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Abstract

On COMPASS-D, distortions in the density profile at the divertor target are observed in all discharge phases. These
distortions are strongly affected by the toroidal field direction, and for Br > 0 appear as a large asymmetry between the
inner and outer divertor regions. In this paper we investigate the effect of both drifts and scrape-off layer (SOL) currents
on divertor plasma parameters. Large currents are observed in the divertor region, which change the plasma potential
creating large electric fields in the divertor target. The resulting E x B drift is suggested as a possible mechanism causing
the observed distortions. A combination of thermoelectrical and Pfirsch-Schliiter terms are proposed as driving
mechanisms for the SOL currents. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Previous experiments carried out in COMPASS-D [1]
and other tokamaks, e.g. JET [2] and Alcator C-Mod
[3], have shown large asymmetries and distortions in the
divertor target profiles. These distortions directly affect
the peak heat load at the target and, for example, are
important considerations in the ITER divertor design.

In most single-null divertor tokamaks, divertor pro-
files show strong variations with the discharge parame-
ters and in particular with the direction of the toroidal
magnetic field, Br. In order to investigate the effects
caused by the toroidal field direction, a series of L-mode
discharges with both By directions and similar core
plasma parameters was performed on COMPASS-D.

We report here edge measurements on COMPASS-D
(Fig. 1) during L-mode discharges in lower single-null
divertor plasmas, using a fast reciprocating Langmuir
probe poloidally remote from the X-point, and a high
spatial resolution (5 mm) array of embedded probes in
the divertor target [4] which provide detailed informa-
tion of the effect on plasma parameters at the boundary.
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These probes have been operated under a wide variety of
discharge conditions, and the collected data, plasma
density, electron temperature, SOL current (current at
zero voltage) and floating potential, stored in a data-
base.

Radial and poloidal electric fields exist naturally in
the scrape-off layer (SOL) and the resulting E x B drift
has been suggested as one possible cause of the asym-
metry [5] since drifts can change the density distribution
at the target, consequently affecting the temperature and
heat flux distributions. Recent measurements on
COMPASS-D [1,6] have shown the existence of large
currents on the divertor target (SOL currents) which
significantly influence the radial electric field profile.
SOL currents have been observed and investigated in
several tokamaks, e.g. JET [7], Alcator C-Mod [3] and
JT-60U [8], however, driving mechanisms are not yet
fully understood.

2. The effect of field reversal on the divertor parameters

The effect of the field direction on parameters at the
divertor has been investigated on COMPASS-D by re-
versing the toroidal magnetic field and plasma current
direction simultaneously, so that the sign of the helicity
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Fig. 1. Poloidal cross-section of COMPASS-D with position of
the divertor probe array and reciprocating probe.

of the field lines is unchanged (avoiding exposing dif-
ferent surfaces to plasma bombardment, with possible
recycling changes confusing the data). This study has
been confined to L-mode discharges, since H-mode is
only observed on COMPASS-D for one direction of the
field. The toroidal magnetic field direction favourable to
H-mode, corresponding to VB ion drift down towards
the X-point, is defined as negative (see Fig. 1).

In L-mode discharges the Br direction has a sub-
stantial effect on the target density, as shown in Fig. 2.
The density profile is approximately symmetric for
Bt < 0, while for Br > 0 a large density imbalance is
observed. This results in a strong outboard/inboard
pressure imbalance since the temperature profile is ap-
proximately symmetric. Furthermore, for Bt < 0 dis-
tortions in the density profile are observed, mainly in the
outer divertor region. These are also seen in H-mode
discharges, where they are more clearly defined. In
contrast, the reversal of the By direction has a smaller
effect on the temperature profile. For Bt < 0 the divertor
plasma is hotter in the outboard region, and reversing
Bt leads to a more even temperature distribution. Be-
cause there are opposing changes in the n. and T, dis-
tributions when the magnetic field is reversed, the heat
flux distribution is similar for both directions, with
higher power flowing to the outer target.

As a general trend, in single-null divertor plasmas on
other devices [2,3] the outer divertor target receives a
higher power flux than the inner one, in agreement with
COMPASS-D results. In most machines, however, more
symmetric power flux profiles are observed for Bt > 0,
contrary to COMPASS-D where the opposite is ob-
served. This originates from the large density asymmetry
observed on COMPASS-D for Br > 0, which is not
observed in other devices.

Higher electron temperature at the outer divertor
region is expected from geometrical considerations — the
outboard SOL has a larger surface area, by virtue of its
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Fig. 2. Profiles of n., T, and SOL currents for Br < 0 (#21483)
and By > 0 (#21494). The strike-point positions given by DFIT
(equilibrium reconstruction code) are indicated by the grey
bars. The ion drift side is located at the outboard region for
Br > 0.

greater major radius. This shifts the stagnation point
towards the outer side creating a temperature asymme-
try between the two sides in favour of the outer one [9].
For By > 0 this asymmetry is not observed because of
the large density imbalance. The larger density at the
outer divertor region means higher recycling, and
therefore a temperature reduction, in this region. The
higher recycling is corroborated by camera data which
shows that the visible radiation in the outboard side is
dominant for Bt > 0.

Divertor target probes operated with zero applied
voltage show high current densities (Fig. 2), which in-
tegrate across the divertor target to approximately zero.
These currents too are substantially affected by the
magnetic field direction. In the common flux region (the
region outside of the separatrix), divertor currents ap-
pear to flow from the electron to the ion drift side.
However, in the private flux region narrow current lay-
ers with the same direction at both strike-points are
observed, which always change sign with change in By
direction. The sheath transmission, and consequently
the heat flux density at the target, change as a conse-
quence of these non-ambipolar flows to the surface. The
sheath transmission factor, y, is nearly a minimum at the
floating potential, y, ~ 7, thus a current flow, j, across
the sheath can only increase y. However, the total power
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flow to the target is only marginally increased (< 5%)
over the ambipolar value.

3. Drifts effects at the divertor

The direction of the toroidal field determines the di-
rection of cross-field particle drifts. Therefore, imbal-
ances that are sensitive to the field direction are almost
certainly a reflection of the drifts [5]. The E x B drift is
suggested as one possible mechanism causing the ob-
served distortions in divertor profiles.

As shown in Fig. 2, on COMPASS-D both density
and SOL current distribution are strongly influenced by
the Bt direction. In this section, distortions of the den-
sity profile at the divertor target are investigated for
both field directions and an explanation is presented,
based on the SOL currents and the E x B drift.

Our co-ordinate system is the same used in [3]. Di-
rections are conveniently labelled as ‘radial’, ‘parallel’
and ‘poloidal’ referring to the vectorial directions: Vi, B
and B x Vi, where  is the poloidal flux. The ‘poloidal’
direction, under this nomenclature, possesses a small,
but ignorable toroidal component. The parallel direction
also has an important component in the poloidal plane.

In plotting divertor profiles the probes position are
projected along the major radius. A equilibrium recon-
struction code should be used to calculate radial profiles
at the divertor target from probe measurements. How-
ever, this mapping does not change target profiles sig-
nificantly. Since only a qualitative analysis is presented
in this paper, a simple projection of the divertor profiles
onto the major radius is used.

3.1. By negative

For Bt < 0 a distortion in the density profile is usu-
ally observed in the outer divertor region (see Fig. 3).
Such structure, which is only identified because of the
high spatial resolution of the divertor probes is also seen
in camera images of the divertor region, and hence is not
thought to be a measurement artefact of the probes.

As shown before, high current densities with large
spatial variations are observed in the divertor target, par-
ticularly near the strike-points (see Fig. 2). Such currents
can only be sustained if the sheath potential relaxes from
its ambipolar value. Allowing for a current density, jj, in
the target, the sheath potential, ®@;, is given by

¢Sf¢t=¢:751n<174), (1)
e Jsat

where @ and ¢ are respectively the target potential and
the sheath potential assuming ambipolarity. Neglecting
the secondary electron emission (9% is independent of
the s.e.e for shallow field lines [10]) and assuming
T. = T, &% ~ 3T./e. The SOL current is detected when
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Fig. 3. Typical E, and n. profiles for Bt < 0 (#17769) and Br >
0 (#21494). The directions of the E, x B drift flow for Br < 0
are also shown (arrows).

the probe is at zero (i.e. at target potential). Thus, as a
result of the large spatial variation in the SOL current,
the sheath potential also varies across the divertor target
and a large electric field is observed, (see Fig. 3). Using
the T, and J; profiles measured by the divertor probes it
is possible to obtain the plasma potential and thus the
radial electric field. The radial electric field cause a po-
loidal E, x B drift which changes the flow parallel to the
magnetic field creating distortions in the divertor pro-
files. When the electric field is negative, the poloidal E, x
B drift is directed away from the target, resulting in a
plasma outflux. In the outer target there is a plasma
outflux (decreasing n.) in both sides of the strike-point,
causing the observed distortion. The correlation between
the E, x B drift direction and the observed distortions is
clear.

The magnitude of the poloidal E, x B particle flux
can be estimated as: 'Y = nE, /B. Parallel flow at the ion
sound speed causes a poloidal flux: I'l = nc,By/B (x Jio-
The ratio of the two fluxes is: E;/c;By. This ratio can be
of the order of unity, therefore strongly affecting the
overall flux pattern in the divertor region.

3.2. Br positive

As shown in Fig. 2, for Bt > 0 the distortions in the
density profile appear as a large asymmetry between the
inner and outer divertor regions (up to a factor of 4),
which have been investigated in detail previously on
COMPASS-D [1]. The radial electric field resulting from
the SOL current (Fig. 3), can again explain the observed
distortions. In the common flux region, the electric field
is positive in the inboard side and negative in the out-
board side, close to the separatrix. Thus, the resulting
poloidal E; x B drift is directed from the inner to the
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outer divertor region, causing the large asymmetry ob-
served. Note that for Br > 0 a positive electric field
means now a plasma outflux from the target. In addition
to the radial electric field, there is a poloidal electric field
(Ey) along the SOL [1] whose average value is derived by
comparing upstream and target potentials. Radial flux-
es, caused by the poloidal electric field (Ey x B), will
again increase the density in the outer divertor region for
Br > 0.

The E x B drifts are in the right direction to explain
the large asymmetry observed for By > 0, since both its
radial and poloidal components are directed towards the
outer divertor region.

4. SOL currents

Parallel currents in the divertor scrape-off layer (SOL
currents) were first predicted by Harbour [9] and have
been observed and investigated in several tokamaks, e.g.
JET [7], Alcator C-Mod [3] and JT-60U [8].

It was shown in the previous section that divertor
target profiles are strongly influenced by the E x B
drifts, where the electric field is largely determined by the
SOL current profile. Thus, a full identification of the
physical mechanisms driving these currents can con-
tribute significantly to understanding, and probably
controlling, the divertor profiles.

On COMPASS-D, divertor target probes operated
with zero applied voltage show, as a rule, high current
densities (up to 15 A/cm?). Close to the strike-points,
narrow current layer features with large current density
are observed. These too are substantially affected by the
magnetic field direction. Some of the current layers are
possibly even narrower than those observed since the
radial dimension of the probes (2 mm) is comparable to
the width of the narrowest profiles at the target.

Several mechanisms driving parallel currents in the
SOL have been examined by Chankin [11], including the
thermoelectric effect and pressure related Pfirsch—
Schliiter currents. Due to the variety of physical mech-
anisms that may cause current flow, the resultant
structure of target profiles of electric currents can be
rather complex and difficult to resolve in the experiment.

Possible driving terms for the current are temperature
and pressure gradients along the magnetic field (ther-
moelectric effect) [12]. Fig. 4(a) shows the SOL current
for Bt < 0 and an overlay of the calculated thermo-
electric current. The predicted thermoelectric current
was calculated, on each flux tube, from the SOL con-
ductivity, &, and the parallel temperature and pressure
gradients, derived from the electron temperature and
pressure measured by the divertor probe array at both
ends of the flux tube and computed connection lengths.
Data from the outer divertor region was mapped onto
the inner region using the reconstructed magnetic field
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Fig. 4. Profile of SOL current for Br < 0 (#21480) measured by
the divertor probe array (a). The thermoelectric current com-
puted from temperature and pressure gradients is also shown
(triangles). Derived radial pressure gradient at the divertor
target (b), again for By < 0. Variation of the SOL current with
distance between strike-points (c).

structure given by DFIT (a filament-based code). Spitzer
conductivity was assumed for ¢ taking for the average
SOL parameters the values measured by the recipro-
cating probe (typically n =35 x 10® m™3 and T, = 50
eV). The calculated and measured currents agree quite
well far from the strike-points; however, close to the
strike-points the amplitude of the observed current is
larger than predicted by the thermoelectric effect and
cannot be totally explained by this.

Pressure related currents, namely Pfirsch—Schliiter
currents, have recently been suggested as an explanation
of similar narrow current density peaks observed in JET
[13]. Schaffer et al. [13] showed that these pressure re-
lated currents flow in a narrow zone near the strike-
points, with opposite directions for the two different field
directions. Pfirsch—Schliiter currents are predicted to be
proportional to the pressure gradient at the divertor
target (Op/0y) and to the radial separation of the inner
and outer separatrix strike-points. The sign is expected
to depend on the By direction. The Pfirsch-Schliiter
current is most likely to be separable from the thermo-
electric current in the private flux region, since the
thermoelectric current is small there and the Pfirsch—
Schliiter current is expected to be large, owing to the
steepness of the profiles in the private region.

Fig. 4(b) shows the radial pressure gradient, V,p,
(assuming p; = p., since the ion contribution is not
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measured) at the divertor target, again for By < 0. The
correlation between V,p and the SOL current is mani-
festly clear. The dependence of the current to the private
flux region on the distance between strike-points was
also investigated moving the plasma up and down dur-
ing the discharge. For Ohmic L-mode discharges, the
total current to the private region was observed to in-
crease roughly linearly with increase in distance between
strike-points (see Fig. 4(c)), and its sign to depend on the
By direction. Thus, a qualitative agreement between the
Pfirsch—Schliiter current predictions and the observed
currents close to the strike-points was found. It seems
probable, therefore, that the measured SOL current on
COMPASS-D principally consists of a combination of
thermoelectrical and Pfirsch—Schliiter terms, both par-
allel to the magnetic field.

The narrow current layers observed in the private
region can easily be explained by the VB drift [11]. For
By positive, the ion VB direction is away from the target
and a negative charge is flowing into the private region.
Due to short connection lengths in the private region
this should create narrow negatives peaks of current just
inside the separatrix. Similarly, positive peaks should be
created for Br negative. This result is not surprising
because the Pfirsch—Schliiter current exists due to the
short circuiting, along B, of the polarization charges
resulting from the VB drift.

In the private region, the magnitude of the positive
current peaks observed for Br < 0 are much smaller
than the negative ones observed for Bt > 0, as shown in
Fig. 2. The magnitude of the SOL current is limited by
the plate saturation current, i.e. the current density can
not be greater than the ion saturation current density,
Jae at the ion-collecting plate [Eq. (1)], or smaller than
the electron saturation current density, jg,, at the elec-
tron-collecting plate, j_, <j < ji,. Thus, positive cur-
rents are limited by j,, which is very small in the private
flux region, while for negative currents the limitation is
much weaker, since on COMPASS-D j_ ~ 10/}, [4].
However, the total current to the private flux region is
roughly the same for both field directions because pos-
itive peaks are much wider than negative ones.

It has been qualitatively shown in this paper that
SOL currents strongly influence divertor target density
profiles, consequently affecting the pressure distribution.
However, SOL currents are also affected by the pressure
profile since both driving mechanisms, thermoelectric
effect and Pfirsch-Schliiter currents, depend on the
pressure profile. The complexity of this problem means
that 2D numerical codes have to be used in order to
describe the experimental results. Electric currents in the
scrape-off layer and drifts should be incorporated into
these numerical codes in order to quantitatively assess
their effect in the divertor target profiles. Efforts are al-
ready in progress (see e.g. [14]).

Since divertor target profiles are largely determined
by the electric field at the target, divertor biasing could
be used in order to tailor this field profile, and thus,
control divertor profiles. Unfortunately, this could not
be tested on COMPASS-D due to the configuration of
the divertor target tiles.

5. Summary

On COMPASS-D, distortions in the density profile
at the divertor target are observed which are strongly
affected by the toroidal field direction. The E x B drift
offers a possible explanation for these distortions for
both field directions since it can change the density
distribution at the target. The large currents observed in
the divertor region, which change the plasma potential
creating large electric fields in the divertor target, sig-
nificantly influence the divertor profiles. It seems prob-
able, that the measured SOL current on COMPASS-D
principally consists of a combination of thermoelectrical
and Pfirsch-Schliiter terms, both parallel to the mag-
netic field.
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