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Abstract

In the TdeV tokamak, the convection of the plasma towards the divertors can be studied by changing the radial

electric ®eld in the scrape-o�-layer (SOL) through biasing the divertor plates relative to the vacuum vessel wall.

Electrostatic probes were used to determine the plasma parameters on both the outboard midplane and the bottom of

the discharge. From these measurements, poloidal di�erences in the electron kinetic pressure were seen to arise due to

the application of the biasing voltage on the neutralizer plates and that these pressure di�erences were correlated to the

changing radial electric ®eld. By using a linear relation between the poloidal kinetic pressure drop and the radial electric

®eld averaged between the two observation points, an experimental value of 8.8 ´ 10ÿ3 (X m)ÿ1 is obtained for the

perpendicular conductivity. A comparison with current models would tend to favor inertia and viscosity over friction

with neutrals to counterbalance the j ´ B force during biasing although the scaling of the conductivity with the toroidal

magnetic ®eld, plasma density and plasma current should be veri®ed to con®rm this conclusion. Ó 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

A key in the search for fusion power is understand-

ing, in a divertor tokamak, the transport of energy and

particles in the scrape-o�-layer (SOL) towards the di-

vertor plates. In particular, a radial electric ®eld across

¯ux surfaces in the SOL, combined with the magnetic

®eld, plays a role in the convection of particles and en-

ergy in that the resulting drifts modify the plasma ¯ow.

Biasing experiments [1,2] involving the variation of the

radial electric ®eld by changing the voltage di�erence

between the plates and the wall are possible in TdeV due

to the fact that the divertor plates are electrically insu-

lated. This feature allows the investigation of the role

played by the electric ®eld and the resulting radial cur-

rents in the SOL.

We will start by describing the experimental set-up,

the probes and how the measurements were performed.

We will then discuss the results in view of available

models.

2. The experiment

TdeV [3] is a medium size tokamak with a major

radius of R� 0.86 m and minor radius a� 0.27 m. The

experiments were performed on two sets of upper single

null discharges that were produced at a line average

density of 2.5 ´ 1019 m3, a toroidal ®eld of 1.5 T, a

plasma current of 190 kA, and divertor coil currents of
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6.5 and 7.5 kA. For each con®guration, values of volt-

age between ÿ150 and +150 V on the divertor plates

were used to vary the electric ®eld (Fig. 1).

The plasma parameters in the SOL, namely the

density, temperature, potential and Mach number were

measured using electrostatic probes. On the outboard

midplane a probe system referred to as Gundestrup [4]

was used. On the bottom of the discharge (Fig. 1), a set

of standard cylindrical Langmuir probes and a Mach

probe were used. The density, temperature and potential

pro®les were constructed from shot to shot for any given

set of conditions. Fig. 2 illustrates the kinetic pressure,

de®ned as the produce of the locally measured ne and Te

and potential pro®les obtained on the midplane for bi-

asing voltages of ÿ150, 0 and +150 V. Fig. 3 summa-

rizes how the pressure and electric ®eld varied with the

biasing voltage. In these ®gures, it is clear that the ap-

plication of the biasing on the neutralizer plates has a

pronounced e�ect on either the pressure or the electric

®eld. We assume that the radial electric ®eld is radially

constant over a few centimeters at or near the separatrix

and can therefore be calculated from the plasma po-

tential pro®les by a linear ®t through the data.

Finally, Fig. 4 summarizes the experimental results.

There is a clear correlation between the pressure drop

and the average radial electric ®eld. After the theoretical

discussion, the di�erences will be used to calculate an

e�ective or phenomenological conductivity.

3. Theory

Current theories [5±7] of the SOL relate the poloidal

distribution of kinetic pressure p and the radial ion

current density jr in the form

jrBh � ÿH
a

dp
dh

� �
; �1�

where H � Bh=B/ and a is the minor radius. This ex-

pression results from the consistent analysis of the par-

allel and toroidal ion momentum equations. For

example, Rozhansky and Tendler [5], in the parallel

component of the ion momentum equation, balance

anomalous inertia and viscosity with the projection of

the pressure gradient along B while the j ´ B contribu-

tion is strictly zero. In the toroidal equation, anomalous

inertia and viscosity are balanced by the toroidal pro-

jection of j ´ B while the contribution due to the pres-

sure gradient is strictly zero because it is strictly

poloidal, given the assumption of toroidal uniformity of

Fig. 1. Biasing circuit and probe positions.

Fig. 2. (a) Pressure in J/m3 and (b) plasma potential in Volts.

Pro®les in the midplane centered at R� 1.14 m for a divertor

coil current of 6.5 kA.
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the pressure. It is important to understand how the j ´ B

force, applied perpendicular to B in the SOL plasma can

a�ect the parallel motion. Under the action of the j ´ B

force, a pressure gradient develops solely in the poloidal

direction due to the toroidal symmetry. In turn, the

parallel component of this gradient induces a parallel

motion in the opposite direction, thus slowing down the

sonic parallel ¯ow and even reversing it at su�cient bi-

asing levels. However, the amplitude of the resulting

parallel (�toroidal) angular momentum has to be bal-

anced by a force resulting from the transport of the

angular momentum. This force is provided by (1)

anomalous viscosity and inertia, (2) friction with the

primary neutrals arriving directly from the wall, at rest

in the laboratory frame of reference, (3) perpendicular

viscosity due to Coulomb collisions and (4) surface

dissipation on collecting surfaces and side walls. Since

v== � v/, almost the same terms emerge in the parallel

component, where the force provided by anomalous

viscosity and inertia has to be balanced by the poloidal

component of the pressure gradient. Thus, it has been

asserted in Ref. [5] that the poloidal pressure gradient

dominates on open ®eld lines and therefore has to bal-

ance the j ´ B force. Although the result of a slightly

di�erent treatment, the same relation between jr, Bh and

the poloidal variation of the pressure is obtained in Ref.

[7] and is also used and discussed in Ref. [8].

In order to verify experimentally Eq. (1), we integrate

it between the equator and the bottom of the single null

discharge to obtain

pbot ÿ pMP � p
2

� �
raB/hEri; �2�

where the subscripts bot and MP refer to the bottom and

midplane, respectively. The integration is performed in

the coordinate system (r,h,/), where the positive radial

direction is outward from the center, the positive po-

loidal direction is towards the bottom from h� 0 at the

outboard midplane and the positive toroidal direction is

counterclockwise when looking at the torus from the

top. To get Eq. (2), we have written a linear relation

between the ion current density and the radial electric

®eld in the form jr � rEr. Also, áErñ is the average value

of the radial electric ®eld between the midplane and the

bottom, the two observation points. Since jr is here the

ion current density, r is a phenomenological or e�ective

electrical conductivity and the results could also be

presented and discussed in terms of an ion mobility [9].

4. Results

Using the measurements at R� 1.14 m on the equa-

tor and Z�ÿ0.28 m below the center of the plasma, we

Fig. 3. (a) Pressure in J/m3 and (b) radial electric ®eld in kV/m

as a function of the biasing voltage. Results at R� 1.14 m

(midplane) and Z�ÿ0.28 m (bottom) for a divertor coil cur-

rent of 6.5 kA.

Fig. 4. Pressure drop between the bottom and midplane as a

function of average electric ®eld. The diamonds are for a di-

vertor coil current of 6.5 kA and the squares for 7.6 kA.
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obtain Fig. 4. As suggested by Eq. (2), and within error

bars estimated at �5 J/m3, the drop in kinetic pressure

between the midplane and the bottom varies linearly

when plotted against the average radial electric ®eld for

both values of the current in the divertor coil. The slope

of the linear regression (continuous line) between the

pressure drop and the average electric ®eld can be used

to calculate an e�ective electrical conductivity using

r � S
p
2

ÿ �
aB/

; �3�

where S is the slope obtained in Fig. 4. The procedure is

valid as long as the calculation is performed on the same

¯ux surface. Since it is known that there are uncertain-

ties in the position of the ¯ux surfaces as calculated by

equilibrium codes (see Ref. [8] for example) we tested the

sensitivity of the calculated conductivity on the align-

ment of the pro®les by `shifting' the bottom pro®les

relative to the midplane pro®les. The pressure drop was

calculated for the bottom pressure using the expression:

pbot � p0;bot exp
ÿx
k

� �
; �4�

where x is the position on the pro®le used to calculate

the pressure drop, x� 0 being the Z�ÿ28 cm and k the

e-folding length of the exponential ®t for a given set of

divertor coil current and biasing voltage. On the mid-

plane, we take the value of pressure at R� 1.14 m. The

resulting e�ective conductivities are shown in Fig. 5 as a

function of the position. The experimental value ob-

tained for Z�ÿ28 cm is represented by a circle while

those obtained using the ®tted pro®les by the continuous

line.

On the other hand, Eq. (24) of Ref. [5] gives a rela-

tion between the total biasing current and the electric

®eld. This equation yields, for the electrical conductivity,

the theoretical relation

r � Knmimthi

aBhB/
: �5�

For a constant K� 2, using values for the density and

temperature (Ti�Te) for R� 1.14 m and Z between ÿ30

cm and ÿ26 cm, Eq. (5) yields the values lying in the

region represented by the horizontal lines. The value of

K is chosen from an analysis of the I±V curves of the

biasing plates [5]. For comparison, we also include in

Fig. 5 the values obtained applying Eq. (10) of Ref. [9]

(vertical lines) where the j ´ B force is assumed to be

counterbalanced by friction with neutrals [6] instead of

inertia and viscosity as in Ref. [5]. The density of atoms

is estimated to be 5 ´ 1016 atoms/m3 as suggested by Ha

measurements with a charge exchange rate of approxi-

mately 3 ´ 10ÿ14 m3/s.

This Fig. 5 shows indeed that the determination of

the e�ective conductivity, and therefore the interpretat-

ion of the results, is sensitive to the relative radial po-

sitions of the measuring points. These results, although

imprecise, nevertheless suggest that the procedure can

give an order of magnitude estimate for the conductivity

(or ion mobility).

5. Discussion

We note ®rst that the model calls for averaging on

open ¯ux surfaces, over the biased circumference of the

SOL, such that if jr is a sensitive function of the poloidal

position, the result will depend on the poloidal positions

observation points and the distance between them. Also,

this comparison was done assuming Ti�Te. If Ti > Te

there are two consequences. The theoretical expression

of Eq. (2) varies as T 1=2
i so that an increase in Ti would

increase the theoretical prediction of the electrical con-

ductivity. We must remember, on the other hand, that

the experimental results were obtained from probes in-

terpreted by using Ti�Te so that taking Ti > Te would

increase the ion sound speed implying that for a given

ion saturation current one would get a lower density.

The experimental pressures would then become a

product of a reduced density with an increased temper-

ature so that the change in temperature would result in

a net increase of the experimental estimate of the

conductivity as well. The net result from these two

considerations is that taking Ti > Te would not change

appreciably the comparison between theory and

Fig. 5. Behavior of the e�ective conductivity in (W m)ÿ1 as the

bottom pro®les are shifted for the determination. The hori-

zontal lines represent an estimate using the inertial and viscosity

model and the vertical lines the model using friction with neu-

trals.
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experiment although the absolute value of the electrical

conductivity would be increased.

6. Conclusion

In conclusion, the above results suggest that poloidal

pressure gradients exist in the SOL during biasing, that

they are modi®ed by varying the bias voltage and that

the distribution of the pressure is directly related to the

radial electric ®eld. This variation implies a relation with

¯ows along the magnetic surface and with radial cur-

rents. Furthermore, given the comparisons in Fig. 5, the

present experiment would tend to favor, at least in TdeV,

inertia and viscosity over friction with neutrals to

counterbalance the j ´ B force during biasing. This

tentative conclusion could be veri®ed by determining the

scaling of the conductivity (or mobility) with the toroidal

magnetic ®eld, plasma density and plasma current [9].
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