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Effect of biasing on divertors in low and high ionization states
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Abstract

One-dimensional transport equations were used to study the biased divertor plasma. By including ionization pro-
cesses, a drastic transition between low and high ionization states was found. In high ionization state, the heat flux at
the positively biased divertor leg increases mainly due to Seabeck effect. The temperature can be controlled with the
biasing only in this state. Momentum loss due to charge exchange processes prevented the transition to the high

ionization state. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In order to control the divertor plasma, the divertor
biasing has been tested on medium-size Tokamaks such
as DIII-D and JFT-2M. Various simulation models
have been developed to analyze how plasma parameters
will change with the biasing [1-3]. In these studies,
however, some important physical effects were not
considered for simplicity. For example, plasma temper-
ature was not calculated in [1]. The Seebeck effect and
the heat loss in the divertors are not taken into account
and neutral ionization was not calculated in the study of
[2]. Plasma momentum loss in the divertors is neglected
in [3].

In order to protect wall materials from large heat
flux, the so-called detached plasma is important. In this
plasma, heat and momentum losses due to the interac-
tion with neutrals become larger in the divertor plasma.
Therefore it is necessary to study the effect of the biasing
on the divertor plasma where ionization and charge
exchange of neutrals are dominant.

In Section 2, we explain our calculation model, which
includes the interaction of plasma with neutral particles.
In Section 3, we present some calculated results. Section
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4 explains why plasma current may flow in the opposite
direction to applied bias voltage in a high ionization
condition. Section 5 is the summary.

2. Model and equations
2.1. Modeling of the biased plasma

In this paper, we use a simple one-dimensional ge-
ometry along the divertor field line. Two divertor plates
terminate the field line and an external circuit connects
them. We distinguish the plasma parameters near the
two plates with the subscripts ‘1’ and 2’. The heat and
particle sources from the main plasma are located at the
stagnation point, which is refered with the subscript ‘0.
All physical values in this subsection are normalized
with values given in Table 1, where typical values are
calculated for H-plasma with particle loss from main
plasma of I';=2.0x 102 1/m?s and heat loss of
go = 1.0 x 10" W/m’.

We use particle, momentum, energy, and charge
conservation equations with integrated Fourier’s law for
two divertor regions, the relation between the ionization
probability and flux amplification factor, and Ohm’s
law. By solving the following nine simultaneously, di-
vertor densities (ny,n;), temperatures (77, 73), non-di-
mensional potentials (¢, = e®, /T, ¢, = e®,/T>), flux
amplification factors (R;,R;), and a stagnation point
temperature (7y) are derived.
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Table 1
Normalized constants of plasma parameters
Physical parameter Unit Definition Typical value
Particle flux 1/m?s Iy =1r, 1.0 x 102
Heat flux W/m? ¢n = 1q0 0.5 x 107
Current density A/m’ J, =el, 1.60 x 10°
Temperature J T, = ”q( S 7.70 x 107V
Density 1/m3 , 37T 3.30 x 10'°
Divertor length m L, = 2’\”7(::”" 1.06 x 10°
Potential \Y% Vo=0 4.81 x 102
Electric resistivity Qm (ne)n = %J:T‘n 8.08 x 1077
Seebeck coeflicient (o), = (o) 6.49
Heat transition factor (f()), = f (o) 6.49
e Charge conservation g(¢) =1 —exp(¢py — ¢), (8)
2 m;
> n,Tg(¢) =0. 1y  S@)=2+¢+2 exp(—), ©)
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e Energy conservation
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e Relation between the ionization probability and flux
amplification factor

1
Ri=—— (j=1,2). 3
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e Particle conservation
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e Momentum conservation

mTi(1+ &) =mh(l+&). (5)
o Integrated Fourier’s law
nJZf/Zf((ﬁ/)L/ :D(T;,T(),(f),) (]: 172) (6)

e Ohm’s law
Vet = (0 h — ¢, 1) + (T — T)
+(E(T17T()7¢1)_E(TbT()vqbZ))? (7)

where # and ¢ are the ionization probability and the
drag factor of the neutral, which are explained in Section
2.2, AE is energy loss per ionization. We assume that AE
is larger than the hydrogen ionization energy (13.6 eV)
due to existence of the excitation process and impurities.
y = yp — ar represents the presheath effect (yp) and the
thermo-electric effect (o). I'=nT"/2 J =nT"g(¢),
and Q = nT*?f(¢) are the divertor flux densities of
particle, current and heat. g(¢) and f(¢) are defined as
the following:

4nm,
where ¢y(=log{+/(m;/4nm.)(1 —y.)}) is the floating

potential, m; and m, the ion and electron masses, 7, is the
secondary electron emission coefficient of the divertor
plate (set to be 0 now). L is the length of divertor (that is
the distance between a stagnation point and a divertor
plate).

Using the classical transport coefficient (thermal
conductivity x oc 72 and electrical conductivity
o « T%?), Functions D and E are calculated as the fol-
lowing:

7 T 5/2
D) =3 | oo (10)
B g) =B [ (1)

where s = o1J /q = arg($)/Tf (¢), n. = k/To.

2.2. Interaction model with neutral particles

The neutral ionization probability (r) for the divertor
with the length of L was calculated in [4] with a simple
analytic formula. For the detached plasma modeling,
momentum loss by the charge exchange process seems to
be important. So we extended this formula and em-
ployed another formula for the neutral ‘drag factor (&)’
due to the charge exchange. Velocity and temperature of
neutrals were neglected compared with those of the
plasma in calculation of the right-hand side of Eq. (2)
with n and &. Neutral velocity was also neglected in
calculation of ¢ itself by Eq. (13).

e Jonization probability

1 L
n= f /0 nnn<av>ion dz
A —b/ —L/7
= (1= fe (1 — e, (12)
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e Neutral drag factor

-1 [t
6:4}1_7“/ (—miu—i-mnun)n”n(UU)cx dz
0
1 2 —b/) ~L/2
— 5 (1= fe )1 = ), "

In Egs. (12) and (13), the neutral density is assumed to
decay exponentially from the divertor plate (= n,0e /%),
and the recycled neutral flux is estimated as
To/T = (1— f,e7®*), where f, is the effective pumping
factor (set to be 0.05) and b is the divertor width (set to
be 0.05 m). Z is the total mean free path,

1 1 1

= 14
A /lcx * ;Lion ( )

and 4, and A, are the mean free paths of ionization
and charge exchange, respectively,

j'ion =

Mot nlovla
where, the ionization rate coefficient (ov),,, is calculated
by Verner’s routine [5,6] and the charge exchange rate
coefficient (ov)., is obtained by integrating Riviére’s
formula [7]. Divertor plasma asymmetry, which has of-
ten been observed experimentally, can be introduced
into our model by changing the length between two
divertors. In this paper, however, we concentrate our
study to the case of L; = L, = L; to see the effect of the
divertor biasing more clearly.

3. Calculation results
3.1. Seebeck effect

Firstly, we find that the current induced by the bi-
asing plays a very important roll in controlling the heat
flux (Seebeck effect [8]). In [2], ot was set to be 0 ar71d the

auxiliary functions of Egs. (6) and (7) were D = TOE — T%
and E ~ T} — T2, resulting that heat flux was constant
with varying the bias voltage V. In order to compare
with this result, we increase Seebeck coefficient ot from
zero to the value (0.71) for hydrogen ions, keeping that
n=0.9and ¢ =0. In ar = 0.71 case, heat flux 0, and
temperature 7 increase with positive Ve, though Q) is
constant and 7; decreases in at = 0 case.

3.2. Transition between low and high ionization states

Next, we change the length of divertor (L) and cal-
culate also ionization probability (1), keeping that
¢ = 0. When L, becomes longer, a very sharp transition
of ionization probability () to a higher value is ob-
served and vice versa. At the same time, the plasma
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Fig. 1. Divertor temperature 7; for V., = 0 as the function of
divertor length L, is shown. Energy loss per ionization is set to
be 13.6 and 80.0 eV.

parameters also show hysteresis curve. One example is
given in Fig. 1. The horizontal axis is L and the vertical
axis is the symmetric temperature T; for V., = 0, which
is called ‘symmetric’ because two divertor legs are of the
same length and both temperatures are equal. As AE is
the energy loss per ionization, 7; for the low ionization
state does not depend on AE (400-500 eV in this case).
The high ionization state is restricted to larger L, with
increasing AE and the temperature T; for this state de-
creases.

The effect of the divertor biasing on the plasma pa-
rameters appears quite different between low and high
ionization states. It is shown in Fig. 2 that the current J;
increases with V., in the low ionization divertor whereas
it decreases in the high ionization divertor. The heat flux
shows a similar reversing between low and high ioniza-
tion divertors. It was more difficult to control plasma
parameters with the biasing in the low ionization state.
The neutral ionization probability # itself is hardly af-
fected with the biasing in both states. This means that
the biasing has no effect on the neutral behavior.

A change of the main plasma heat/particle loss can
trigger this ionization transition. So a kind of instability
might develop in the biased divertor plasma.

3.3. Charge exchange effect

When we include the charge exchange (i.e., &) cal-
culation, the ionization probability #, generally drops.
As shown in Fig. 3, it is difficult to obtain the high
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Fig. 2. Normalized current as the function of the normalized bias voltage Ve /V; is shown.

ionization state even at large divertor length L. In this
case, 1, for Ly = 100 m changes from 0.95 (in the wo/CX
case) to 0.14 (in the w/CX case). & (in the w/CX case) is
~0.3 and less dependent on L.

Fig. 3 shows that charge exchange processes domi-
nate the plasma even for long divertor length, where one
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Fig. 3. Charge exchange effect on ionization probability 7, for
AE = 80.0 eV. Closed circles are the data without charge ex-
change calculation. Open circles are the data with the charge
exchange calculation.

would normally expect detached plasma. The particle
flux amplification due to ionization is suppressed and
plasma control with the divertor biasing is also expected
to be difficult.

4. Discussion

As shown in Fig. 2, the current in the high ionization
state flows in the opposite direction of the bias voltage
polarity. We discuss it briefly here.

Three terms in the Ohm’s law (7) are shown in Fig. 4
as function of the bias voltage V. In the low ionization
case, the temperatures of two divertors are almost equal
(Ty = T»). So thermo-electronic effect (and presheath
effect) (7} — T») is small (T-term in the figure). Joule
loss E(T1, Ty, ¢,) — E(T», Ty, ¢,) is also negligible (J-
term). As the current is proportional to g(¢) ~ ¢ — ¢,
external applied V;,, drives the current in the co-direc-
tion.

In the high ionization case, the Joule losses term is
very large and the potential difference in the plasma (P-
term, 71¢; — Th¢,) is only about 10% of V. Moreover,
as Ty > T, for positive Vey, ¢ < ¢y < 5. So Vey drives
the current in the counter-direction.

5. Summary
We used one-dimensional plasma transport equa-

tions including the interaction with neutral particles and
obtained the following results.
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Terms in the Ohm’s law( Lg = 1[m])
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Fig. 4. Magnitude of three terms of Ohm’s law are compared as the function of the normalized bias voltage Ve /¥, for low and high

ionization states.

e The Seebeck effect, which had often been omitted due
to simplicity in previous works, was very important
in controlling the heat flux with the biasing.

o As the length of the divertor was increased, the ion-
ization probability of neutral particles and plasma
particle flux amplification factor jumped from the
low value (low ionization state) to the high value
(high ionization state). This transition showed a hys-
teresis property.

e The response of divertor plasma parameters to the
application of the external bias voltage was quite dif-
ferent in the low and high ionization states. It was
more difficult to control the plasma with the biasing
in the low ionization state.

e Including the charge exchange effect, we found it dif-
ficult to obtain the high ionization state. So detached
plasma control with the divertor biasing is also ex-
pected to be difficult.

o In the high ionization state the current flowed along
opposite direction of bias voltage polarity. This was
explained with the fact that the plasma temperature
dropped toward divertor plates and that a non-
dimensional potential decreased.
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