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I. Introduction

On several tokamaks (CCT, TUMAN-3, TEXTOR and others) the biasing experiments were

performed. The potential of few hundred eV was applied to the core flux surface with respect

to the limiter. The measured I-V characteristics and profiles of electric field should be

explained thus providing understanding of the effective perpendicular conductivity and of

the mechanisms responsible for the formation of the radial electric field. In the existing

models (see [1] and references therein) the radial current was calculated using the toroidal

and parallel projections of the momentum balance equation. The 
�� �� ×  force accelerates

plasma toroidally and is balanced by the force associated with the radial transport of the

toroidal velocity due to anomalous diffusion and anomalous perpendicular viscosity. Since

in the parallel momentum balance equation this force is balanced mainly by the averaged

parallel viscosity, the radial current may be expressed through the parallel viscosity. Using

the dependence of the parallel viscosity on the radial electric field, the radial current as a

function of the electric field has been calculated. In a similar approach [2], it was assumed

that the �� ��
×  force is balanced by the ion-neutral friction. The models, where the radial

current is proportional to the parallel viscosity, are consistent with the value of the plasma

resistance for small voltages. In the experiments at large voltages the current started to

decrease. This was associated with the decrease of the parallel viscosity when the poloidal

drift velocity reaches the poloidal sound speed �� ��
. Recently the biasing experiments were

simulated by Monte-Carlo code [3]. The solitary structures were observed for large voltages

but the anomalous terms were absent and, therefore, it is difficult to judge on their role.

Below the biasing experiments and the problem of the effective perpendicular

conductivity are studied on the basis of the Braginski equations, where the perpendicular

transport coefficients are replaced by their anomalous values. The simulations were

performed by B2SOLPS5.0 code [4] in the real divertor geometry. Three regimes exist,

which correspond to the different values of the effective perpendicular conductivity and to
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different profiles of the electric field. The key parameter κ  depends on the magnetic

pumping frequency and anomalous diffusion coefficient.

2. Analytical model for the perpendicular current

We combine equations of parallel and toroidal momentum balance (y is the radial, x is the

poloidal coordinate, I is the net current, S is the flux surface area)
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We neglect the friction with neutrals with respect to the terms responsible for the radial

transport of the toroidal (parallel) momentum. We introduce

5
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ν
=κ , (3)

where >= ?:@
ν  is the magnetic pumping frequency, D is the anomalous diffusion coefficient, Ly

is the distance between the electrode and the separatrix. The solution of Eq. (1) depends on

κ, for further details see [5]. For AB
ε>κ> , CD E=ε
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for small applied voltages in accordance with [1]. However, for b>κ  the solution is quite

different. In this regime the contribution of the toroidal rotation term to the parallel viscosity

is quite significant, the poloidal rotation is small with respect to the contributions from the

toroidal rotation and cd ee
×  drifts: fghijjijj kl
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radial electric field is hence given by the neoclassical expression
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where ÉÊ
ËÌ
ÍÍ
∂

∂−=Γ  is a particle flux, 
ÌÎ�Ï Ð=η Ñ . The case 

Ñ
ε<κ  is more complicated [5].

3. Modeling

The simulations were performed for the edge plasma of the ASDEX-Upgrade. The biasing

potential was imposed at the inner boundary of the grid. The ion-neutral friction in the

toroidal (parallel) momentum balance equation was much smaller than the terms responsible

for the radial transport of the toroidal (parallel) momentum, Fig.1. For the modeling of the

regime Ò>κ  were chosen: KWPmn cmrr s
80,105.0| 319

1 =⋅= −
−=− . Poloidal velocity versus

current is shown in Fig.2. The poloidal BE ÓÓ ×  drift here compensates the contribution from

the toroidal velocity. The radial electric field profile is compared with the analytical

predictions in Fig.3. The dashed line 2 corresponds to the zero boundary condition for the

toroidal rotation and hence to the zero radial electric field at the separatrix, the dashed line 3

corresponds to the boundary condition taken from the code. The electric field is consistent

with Eq. (5). The I-V characteristic is shown in Fig. 4. It is almost linear at medium voltages

with the slope close to that predicted by analytical expressions. For higher voltages the

nonlinear effects are significant since zV  approaches the sound speed. For ÔÕ
ε>κ>  were

chosen: Ö×�ØÙÚÛÜ ÝÞàßÞ −
−=− ⋅= áâ ã�äåå æ  MWP 4.0= , çèé≈κ . Poloidal velocity is shown in Fig.5.

For the small voltages the poloidal rotation is of the order of the poloidal BE êê ×  drift, the

toroidal rotation contribution is smaller then the poloidal BE êê ×  drift. The radial electric

field in this regime is proportional to the current Eq. (4). Calculated and analytical electric

fields are shown in Fig.6. The I-V characteristic is shown in Fig.7. The results for medium

voltages are in agreement with theoretical predictions. There is no saturation at high voltages

due to the peculiarities of the Pfirsch-Schlueter regime. Regime ëε<κ  is not discussed here.
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Fig.1. Toroidal components of the averaged
momentum balance for discharge parameters

,102|,1000| 319
1

−
− ⋅==ϕ mnV cmelectrode

eVT cmi 40| 1 =−
: 1- ion-neutral friction force; 2-
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Fig.2. Dependencies of the different components of
averaged poloidal velocity on the net current forì

>κ : 1- net poloidal velocity; 2- BE íí ×  velocity;
3- poloidal projection of the parallel velocity.
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Fig.3. Radial electric field profile for 
ì

>κ : 1-
calculated profile; 2- theoretical prediction for

0|| =V  at the separatrix; 3- theoretical profile for

the code boundary condition.
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Fig.4. I-V characteristic for 
ì

>κ : 1-calculated
characteristic; 2-theoretical prediction for 0|| =V

at the separatrix; 3-theoretical characteristic for the
code boundary condition.
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Fig.5. Dependencies of the different components of
average poloidal velocity on the net current forì

<κ : 1- net poloidal velocity; 2- BE íí ×  velocity;
3-poloidal projection of the parallel velocity.
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Fig.6. Radial electric field profile for 
ì

<κ : 1-
calculated profile; 2-theoretical prediction.
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Fig.7. I-V characteristic  for 
ì

<κ : 1-calculated
characteristic; 2-theoretical prediction.
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