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Abstract

Scrape-off layer (SOL) currents are measured by means of Langmuir probes and shunts in the divertor of ASDEX
Upgrade. They consist of the overlayed contributions of thermoelectric and Pfirsch—Schliiter (PS) currents. The SOL
currents exhibit a drastic decrease when the line-averaged density approaches the Greenwald density in the H-mode. An
analytical model is presented which reproduces the measured thermoelectric current quantitatively. Matching of the
analytical model with the measured current scaling yields information about divertor temperatures and SOL e-folding

lengths. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electric currents in the scrape-off layer (SOL) of
Tokamak plasmas are known for a long time [1]. These
currents can be caused via thermoelectric effects by the
temperature difference between the two SOL ends [2,3],
by Pfirsch—Schliiter (PS) currents [4,5] or by external
biasing. A survey on the various experimental observa-
tions is given in [6], a comparison with modeling can be
found in [7]. Current measurements integrated over the
target by shunts provide very robust and reliable data.
In this paper, we investigate which quantities of interest
can be derived from the measurements.

2. Origin and characteristics of SOL currents

SOL currents are routinely measured in ASDEX
Upgrade via shunts connected to divertor target mod-
ules in three different toroidal locations. Fig. 1 shows the
current measured in one tile of the inner and outer di-
vertor strike point module, respectively. The total cur-
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rent is obtained by multiplying with the number of tiles
(64 in case of these modules), while toroidal symmetry is
checked by independent measurements in three different
toroidal positions. As typical of standard B, (clockwise
from top) and 7, (counter-clockwise) directions, the net
target current flows out of the outer and into the inner
target.

The current density profile jy(p) in the outer divertor
for the discharge of Fig. 1 measured by Langmuir
probes kept at target plate potential is shown below in
Fig. 3. The profile is obtained by strike point sweeping,
the overlap of neighboring probes is quite good. The
data were smoothed over 20 ms to average over ELMs
in this attached, natural density H-mode discharge. For
typical ASDEX Upgrade experimental conditions, the
current profile is dominated by the contribution of the
thermocurrent, the negative dip inside the separatrix is
attributed to PS currents. A corresponding positive PS
current feature, overlayed to the thermocurrent inside
the separatrix is expected to compensate the negative
current in the net target current measured by the shunts:
Since the PS currents are driven by the pressure gradi-
ent, they change sign around the separatrix and their net
contribution will cancel over an individual target as long
as the pressure goes to zero along the plate and the
target is electrically conducting. Generally, the shunt
measurements and the direct j, measurement with
Langmuir probes at target plate potential give very
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Fig. 1. Tile current measured in the inner and outer divertor and cross-section of ASDEX Upgrade. The field line plotted in grey is
projected into the poloidal plane, it winds around the torus ¢ times in toroidal direction and has a connection length of 40 m. Positive

current flows out of the plate.

similar results. The shunt measurements, which integrate
the current over a whole tile have low spatial resolution,
but a very good signal to noise ratio. In addition, they
are a cheap and very robust diagnostic.

3. Analytical model

The thermoelectric part of the measured current
density jj is calculated using the analytical description
developed by [2]. The SOL plasma is considered as an
electric conductor, where a thermoelectric voltage
caused by different contributions drives a parallel cur-
rent, jj, which is limited by the resistivity of the field line.
In the following, the label || is used for currents calcu-
lated with the analytical model. The thermoelectric
current is carried by electrons flowing force-free along
the field lines from the colder towards the hotter SOL
ends, i.e., from the inner towards the outer divertor. For
standard ASDEX Upgrade polarity (neg. toroidal field,
lower single-null, ion VB-drift towards the divertor), this
thermocurrent is in the direction of the plasma current.
The thermocurrent-density is generally limited to the ion
saturation current at the ion collecting (typ. the inner)
plate, as long as no electrons are emitted out of the
target. The contribution of PS currents to the total
current at each target can be omitted because they cancel
for each target individually, assuming vanishing plasma
pressure at the upper and lower target ends. In the 1-D

model, the SOL is unwound into a straight flux bundle
of uniform width and oblique incidence. Connection
length and angle of incidence are taken from the mag-
netic equilibrium reconstruction. A typical expansion
factor between parallel flux densities in the midplane and
perpendicular flux densities at the target surface is 30.
With the field line pitch B,/B, ~ 4 in the outer mid-
plane, we obtain target e-folding lengths being about 7.5
times longer than the corresponding midplane values.
The connection length of a flux bundle between the inner
and outer divertor is L.,, = 60 m close to the separatrix
and L., = 35 m further outside.

The total SOL resistance is calculated using the re-
sistivity 7 = 6.8 x 107* 7,%/2 Z{1® (Q m), where T, is
measured in eV. The Z.; dependence is an approxima-
tion valid within the Z. range occurring in the SOL
(1 < Zygr < 4). For constant pressure along the field line
and T; = T,, the expected net current density between
strike zones A and B with connected target plates and
Ta < Ty is [2,3]

1 T
Ji=—=——Tx k’(—‘*—l)
nHLwn TA

1+ ji/jsa

(1—+/Tg/Tx j/jsA)TB/TA:|} (Afm), (D

where j;4 is the ion saturation current density. The term
in wavy brackets assigns a voltage to a given tempera-
ture, therefore T, has the dimension Volt, its numerical
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Fig. 2. Sketch of current flow and potential distribution for
connected divertor target plates with low (A) and high (B)
temperatures at the sheath.

value is calculated in eV. The situation is illustrated in
Fig. 2. The coefficient ' = (k + 0.85 — o) contains dif-
ferent contributions to the net thermoelectric voltage:
k=1/2In(4m;/((1 + Z)mm,)) is a measure for the ratio
of the thermal speeds of electrons and ions, connected to
the picture of fast electrons streaming to the wall ahead
of the ions and causing a potential drop over the sheath.
The value 0.85 is assigned to the potential drop in the
presheath. o represents the thermo-voltage caused by the
temperature gradient along the field line, and counter-
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acts the effect of the sheath potentials. o contains ratios
of Spitzer—Harm coefficients, « = 0.7 for Z =1, 0.91 for
Z =2 and 1.09 for Z = 4. In summary, we obtain the
coefficients &' = (3.68,4.03,3.96) for a pure (H, D, He)
plasma. The logarithmic term in Eq. (1) represents the
effect of the thermoelectric current on the sheath. For
our conditions with Ty > Ty, jj is negative, i.e., flowing
from the plasma into the target A. jo is positive by
definition [2], and therefore the In term has a negative
value. Its origin is the rise of the potential at the colder
sheath and potential reduction at the hotter sheath due
to the thermocurrent, reducing the potential difference
and counteracting the effect of k'. For Tp/Th =2, it
amounts to —1.76 for jj/ja =—0.5 and —-3.1 for
Ji/jsa = —0.8, which is no longer a small correction.
Although Eq. (1) needs an iterative solution, one can
clearly see that the normalized current jj/ja cannot
become more negative than —1. This is due to the fact
that the thermocurrent is carried by — and therefore
limited to — the ion flux at the low temperature side.

For the calculation of the SOL current radial distri-
bution according to Eq. (1), a realistic 7, distribution is
needed. This is obtained from a simple analytic solution
of the parallel heat conduction equation
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Fig. 3. Calculation of the SOL current distribution with the analytical model: (a) 7, distribution along the field lines from Eq. (3) for
different distances from the separatrix; (b) thermocurrent from Eq. (1), ion saturation current and normalized 7, and parallel heat flux
profiles; (c) comparison of thermocurrent profile for different model parameters with the measured profile in an H-mode discharge. The
SOL region shown corresponds to about 1.5 cm in radial direction in the outer midplane and 15 cm along the target.
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where 7, is in eV. The Coulomb logarithm In 1 = 13 was
used to calculate k, the Z.;x dependence is a fit for the
Z-dependent numerical factor and the collision time
contributing to ky. The calculation of the 7, distribution
starts at the sheath, x = 0, with the parallel heat flux and
T, at the target as input. Z is taken as constant, j; is
then calculated from 7,(x) and the midplane electron
density as additional input assuming constant pressure
along the field line. An example for the analytical model
and comparison with the experimental profile is shown
in Fig. 3.

The agreement of the analytical model with the
(ELM-averaged) measurements is good, except close to
the separatrix, where the PS currents contribute to jo,
which are not taken into account in the model. The
absolute value depends sensitively on the divertor tem-
perature, while the shape is mainly determined by the
midplane temperature decay length, which is between 3
and 6 mm following this analysis. The electron temper-
ature is assumed to be constant along the inner and
outer target plates in Fig. 3, which is not in contradic-
tion to the Langmuir probe evaluation. The midplane 7,
profile and the whole temperature distribution in the
model results from the power flux in the inner and outer
divertor sheaths (P, = 0.9 MW, P, = 1.6 MW). The
total heating power of the discharge is Py =5 MW.
Further inputs are the separatrix density n.gp =
3x10” m™* and the density e-folding length /, =
0.023 m taken from the experiment. The choice of the
sheath power flux is somewhat arbitrary due to the ne-
glect of radiation, but this has no big impact on the
results due to the relatively weak (P%*) power depen-
dence of / in the analytic model.

4. Scaling relations

The dependence of the thermocurrents on global
plasma parameters was investigated by regression anal-
ysis of time slices of type-I ELMy H-mode discharges
averaged over many ELMs. The currents used here refer
to the total current measured in the inner divertor. The
values have been extrapolated based on the measure-
ments in one column of tiles in sector 14 under the as-
sumption of toroidal symmetry. This assumption could
be confirmed by comparison with two additional mea-
surements available in sectors 4 and 12 equipped with
lower amplification and S/N ratio. The most pro-
nounced parametric dependence found is that on the
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Fig. 4. Measured total electric current out of the inner target as
a function of the Greenwald factor (left), fGreen = 7./ nf”“" for
various experimental conditions in type-I ELMy H-modes.

Greenwald factor, —Iy o f523, see Fig. 4. In a more

refined regression analysis, we obtain

sep—scale -2 70.7 p0.35 —0.9
IO O(ne‘seplp Pheatq‘)S . (4)

We use here the midplane separatrix density measured
by the lithium beam diagnostic, since this is closer
connected to divertor physics than 7,. The separatrix
density approaches 7z, with increasing Greenwald factor
according tO 7,ep/7, o f324 . With rising density, the
thermocurrent profile broadens and shifts outward. No
significant dependence on Z; could be derived from the
experimental data, which may be due to the fact that Z
in the SOL behaves quite differently from Z.;. Also, the
influence of main chamber recycling derived from the H,
flux [8] on the thermocurrent is found to be weak, sug-
gesting that the corresponding part of the SOL electron
density profile is too far outside the separatrix.

5. Discussion

The good agreement of the analytical model with the
thermoelectric part of the SOL currents allows to derive
SOL temperatures with moderate accuracy, but rela-
tively low experimental effort. Since the current profile at
the target plate turns out to be sensitive against the
midplane decay length under the assumption of classical
parallel conductivity, the flux expansion along the target
plate allows to resolve midplane e-folding lengths in the
mm range. The strong reduction of the currents while
approaching the Greenwald density reflects the cooling
of the divertor plasma. To compare the experimental
scaling for the target-integrated currents with that ob-
tained from the analytical model, we need an ansatz for
the variation of the divertor temperatures with density.
For the configuration used, the inner divertor is the
colder one, i.e., label A in Eq. (1) corresponds to the
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inner and label B to the outer divertor in the following.
We chose Taout X (ne',scp/ne,Grccn)_27 Te,in = e<out/2~ With
this ansatz, the current is calculated with the analytical
model for various parameter sets in the vicinity of the
experimental conditions of Fig. 3, resulting in the ana-
lytical scaling

I‘z‘malyl—scale x n;S]e_;I;,).SP}(l)e.th;SOBSZe—f?.S. (5)
This is quite similar to the experimental scaling, sug-
gesting that the ansatz for T, g4, is reasonable. The gos
dependence is nicely reconciled and therefore attributed
to the change of field line length. The inferred positive
influence of 7, on the divertor temperature (via 7, Green)
suggests the importance of this parameter on SOL
transport in the H-mode. The dependence on Z is not
found in the experimental data, but one has to keep in
mind that here only a line-averaged value (dominated by
the central plasma) was available, and the corresponding
Z.r in the SOL may behave differently, in particular
during density variations.

An open question remains whether the SOL currents
have an impact on edge stability or H-mode perfor-
mance. Taking a current of 3 kA flowing force-free
along the field lines from the outer into the inner di-
vertor, the current winds ¢ times around the torus

leading to, e.g., 12 kA net current in the direction of the
plasma current. These currents, which are not consid-
ered self-consistently in the magnetic reconstruction so
far, have an impact on the magnetic shear, in particular,
in the X-point region where the equilibrium poloidal
field is small. Work is in progress to assess the impact of
the additional currents on edge ballooning stability and
the H-mode threshold.
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