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Abstract

The thermoelectric current instability in SOL plasma is one of the candidates to explain inner±outer plate asym-

metries in tokamaks. This phenomenon is usually treated in the ¯uid approximation based on short mean free path

assumptions, which may be violated for typical SOL plasma conditions. We applied a one-dimensional in space and

two-dimensional in velocity Fokker±Planck code to study the problem assuming a uniform heat source and the absence

of radiation. Kinetic simulation shows that although there does exist a collisionality range in which only asymmetric

temperature solutions exist, the magnitude of the standard asymmetry is smaller than obtained from a ¯uid description

and the corresponding thermoelectric currents in the SOL are suppressed. Ó 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

There is experimental evidence of inner±outer plate

asymmetries in the divertor region of tokamaks [1±3].

Observations include asymmetries in temperatures of the

plasma, radiated energies, and heat ¯uxes to the plates.

There are several possible candidates to explain these

asymmetries: E ´ B e�ects, neutrals recycling, radiation

[4,5], and others. However, the simplest explanation may

be based on the fact that when the temperature is dif-

ferent at the inner and outer plates, a thermoelectric

current may be generated [6,7]. This current may sig-

ni®cantly modify the amount of heat transmitted

through the Child±Langmuir sheaths in front of the

plates. The SOL plasma may therefore seek an asym-

metric temperature pro®le in order to satisfy the boun-

dary conditions.

With few exceptions [8], thermoelectric current e�ects

have been studied using Maxwellian sheaths in combi-

nation with a short mean free path approximation for

electron transport. Ion transport has usually been ne-

glected. Sheath transmission coe�cients have been

based on the assumption of a Maxwellian distribution of

electrons. Under these conditions it has been shown that

thermoelectric current may be large, and that it may

cause up to 1:10 inner±outer asymmetries in the SOL

with realistic parameters [9]. As it was shown before,

kinetic e�ects may play an important role in the SOL

plasma dynamics. They are responsible for ¯ux-limiting,

enhanced transport, and modi®ed sheath conditions [10±

12]. The intention of the current work is to study the

thermoelectric current instability in the SOL using ki-

netic simulations.

2. Fluid model

We consider a one-dimensional (x) plasma column

bounded by two divertor plates at x � 0 and at x � L.

This is a reasonable approximation, because we are

looking for a `simplest' possible explanation [thermo-

electric currents are predominantly parallel, 1D] of the

inner±outer divertor asymmetries without bringing into

the picture more complex e�ects related to the actual 3D

geometry of the divertors.

Although oblique magnetic ®eld was pointed out to be

important [13], we neglect this e�ect in our model, because
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our simulation is 1D in space and the divertor asymme-

tries occur in the open divertor con®gurations as well.

The ¯uid model is based on the Braginskii [14] plas-

ma ¯uid limit for combined parallel electron and ion

heat ¯ux qx

qx � eM�M2 � 5�npTpCs ÿ jxrxTp ÿ 3:21 TpJx; �1�
with the assumptions that plasma species are equili-

brated and that the distribution functions are Max-

wellian in the zero order. Since Jx is approximately

constant along the magnetic line, then even for initially

symmetrical pro®les any small asymmetric seed current

(e.g. due to loop voltage) will result in the increased heat

¯ux coming to one plate relative to the other. This will

give a di�erence in plasma temperature at the plates, and

consequently will give rise to an increase of the potential

di�erence, and thus, an increase of the net current driven

through the plasma.

The equilibrium solution for the qx in front of the

sheath must be equal to the heat ¯ux allowed through

the sheath, qsh [15] (we assume no secondary emission).

qx �qsh � Tp f4:49� ln�l0:5=�1ÿ ÿJx=enpCs��genpCs ÿ Jx

�
:

�2�
A step increase of Jx facilitates the solution of this

equation by using a shooting method. What is important

here is that it predicts a thermoelectric current driven

bifurcation of plasma pro®les. More details on ¯uid

model may be found in the work [16].

3. Kinetic model

The plasma is described by two nonlinear kinetic

equations for the time-dependent electron, fe, and ion,

fi, distribution functions, which are strongly coupled by

Coulomb collisions, self-consistent electric ®eld, and

neutral divertor recycling:

ofe

ot
� Le � Cee � Cei � Se � He; �3�

ofi

ot
� Li � Cii � Si � Hi; �4�

where l � vx=v is cosine of pitch angle, v � �v2
x � v2

?�0:5 is

modulus of velocity (x and vx are parallel to the magnetic

line); Cee;Cei;Cii are corresponding Coulomb collision

terms, Se and Si are volumetric mass sources, He and Hi

are the volumetric energy source for electron and ion

species, respectively. Le and Li combine free-streaming

and electric ®eld terms which can be written as

La �ÿ vl
ofa

ox
ÿ 1

v2

o
ov

v2l
qaEx

ma
fa

� �
ÿ 1

v
o
ol
�1
�
ÿl2� qaEx

ma
fa

�
; �5�

where a � e; i; ma and qa are particle's mass and charge.

To study nonlinear e�ects in the parallel currents we

have to take the Coulomb term Cab in its full form [16]

(using Rosenbluth potentials, r2r2wb � r2ub � f b).

The imposed boundary conditions are modi®ed log-

ical boundary conditions [17], which account for net

current Jx and enable self-consistently, the calculation of

sheath potentials DUin
SH and DUout

SH:

Z0
ÿ1

Z1
0

v3lfi ÿ �x � 0� dv dlÿ
Z0
ÿ1

Zvin
f

0

v3lfe ÿ �x � 0� dv dl

� ÿJx; �6�

Z1
0

Z1
0

v3lfi ÿ �x � L� dv dlÿ
Z1

0

Zvout
f

0

v3lfe ÿ �x � L� dv dl

� Jx; �7�
where vin;out

f � ÿ
�����������������������������
2e DUin;out

SH =me

q
.

The steady-state, self-consistent parallel electric ®eld

Ex balances the ion and electron pressure gradients and

the Coulomb electron±ion and plasma±neutral (e.g. due

to ionization) friction forces

Ex �fe�ne=me � ni=mi�gÿ1

Z Z
�v3l�2Cei � CeN ÿ CiN�

�
��fi ÿ fe�xv2l2� dv dl

�
�8�

with a quasi-neutrality constraint ne � ni.

We adopt a simpli®ed model for neutral recycling.

Loss of mass to the walls is compensated by two `ion-

ization' sources attached to the plates:

Sin
i � Sin

e � S in
0 exp�ÿx=kin�; �9�

Sout
i � Sout

e � Sout
0 exp�ÿ�Lÿ x�=kout�; �10�

provided �d=dt� R L
0

S in;out
i dx � cin;out, where cin in particle

¯ux onto inner±outer plate, to keep mean density of

plasma ®xed.

The heating terms Ha in Eq. (3) and (4) are spatially

localized sources (on interval Lh) of prescribed power Wa

deposited di�usively into the perpendicular component

of velocity. This model was implemented in the Fokker±

Planck code ALLA [18].

4. Numerical method

Our numerical approach combines splitting, velocity

mesh with variable resolution, and a cubic spline tech-

nique with adaptive spatial step for the free-streaming

term. A key feature is the usage of an operator splitting

scheme with adaptive time step s, and an adaptive sub-

division of the fractional time step ds. For instance, for
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the Coulomb collisions the sub-step is chosen locally,

depending on the actual spatially varying collisionality

m / n�t; x�=T 1:5�t; x�. This facilitates easy addition/exclu-

sion of new terms in the equations, achieves conserva-

tion appropriate for a given fractional step, and enables

accurate calculation of some functions needed for the

electric ®eld and sheath potential. In space, the grid is

non-uniform and adaptive. The adaptive scheme de-

scription may be found in Ref. [19]. The velocity mesh is

spherical axisymmetric v; l. The unknowns are cell-

centered. Cell's center coordinates are v1 > 0,

Dvi � vi�1 ÿ vi � c Dviÿ1; i > 2, c P 1. The angular l-

grid is non-uniform, though it corresponds to a uniform

azimuthal mesh. Cell boundaries are chosen to give

second order accurate evaluation of collisional ¯uxes.

We start from initially Maxwellian distributions of

plasma with isobaric pure heat conduction pro®les

(Tp / x2=7; npTp � const:� with small seed current J 0
x on

the order of 10ÿ6 enM
p CM

s . We then calculate electric

®elds from Eq. (8), and sheath potentials from Eqs. (6)

and (7). Next we solve Eqs. (3) and (4), ®nd new dis-

tribution functions, and then repeated the procedure

until a quasi-steady-state is achieved.

5. Results of the kinetic modeling

We adopted the following approximate C-Mod pa-

rameters: average np � 0.3±3 �1020 mÿ3, T M
e � 20±40

eV, L � 20 m, W � 30 MWt=m
2
; mi=me � 3680;

Lh � 12 m; kin � kout � 2 m. Physical simulation time

was about 1 ms (less for low collisional cases).

A general observation is that thermoelectric currents

were generated when the collisionality c was in the in-

terval 0.01±0.4. However, the maximum value of Jx

never grew higher than 2� 10ÿ2 nD
p T D

p . The maximum

Fig. 1. Outside±inside electron temperature and density ratios

as measured by probes plotted versus plasma collisionality.

Kinetic modeling results are shown too.

Fig. 2. Electron and ion temperatures, plasma density, and

mean drift velocity in the low collisional case.

Fig. 3. (a) Electron distribution function at the divertor in the

low collisional case plotted versus normalized parallel and

perpendicular energies, (b) 1D cut at E? � 0.
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was achieved for c around 0.03. The maximum `loop'

voltage was on the order of 0.4 V. The inner and outer

divertor plates temperatures and the density variation

are presented in Fig. 1. As can be seen, they are on the

order of 0.5. Electron and ion temperature pro®les for

the case c � 0:2 are shown in Fig. 2(a). One can see that

Ti signi®cantly di�ers from Te at the midplane. The

density di�erence at the plates [Fig. 2(b)] is also small.

The maximum Mach number of the ¯ow (which appears

to be symmetrical too) is about 0.75. The electron dis-

tribution function at the `inner' plate is shown in

Fig. 3(a). [Fig. 3(b) shows its cut at v? � 0.] As one can

see, the distribution is squeezed in vx, and has a depleted

tail at higher energies E.

Interestingly, the sheath potential value is about

3:5 Tp. It was also found that the actual heat conduc-

tivity ratio to the classical Spitzer±Harm value varied in

the 0.2±0.5 range (smaller than at the midplane), and the

thermal force coe�cient was on the order of 0.4 (instead

of 0.71). Pro®les of electron and ion temperatures be-

came closer when collisionality increased (see Fig. 4(a)

with c � 0:02 case). There is about a 20% di�erence in

divertor temperatures and densities.

As can be seen from Fig. 4(b), plasma ¯ow becomes

supersonic near the plates, M � 1.4. The electron dis-

tribution function becomes less elongated. However,

there is a tail at high E, and the sheath potential rises to

4:2 Tp [see Fig. 5(a) and (b)]. In this case, the heat

conduction coe�cient exceeded by a factor of 3 the short

m.f.p. value near the plate (0.3 at the midplane), and

thermal force coe�cient rises to 0.5±0.6.

6. Conclusion

We have constructed a kinetic model to study ther-

moelectric currents in the divertor tokamaks. The model

includes both electron and ion species dynamics in the

presence of nonlinear Coulomb collisions, self-consistent

parallel electric ®eld and currents, and self-consistent

Child±Langmuir sheaths. However, we adopted few

simpli®cations. Important plasma radiation is neglected

in our model. The heat source is assumed to be spatially

uniform. Ionization is taken in a form of plasma source

with ®xed shape. Obviously, in our 1D2V model we are

missing all two-dimensional e�ects.

Our simulations showed, that thermoelectric currents

of the order of 1% of saturation current may be induced

in the SOLs with collisionality c in range 0.01±0.2

(peaked at 0.03). However, the observed temperature

and density inner±outer variation was on the order of

Fig. 4. Plasma temperature, density, and normalized mean ve-

locity pro®les for the collisional case.

Fig. 5. (a) Electron distribution function at the divertor in the

collisional case plotted versus normalized parallel and perpen-

dicular energies, (b) 1D cut at E? � 0.
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50%, which much smaller then the experimental obser-

vations. The following kinetic corrections, found in our

simulation may a�ect ¯uid models: (i) enhanced sheath

potential (3.5±4.2 Tp), (ii) modi®ed sheath energy

transmission coe�cient, (iii) ¯ux-limiting in the up-

stream and enhanced conductivity near the plates, (iv)

reduced thermal force coe�cient, (v) di�erence in elec-

tron and ion temperatures, (vi) Mach number may di�er

from 1 near the plates.

In our future research, we will improve the neutral

ionization model and will account for radiation, because

it seems that thermoelectric e�ects cannot be solely re-

sponsible for the inner±outer plates asymmetries in the

SOL plasma.
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