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Abstract

Analytic model of the divertor biasing is described. For the given plasma and energy
sources from the core plasma, the heat and particle flux densities on the divertor plate as
well as scrape-off-layer (SOL)/divertor plasmas are analyzed in a slab model. Using a two-
dimensional model, the effects of the divertor biasing and SOL current are studied. The
conditions to balance the plasma temperature or sheath potential on different divertor plates

are obtained. Effect of the SOL current cn the heat channnel width is also discussed.
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§1 Introduction

Recently the importance of scrape-ofi-layer (SOL) and divertor plasmas has been widely
recognized from many view points [1] {2]. The plasmas which surround the main plasma
were found to have a critical role in determining the core confinement, particularly for the
appearance of the improved confinement modes. The long and stable discharge in the high
power heating regime has been possible only if the SOL and divertor plasmas are controlled so
that the rapid impurity generation is suppressed. It has also been noticed that the condition
which is imposed on the divertor plasma often limits the parameter regime of the consistent
fulfillment of various physics and technological constraints[3]. Motivated by these results,
investigations have been done in search of the control of SOL/divertor plasmas by the divertor
biasing. It has been found that there is a spontaneous force free current in the SOL/divertor
region driven by the thermoelectric field [4]. Applying a DC voltage between two divertor
plates, efforts were made to control SOL/divertor plasmas [5][6]. Theory was made on the
effect of the divertor biasing employing one-dimensional model [7][8]. Response of the plasma
parameter to the applied field (or driven current) was studied. Although these works have
shown evaluations on the eflects, either the energy equation was not appropriate in [7] (as is
pointed out in Ref.[9]) and the temperature on divertor plates was not absolutely determined,
or only the linear response to the applied voltage was calculated [8]. Further analysis is
required to show, at least semi-quantitatively, the effect of the divertor biasing including the
two-dimentional nature of SOL /divertor plasmas.

In this ariicle, we extend the analysis in Ref.[7] on the effects of divertor biasing, by
employing a simple slab model of the divertor plasma. Assuming the particle flux enhancement
factor in the divertor plasma, we evaluate the SOL /divertor plasma parameters as a function

of the externally applied DC electric field, for the given fluxes from the core plasma. We




estimate the radial extent of the plasma by assuming a temperature and density dependence
of the thermal conductivity. The effect of the DC field on the SOL width is also estimated.
We calculate the necessary voltage in order to equalize the plasma temperature or sheath
potential at the divertor regions. These parameters are key factors in order to estimate the
erosion rate of or the impurity source from the divertor plate[2]. For instance, the control
of the sheath potential is effective in reducing the impurity source/erosion rate, because the
sputtering yield ratio is a strong nonlinear function of the sheath potential.

In Sec.2, we describe model and equations used in this paper. The linear response of
SOL/divertor plasmas is described in Sec.3 and numerical results are shown in Sec.4. Summary

and discussion are found in Sec.5.

§2 Model and Equations

The plasma region of our interest is illustrated schématically in Fig.1. We take a simple slab
plasma model for the analysis by choosing the radial width of the plasma to be constant along
the field line. This simplification allows an analytic treatment. Figure 2 shows a simplified
geometry of our analysis. The power and particle flux are supplied from the main plasma at
a distance of I, from the divertor plate 1. The asymmetry of the source distance between in-
and outer divertor plates appears in the experiments. It is usually considered that the heat
and particle supplies to the SOL region are given in the vicinity of the outer mid plane.

We assume that there is an external DC power supply and the force free current flows by

the thermoelectric field and external field. The equations governing the plasma are as follows

[1][10]



e Particle flux density at the divertor plate
Ij=An T/ (1)
e Heat flux density at the divertor plate
g =T, T,{2+ ¢, + 2aexp(—¢,)} (2)

» Current density

Jy =e T, {1—exp(¢ - ¢;)} (3)
where the suffix j (=1, 2) stands for each divertor plate. Notations are n: plasma density, T
temperature (where 7, = T is assumed), ¢,: ratio of the sheath potentjal @, to the divertor
temperature, ¢, = e9,/T;, @ = \/rm, A= \/2/—m, and ¢ = In[(1 — v)a]. 7 is the
secondary electzon emission coefficient, which is assumed to be v = 0. At ¢; = ¢, the heat
transmission coefficient ¢/TT = 2 + ¢; + 2aexp(—¢;) is about 6.5 and no SOL current is
driven.

The energy balance equation gives the relation

7
7/2 7
TOI = CZJI2+§K—0LJ' q; (4)

where the suffix 0 indicates the value at the source location, and the classical thermal con-

ductivity is assumed as sy = 5o T%°. The heat flux density g, and the total power supply to

the SOL, F,, have a relation .
F B,

%= 2rRA E (5)

where A is the SOL width, which is determined later. R is the major radius of the torus, B,

and B, are poloidal and torcidal magnetic fields, respectively. The pressure balance equation

yields
1
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The current is assumed to be divergence free and we have
J=Ji=-0. (7)
By integrating the Ohm’s law along the field line and using Eq.(4), we have
Ve = C mO)L I+ % = &4 ~(3 ~2)(Ts = T) (®)

where the constant C is given as C; + C; and

_EMEJ_ (9)
1T TD7/2 _ TJ?/z A

~p, Y are coefficients of the presheath and thermoelectric effects, respectively. For hydrogen
plasma, we may choose 7, = 0.5 [2] and ¥ = 0.7 [11]. Voltage drop due to the external
resistance is included in the applied voltage V.o;. (The relation (8) is obtained by noting the

parallel conductivity ny = np T-3/2_ In the case that g, can be assumed to be constant along

the field line, T; is expressed as
(10)

from Eq.(4). Substituting Eq.(10) to the voltage drop of [ JndZ, Eq.(8) is obtained  [12].)

The distance between two divertor plates is fixed as
Ly 4 L, =2L. {11)

If we neglect the energy loss in the SOL regton, the energy conservation relation can be written

as
01+ 92 = . (12)

The density conservation relation can be written as

I I,
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where G is the enhancement factor of the particle flux by the localized recycling near divertor
plate.
The expression of A is obtained by solving the radial diffusion equation with the parallel

loss term. In the absence of the electric field, we have {13]
A=2r"aRrg T? P} (14)

where a is the minor radius. We here simply assume that the perpendicular thermal conduc-
tivity is Bohm-like as

k1 =kg T. (15)
The coefficient xp is given as kg = f no/16B, where 3 is an enhancement factor. Equations

(4)(5) and (14) determines the heat channel width self-consistently. In the limit 7,/* > T;” ?,

the heat channel width is given as

7 T\ L BN\ _
A= (2%2) (E) (a R (Eﬁ) P31 e, (16)

If the electric field exists, the E x B flow is driven by the poloidal electric field. Estimating
the poloidal electric field by ®/a, we have

0T ngTp @
=—rL — - 7
& L or + B a (17)

instead of ¢, = —« 0T/0r. Evaluating 8T/dr by —T/A, we have g, = —&', 0T [9r with

k), = kpT (18)
and
, 16e@ A
Kg = {1 + F?n;} Kg. (19)

In case that the SOL current is in the counter-direction to the core plasma current, the pinch

of the heat channel occurs (®; and ®; work in the same direction). In case that the SOL
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current is in the co-direction, the heat channel increases. As a result, we write

16 |e®| A
=14 6——|— 20
kg [ + /6 TO a} Kp ( )
and take § = 1 in the case of co-current in the SOL and 6 = —1 in the case of counter-current

in the SOL. Replacing x5 by % in Eq.(16), we have

711
e é} A, (21)

Ty

16
A= [1+6—
a

g

where the suffix * indicates the value in the absence of the radial electric field.

We finally note the model of the enhancement factor G: Main part of our analysis is made
by assuming G to be constant. This assumption may be valid for the small flux limit or the
dense and cold divertor plasma. The transition regime is not treated by this simplification.

Other choice of the assumption is that n; is to be fixed. This case is described in Appendix.

§3 Linear Response

Before showing numerical results, we will analyze the linear .response of the SOL/ divertor
plasmas. If the source position of the pariicle and heat flux is a Little shifted from the mid
point, the SOL length is written as

L=T%1 (22)

where |L/L| < 1. In this case, the SOL width is assumed to the constant, since |16e® /8Ty <

1 and A/a < 1. Under this assumption, the plasma parameters can be obtained by linearizing



Eqs.(1)-(8) in the following form

I, = T+T
4 = -q-:*:‘:f
n, = AEn (23)
T, = T+T
¢J = 5i5
where or
¥ = J20
I = 2
- do
- g = E
_ 1@ oy
T = B
f($) G Ty
¢ = In[(1—7)a]
f(8) = 246+ 20exp(—9).

The perturbed quantities are written as

foo 1 Dul DueVe) g
2\ DI D 4T
. 1—@159?7’,2 1:;+£)_21 Ko T-TIZ GVat
7= D gL | I D §I 7|¢
~ Dy L Dy eVerr\ _ 25
n_(DN.EJrDW)n (25)
. Dy L Dy eV =
T = (D I D 3T T
T Dy L | Dy eV -
¢ = ( DItD é¢T ¢

co




where

TCny(0)L
Dy = 2+ SEmM @( )
_ T
Dy, = 2?%&
#{1 - 20 exp(=9)}
Dy = 26)
S (
b _ CRT+[@TDT
22 271
D = DyDy — DDy
The parallel current flow is given by
== D]g z Dy ch.a:t
el |—— =+ — == 2
¢ ( D L * D ¢T ) (27)

When the divertor plates are floating, e.g., the external circuit does not connect two divertor

plates and J = 0, the perturbed quantities are

F - _lfl
2 L_72 B
- 1 .“CUTI _£
7= 7L 7
. I (28)
n = 1:1:-L-
7 - 7L
L
$ =0

This indicates that the temperature and heat flux of the divertor plate close to the sources
are higher, whereas the density and particle flux are lower.

When two divertor plates are connected by the external circuit, various control is possible.
If we want to equalize the temperature of the divertor plates, i.e., T = 0, we must apply the

biased voltage as

= . 29
D21 e [ ( )
The external power to the SOL plasma is necessary, since the parallel current is not zero from

Eq.(27).



The SOL plasma temperature Ty and density i is hardly charged, since these perturbed
terms are 2nd order magnitude of L /L. Therfore ng and T, may be considered to be constant

in the linear response as follows,

- 7 o =27
ny = 2nT (Tm s -q-L)
=1/2 7 ]ff, 2/7 (30)
2!{0

When L/T is not small, we cannot treat the equations linearly. In the next section, we

will show numerical results.

84 Numerical Results

We normalize the model equations for numerical calculations. Normalized parameters are

ZQ/Qt ’ T:F/Fh

T/

)

1
H
e
=
Il
2

S
=3

2

) (1)

=0/0, , V.=V, V.,

J=JjJ, , I,=1;/L
In this section, we take ¢. = 1 [MW/m®], T, =10% [1/m?%], T. =1[eV], n. = 10" [1/m?,
@, =V.=1[V], L =30[m] and J. = el,.

We first examine the effect of bias voltage on the heat channel width. Change of the SOL
width by the applied voltage is shown in Fig.3. The flux sources from the core plasma and
the SOL width in the absence of the applied voltage are chosen as §, = 10, [y = 2 and
A./a = 0.02. Other fixed parameters are L; = 0.75, G = 10 and f = 2. The solid line is
in the case that the SOL current is driven in the direction of the core plasma current(§ = 1),

and the dotted line is in the case of counter-direction(§ = —1). The SOL width has a nearly

linear dependence on the applied voltage and varies with the direction of the E x B flow.
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The variatior of SOL/divertor plasma parameters due to the applied voliage are shown
in Fig.4 for the same condition as in Fig.3. In this case, we take 6 = —1, e.g. the E x B
force makes the inward flow. The case of & = 1 shows a similar behavior. This is because
the change of the SOL width does not exceed 20 % for the range of present analysis, and
remains to be a small correction. When no external bias is applied, Ty is higher than T,
cince the flux source is chosen close to the divertor plate 1. The divertor temperature can be
equalized at V... ~ 100. The sheath potential can be also equalized at V..e ~ —54. These
results imply that the divertor temperature or sheath potential can be balanced by the DC
divertor biasing. The SOL plasma parameters ny and Tp are weakly changed. Control of the
boundary condition of the core plasma by this divertor biasing method may be difficult. We
should also note the change of the heat and particle flux densities. The particle flux densities
toward two divertor plates are equalized at Ty = T, while the heat fluxes are not, since the
heat transmission coefficients 2 + ¢; + 2cexp(—¢;) have different values between two divertor
plates. Numerical calculation confirms the results that the DC biasing hardly changes the
heat flux distribution between two divertor plates.

At alarge bias voltage, plasma parameters show strong dependence on Ve For the diver-
tor plate 1, dd, /dﬁm is positive at Ve S 90 but becomes negative at V.. 2 90. Associated
with this, 7} and n; change strongly. At a large bias voltage, the SOL current toward the
plate 1 is carried by the ion saturation current. Since the factor 1 - exp(¢ — ¢1) in Eq.(3)
approaches 1, T'; and J; are proportional to T;l’l 2 for the fixed value of n; Ty = noTy/2. (Note
that ngTp is only slightly changed.) In this ion saturation current regime, the increment of Jy
requires the reduction of T}, causing the increase of n;. Similar phenomena can be seen at the
plate 2 for the region of V... < —100. The temperature T, strongly drops and the density n,

inceases. In such a large voltage region, the potential drop due to the parallel electric field in
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the SOL region is dominant compared to the sheath potential drops.

The SOL current does not become zero when no bias is applied, since the difference between
the distributed heat flux densities toward the divertor plates induces the parallel SOL current.
This correspond to the thermoelectric current obtained in ref.[4]. There exists the region of
applied voltage near V.;, = 0 in which the plasma works to the external circuit (Vg J < 0).

The relation between the total heat flux and external applied voltage necessary for T} = 7
or ®; = ®; is shown ir Fig.5. In this case, we take § = —1. The voltage to balance the divertor
temperature has a minimum for a given heat flux. Since the SOL width becomes wider with
the decrease of the total heat flux, the substantial heat flux is more smaller, so that the larger
voltage is necessary compared to the case of neglecting the £ x B flow. Note that correction
is less than order of 10 % as seen in Fig.3. If x;'e take 6 = 1, the reverse tendency is obtained.
As for the sheath potential, the applied voltage becomes smaller with the increase of heat
flux.

Plasma parameters are also functions of the location of the source fluxes from the core
plasma. Figure 6 shows the plasma parameters at the voltage to equalize the divertor tem-
perature as a function of source location, L;/L. It is noted that we have three solutions
around [; = 1. Oneis unstable, which we have obtained analytically in Sec.2, and others are
stable, which are characterized by large applied voltage and sheath potential. We can explain
this phenomenon using Fig.4(a). When the source location approaches the mid point, the
temperature of the plate 1 goes down and that of the plate 2 goes up, so that the solutions
appear at the negative voltage. These solutions can be obtained only if the flux source exists
close to the mid point. On the other hand, the SOL plasma parameters g and Ty are hardly
changed, which agree with the anlytical estimate. The SOL current and applied voltage only

slightly increase even when the input position rather approaches the divertor plate. We also
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obtain the numerical results that the distribution of heat and particle flux toward the divertor

plates has a linear ralation to the input position.

§4 Summary and Discussion

Control possibility of SOL/divertor plasmas by the external DC biasing was studied. Two-
dimensional model was used including the effect of the cross field E x B flow driven by the SOL
current parallel fo the magnetic field line. It is found that some of divertor plasma properties
can be controlled by the DC divertor biasing. The imbalance of the plasma temperature or
sheath potential between the in- and outer divertor plates, which occurs due to the asymmetry
of the location of the flux supplies to the SOL region, can be controlled. On the other hand, the
influence on the SOL widih and SOL plasma parameters ng and T, remains to be corrections
of the order of 10 %. Least sensitive is the heat deposition onto the divertor plates.

The poloidal electric field is formed by the SOL current. We assume the simple Ohms
law for the SOL current and the parallel electric field. The question arises whether or not
this electric field exceeds the Dreicer limit, which is the critical value of generating runaway

electrons. The Dreicer limit is given by [14]

elnA
= 2
“ 8’)1'60AD (3 )

where A and Ap is the Coulomb logarithm and Debye length, respectively. The critical SOL

current to reach the Dreicer limit can be given as
Jor = 2.4 x 10735702, (33)

For example, provided that n = 10¥*[m™%] and T = 10[eV], we have J,/J. ~ 47 x 10%
which is large 2 order magnitude compared to the SOL current calculated in present analysis.

Therefore we may use the Ohm’s law for the evaluation of the SOL current.
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At the voltage, Vet = 100, which is necessary for 77 = 77 in Fig.4, the external power given
to the core plasma is about 16 [MW/m?]. This is the same order as the outward power flow
from the core plasma. In case of equalizing the sheath potential {V.,, = —54), the external
power is about 6.3 [MW/m?]. Our model indicates that the external power is necessary to
be large in such a case of asymmetry L,/L; = 5/3. In order to treat correctly this strong
asymmetry, the Joule heating of the SOL plasma by external voltage must be kept in the
energy balance equation. This is left for future work.

In this paper, though two dimensional effects are taken into accout by a model, effects of
impurities and neutrals are not directly included. Impureties radiate the keat power and the
enhancement factor of the particle flux G is a function of neutral densities. More quantitative
analysis such as the numerical simulation by UEDA code[15] is required to compare with the
experimental results.

We finally note the effect of the divertor biasing on a core confinement. This analysis
shows order of 10 % correction to the boundary condition of the core plasma. The analysis
is made under the assumption that the source from the core is constant. It is well known,
however, that slight change of the boundary condition can cause dramatic change of the core
plasma such as the H-mode [16]. In experiments, applied bias voltage may vary across the
magnetic surface, causing the radial electric field. More complete anlysis combining with the

bifurcation phenomena[17] of the core plasma requires further research.
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Appendix

In this Appendix, we consider the model in which n, is constant, ny = ny = n. Plasma
parameters are solved using Egs.(1)-(4), (7)-{9), (11} (12) and (21). The SOL density no
can not be determined.

First, the linear response is investigated. Similarly in Sec.3, when we assume L; = L *

(|L/I| < 1), the plasma parameters are written as

I, = T«T
. = 47§
g; qxqg (A.1)
T, = TxT
QSJ = aig
where
7 =2
2 . 1/3
T = An[ D_]
2Anf(g
nfo) (A2)
T = [ QO_
2Anf($)
¢ = In[(1 —7)a].
The perturbed quantities are given as
- _ (i Pu TP\ Do kT V]
D gL /I ' D 3T T |(f
f - 1 Dul Dy eVl
2\D L D éT
T Dy L Dy eVeu )=
Foo [Pz Dn fet) (A.3)
(D L D ng)
T 12 L Dy eVen\ <
¢ = ( D §+ D aT)¢
. Dy L Dy eVes\ =
J—( DI D er)%"

where the definition of Dy, 1s the same as that in Sec.3.

15



When the divertor plates are floating, ¢ = 0 and J = 0, the perturbed terms of heat and

particle fluxes are

o= %r%
. 3L L (A4)
§ = —— =

3?;‘L+&0T7”2L

The different point from the results in Sec.3 is that the particle flux increases when the input
source is close to the divertor plate. (It decreases in the model of Sec.3.) This is because the
particle flux is proportional to 7%/2 as shown in Eq.(1).

The applied voltage to equalize the temperature of two divertor plates is given as

D, ¢T L
Vg = — = = A5
et Dgl e L ( )
which agrees with the solution (29).
The voltage to equalize the heat flux can be also obtained as follows,
.D_u figTle - D-qnf 5 _;LF f/
Veat = — A (A.6)
Dgl I‘CoT €

This voltage value is very large, since K.ng /L <7

We numerically investigate the relation between the plasma parameters and applied volt-
age. The divertor plasma can be also controlled in this model, e.g., the divertor temperature or
sheath potential can be balanced. For n, = §x10°[1/m?], gy = 10{MW/m?| and L,/ = 0.75,
the necessary voltage for T3 = T; and ®&; = &, are V., ~ 110 and —30{V] and the external
powers are 14 and 1.5 [MW/m?®]. It is surprizing that the SOL current begins to decrease
when the applied voltage is beyond a certain value. This can be explained as follows; at a
large positive voltage, the SOL current have a strong dependence on T3, since n; is fixed and
1 —exp(¢ — ¢;) — 1in Eq.(3). As T, decreases, the SOL current is a decreasing function
of applied voltage. It is also noted that we have numerical results that ng and 7} weakly

changes, which is similar to the model that T is fixed.
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Figure Caption

Fig.1 Geometry of the plasma region.

Fig.2 Slab model of the SOL/divertor plasmas.

Fig.3 SOL width as a function of applied voltage. Real and dotted lines correspond to the

cases for 6 =1 and § = —1, respectively.

Fig.4 Relation between plasma parameters and applied voltage, (a}temperature, (b)density,

(c)sheath potential and (d)SOL current. The condtions are the same as those in Fig.3.

Fig.5 External applied voliage necessary for 7y = 75 or ®; = @;. Real and dotted lines
correspond to Ty = T3 and ®; = ¥, cases, respectively. Total particl flux is (a)f‘o =1

Fig.6 Plasma parameters as a function of input position of the heat and particle fluxes when
the temperature at two divertor plates is balanced. {a)temperature, (b)density, (c)sheath

potential. Total heat and particle fluxes are chosen as ¢, = 10 and [y = 2.
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