ion fluid velocity at the MPE (¥, mp), and the
electron and the ion heat transmission coefficients (7., 7;):
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These values define the particle and heat fluxes to the
wall and are used for the boundary conditions in fluid
codes simulating different plasma devices. For simplic-
ity, we consider in (1) just the floating case. Here e is the
electron charge, m. and M; are the electron and ion
masses, and T, I's and @, are the electron (s = ¢) and the
ion (s = 1) temperatures, particle fluxes and heat fluxes
at the MPE, respectively.

The CP is characterized by the potential drop across
it A¢cp- The heat flux in the CP strongly depends on the
collision processes inside it, which makes it inconvenient
to introduce corresponding heat transmission coeffi-
cients, as is done for the collisionless MP. Assuming that
the electrons are Boltzmann-distributed, one obtains the
density (nyp) and the ion flux (I'yp) at the MPE as
nvp = no exp(—eAdcp/Te), I'mp = nvpVup;
here, ng is the density at the entrance of the CP (asso-
ciated with the core plasma side boundary of the CP).

In order to obtain A¢qp we consider the ion conti-
nuity and momentum conservation equations [7,8]:
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ox sino’
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here v; and vy, are the electron impact ionization and the
ion-neutral momentum transfer collision frequencies,
respectively, v is the ion parallel (to the magnetic field)
fluid velocity, and ¢ is the potential.

By neglecting temperature gradients inside the CP
and assuming that the electrons are Boltzmann-distrib-
uted, we solve the system (4) to obtain

Adep = E Vi + Ve /2 In 2¥; + Vi - (5)
e Vit Vm v+ (v 4 vm)(vo/cs)

where vy is the ion parallel velocity at the entrance of the
CP.

We note that in deriving (5) we do not use any as-
sumption about the angle «, hence, the expression (5)
should be valid for any «. In contrast to (5), all the ex-
pressions (1)—(3) have been obtained with assumptions

which cannot be satisfied for very small o. In order to
demonstrate this, we introduce two critical angles:

me Vi + Vit
= ="

o = bl - bl
: Mi Q

(6)

Ty

where Q@ = eB/M; is the ion cyclotron frequency. For
convenience, we will henceforth refer to the PWT as
classical PWT when o > oy, o.

It is easy to see that, if & < «;, the electron convective
flux to the wall, ~nVf sina ~ n¥fo, is of the same order
as, or less than, the ion scraping-off flux [4], ~nV}
coso = nVj (Ve = \/Tie/mi¢). Thus, no potential drop
is required inside the MP in order to reduce the electron
flux to the wall and, in principle, the potential profile
need not be of the monotonically decreasing shape
usually encountered.

If o < oy, then (a) the width of the MP, ~p;, = Vi/Q,
becomes of the order of the projection on the normal to
the wall of the collision mean free path, ~I.sino ~
Vie/(vi + vme). Hence, the assumption of the collisionless
MP no longer valid. (b) The ‘collisional’ part of the
normal (to the wall) component of the ion fluid velocity
(V) at the MPE cannot be neglected with respect to the
projection of the ion parallel (to the magnetic field) ve-
locity on the normal to the wall,

yeol > vsina ~ cga. (7)

Hence, the ion fluid velocity at the MPE is not directed
along the magnetic field:

Vomp & VO + ¢ sina # ¢ sina, (8)

and the Bohm—Chodura condition (1) is not satisfied any
more.

The collisional velocity, Vx°°', results from the colli-
sions with neutrals. In order to estimate V! and prove
(7), we consider ion continuity and momentum conser-
vation equations for the MP and neglect terms of the
order of « [7]:

aan=vin, an V, = =QV, — vV},
0 e 0 1 0o
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Here ¥, and ¥, are the normal and parallel to the wall
components of the ion fluid velocity. As was done for
the CP, we neglect temperature gradients and assume
that the electrons are Boltzmann-distributed. Taking
into the account that for magnetized plasmas vy,
v < Q, and neglecting terms of the order ~V,/c,
V,/cs < 1, we write the solution of the system (9) near
the MPE in the form
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Taking into the account that the gradient scale length in
the MP is of the order of p;, we get from (10)

Vi + Vit

Vel Vonp(2 = 0) ~ ¢ a (11)

which agrees with the condition (7).

These analyses show that properties of the PWT for a
very small o can be different from the properties of the
classical PWT. Previous investigations of the PWT with
an extremely small o did not give a unique result: (i) in
[3] the author assumed that the potential profile may be
not only be decreasing, but also increasing (!); (ii) in
[5,6], the authors used a monotonically decreasing po-
tential, and (iii) in [4] a non-monotonic potential profile
has been obtained. Probably, these discrepancies result
from the different assumptions made in these papers.

The aim of the present work is to make self-consis-
tent simulations of the PWT for subcritical angles o, and
to obtain its main characteristics.

2. Simulations

For the particle-in-cell (PIC) simulations we use the
1d3v code BIT1 [8] developed on the basis of the code
XPDPI1 from Berkeley [9].

The simulation geometry is shown in Fig. 1. In the
center of the simulation domain we implemented an
ambipolar particle (ion and electron) source. In order to
keep the particle distribution in this region close to
Maxwellian, we used the following mechanism: during
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Fig. 1. Simulation geometry.

their stay inside the source region, the velocity of every
particle will artificially change at least once. The sub-
stituted velocities are Maxwell-distributed. This mecha-
nism is equivalent to simplified Coulomb collisions. At
each side of the system we have an absorbing wall. The
motion of ions and electrons is fully resolved in space
and time.

We consider a hydrogen plasma. The plasma pa-
rameters are chosen so as to be relevant to tokamak
parameters.: B=1T,n ~ 10 m— and 7;. ~ 30 eV. For
the charged-neutral particle collisions we consider the
ionic hydrogen elastic and charge-exchange collisions
with atomic hydrogen, and the electron — atomic hy-
drogen elastic, excitation and ionization collisions [10].
The related cross sections are taken from [11]. The
atomic-hydrogen fraction represents a fixed back-
ground. In order to insure high accuracy, a very large
number of simulation particles is used, on average about
500 per spatial grid cell. During the simulation, Max-
well-distributed electrons and ions are injected into the
source region. After a few ion transit times (L/sino
\/T;/M,), the system reaches a stationary state.

Four simulations have been made, two with o = 1°
and two with o = 0.5°. For each « we consider cases of

Table 1
Plasma parameters
Run 1 2 3 4
o 1° 1° 0.5° 0.5°
oy 0.52° 0.8° 0.57° 0.86°
o 0.24° 0.06° 0.12° 0.03°
eAdyp/Te Simulation 2.0+0.2 2.1+0.1 2.1+0.1 22+40.1
Analytic 2.8 2.7 2.8 2.7
eApcp/T. Simulation 1.74£0.2 1.1£0.1 1.8+0.1 0.940.1
Analytic 1.7 0.9 1.6 1.0
Ve Simulation 40+0.3 41+0.3 41+03 42402
Analytic 4.8 4.7 4.8 4.7
7 Simulation 6.4+2.3 47+£13 56+1.8 3714
Analytic 2.0-3.5 2.0-3.5 2.0-3.5 2.0-3.5
Ve (km/s) Simulation 1.6+0.1 1.2£0.1 0.7+£0.2 5+0.1
Analytic, from (2) 1.0 1.1 0.5 0.5
Analytic, from (8) 1.2 1.1 0.6 0.5
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Fig. 2. Profiles of the potential ¢, the ion density #n and the ion
parallel velocity v (run 2).

low and high collisionality. In the latter, the electron-
neutral collisions have not been considered.

Our simulations show that for very small « the PWT
qualitatively has the same features as the classical one: it
consists of the DS, MP and CP and the plasma pa-
rameters have smooth, monotonic profiles. The simula-
tion results are summarized in Table 1. As an example,
the profiles of the plasma parameters (averaged over a
few tens of plasma oscillation periods) for run 2 are
plotted in the Fig. 2. For comparison we also give an-
alytic results obtained from Egs. (1)-(3) and (5). In the
simulation the MPE was recognized as a point where
the ion parallel velocity v was equal to ¢, (typically, a
few ion gyroradii away from the wall).

As we see from Table 1, the CP does not change its
properties for the critical o, while, as was to be expected,
the MP characteristics differ from those for the classical
PWT in that A¢yp, Vime and y; are higher than ones
obtained from Egs. (1)-(3). The condition o > oy,
which is satisfied in all our simulations, does not allow
us to estimate the relative role of each of these critical
angles. Still, we can conclude that for a ~ a; the po-
tential drop A¢yp is significantly reduced (runs 1-4),
while for o ~ o, the quantities 7, yp and 7; are higher
than the classical ones (runs 1 and 3).

3. Summary
For critical angles o (o < o or a0 < o) the PWT is, in

general, different from the classical one. The potential
and density profiles decrease monotonically towards the

wall (in agreement with results from [6,7]), but the po-
tential drop across the MP cannot be approximated as in
(11). The ion fluid velocity is not directed along the
magnetic field and the Bohm—Chodura condition (2) is
not satisfied at the MPE. The ion heat transmission
coefficient y; is larger than the classical one.

According to our results, we propose to use in the case
of critical o the expression (8) (with ¥ from (11)), ra-
ther than the Bohm—Chodura condition (2), as plasma-
wall boundary conditions the fluid codes.

Finally it is important to note that, according to (11),

Vi + Vit

Vemp > Vemp(or=0) ~ 0

Cs.
Hence, with o decreasing below the critical value we
should not expect a significant decrease in the ion flux
and the ion heat flux to the wall. The minimum values of
these fluxes are given by

; Vi + v ; ;
min . '1 mt | min __ min R
"~ g e oM =y LI, 9> 2.
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