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Interpretive modelling of scrape-off plasmas on the MAST tokamak
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Electrical currents in the scrape-off layer (SOL) of MAST are modelled using an interpretive Onion-Skin
Model (OSM) constrained with experimental data from MAST diagnostics. The model was extended to
include the effects of the magnetic mirror force, which has a strong influence on the particle and momen-
tum balance in spherical tokamaks, such as MAST [1]. These modifications serve to more accurately
model the parallel electric fields present in the MAST SOL, which can alter plasma dynamics via the
E � B drift. Simulations show that the electrical current at the divertor targets is predominantly thermo-
electric, whereas Pfirsch–Schlüter currents have a greater contribution to the total current in the bulk of
the SOL plasma.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

The scrape-off layer (SOL) of the MAST tokamak was modelled
using an interpretive Onion-Skin Model (OSM) [2], which solves
1-D fluid equations for momentum and particle conservation along
magnetic flux tubes. Experimental data is input into the code from
diagnostics on MAST in the form of boundary conditions and to
place constraints on the plasma solution. In this case, plasma den-
sity and temperature information at the midplane and divertor tar-
gets was provided by Thomson scattering and Langmuir probes
respectively. Information about the magnetic geometry of MAST
was obtained from the EFIT code in order to generate the grid to
input into the code and to model the effects of magnetic mirror
force terms in the particle and momentum conservation equations,

which are proportional to . It has been shown that the mag-

netic mirror force strongly influences the boundary plasma in
spherical tokamaks [1], affecting density and, to a lesser extent,
temperature profiles along magnetic flux tubes.

Consideration of electrical currents when modelling the SOL of a
tokamak plasma is important in order to calculate electric fields
and ExB drift motion, as well as heat loading of the divertor targets
[3] and to determine the presence of current-driven instabilities.
Due to the 1-D nature of the model used, only electric fields and
currents parallel to magnetic field lines are being considered. The
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electric field can be ascertained by using a form of Ohm’s law
[4]:

EkðsÞ ¼
jk
rk
� 0:71

e
dkTe

ds
� 1

en
dpe

ds
; ð1Þ

where s is the coordinate parallel to the magnetic field lines (m), rk
is the parallel electric conductivity for a fully ionized plasma
(X�1 m�1), jk is the parallel electrical current (A m�2), k is Boltz-
mann’s constant (J K�1), n is particle density (m�3), e is the electron
charge, Te is electron temperature (K) and pe is the electron static
pressure (kg m�1 s�2). In the bulk of the SOL plasma away from
divertor targets, weak parallel pressure gradients exist. This allows
parallel electrical currents to influence the parallel electric field. To-
wards the divertor targets, strong pressure gradients dominate the
parallel electric field equation as the plasma accelerates to the
sound speed at the divertor plates.

Inconsistencies between the physical model in the OSM code
and experimental data are reconciled by the inclusion of anoma-
lous particle and momentum terms in the respective conservation
equations. When all the physical mechanisms controlling the plas-
ma dynamics in MAST has been accounted for, these anomalous
terms are reduced.
2. Experimental constraints

In order for the OSM interpretive code to operate, experimental
data is required to place boundary conditions upon the plasma
solution generated to model a specific tokamak discharge. In this
case, MAST shot 13,018 at 250 ms the plasma was in a
rights reserved.

mailto:james.harrison@ukaea.org.uk
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Fig. 1. Density profile with and without mirror force terms included for a flux tube
1 cm outboard of the separatrix on the low-field side.
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disconnected double-null configuration, where a radial separation
between the two separatrix flux tubes exists at the midplane. The
core density ne = 2 � 1019 m�3, T1 = 1.2 keV and Ip = 730 kA, both
targets were attached and the upper x-point was active. The SOL
plasma was in a quiescent H-mode state, simplifying the plasma
dynamics by reducing the effects of edge turbulence and ELMs.
The magnetic field was in the ‘normal’ direction, i.e. the ion B �rB
drift is directed towards the lower divertor. The plasma is in the at-
tached regime with respect to the four divertor target plates.

Langmuir probes embedded in the four divertor targets pro-
vided ion saturation measurements from which electron densities
and temperatures were determined. Upstream electron densities
and temperatures were recorded at the radial midplane by the
high-resolution Thomson scattering diagnostic.
Fig. 2. Recorded and simulated
3. Magnetic mirror force

In the single-particle picture, the magnetic mirror force reduces
the parallel motion of charged particles moving from a region of
weaker to stronger magnetic field. In the fluid picture, the mirror
force manifests itself in the form of corrections to the steady-state
fluid particle and momentum conservation equations [1]:

rk � ðnvÞ¼ SpþðnvÞrkB
B

; ð2Þ

rkðpeþpiþqv2þdpiÞ¼ Smomþ qv2þ3
2
g �rkvþ

v
2
rkB

B

� �� �rkB
B

;

ð3Þ

where g = 0.96pisi is the parallel viscosity coefficient (kg m�1 s�1), si

is the ion collision time (s), v is the fluid velocity (m s�1) and q is the
mass density (kg m�3), Sp is a volume particle source (m�3 s�1) and
Smom is a momentum volume source (kg m�2 s�2). The correction to
the particle conservation equation is a pseudo particle source term
reflecting the fact that particles tend to accumulate at mirror
‘bounce points’. The dominant effect of these particle and momen-
tum sources is to bring about a density increase as the plasma ap-
proaches the strike point (Fig. 1).

4. Parallel edge currents

4.1. Thermoelectric currents

Whenever a temperature imbalance between the ends of an
electrical conductor exists, an electrical current will flow through
it due to the thermoelectric effect. It has been seen that this effect
is one of the dominant current-driving mechanisms in a tokamak
SOL [4], especially in the region near the divertor targets where
thermoelectric currents.
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Fig. 3. (a) Parallel currents 1 cm inboard of separatrix on the high-field side. (b) Parallel currents 1 cm outboard of separatrix on the low-field side.

394 J. Harrison et al. / Journal of Nuclear Materials 390–391 (2009) 392–394
cross-field pressure gradients are small compared with the mid-
plane. Following the equation derived by Stangeby [4]:

ĵk ¼ �c
1
rT
� 1
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where ĵk ¼
jk
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Tc
;nh; Th are the density and temperature at the end

of the flux tube with higher temperature, whereas nc, Tc are the den-
sity and temperature at the other end of the flux tube. csh is the
acoustic sound speed at the high temperature end of the flux tube
(m s�1), L is the connection length between the divertor targets
(m), vmom

ei is the electron–ion collision frequency (s�1) for momen-
tum–loss collisions. All other terms have their normal meanings.
Calculations of the thermoelectric currents flowing through the
SOL for the discharge simulated using the OSM model agree reason-
ably well with data taken from the target Langmuir probes (Fig. 2).
Discrepancies between measurements and the current density pre-
dicted by the thermoelectric model are largely due to the code not
reaching a satisfactory level of convergence on flux tubes located in
this region.

4.2. Pfirsch–Schlüter currents

Another source of parallel currents in a tokamak SOL is required
to close the divergent part of perpendicular currents, as required
by the current continuity equation ~r �~j ¼ 0. To simplify the model,
it is assumed that the dominant cross-field current source with
non-zero divergence is brought about by diamagnetic drift motion.
The parallel Pfirsch–Schlüter current closes this cross-field current
and the divergent part of the diamagnetic current provides a
means of calculating its magnitude. The Pfirsch–Schlüter and ther-
moelectric currents constitute the dominant current sources in the
bulk of a tokamak SOL. Using the 1-D edge current model described
by Rozhansky [5], the total current density flowing parallel to a
magnetic flux tube a small distance away from the separatrix can
be given by:

jk ¼ jkðx0Þ
BTðxÞ
BTðx0Þ

þ BTðxÞBðxÞ
BhðxÞ
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where B is the total magnetic field strength (T), BT is the toroidal
field strength, Bh is the poloidal field strength, x is a poloidal coor-
dinate (m), x0 is a reference poloidal co-ordinate where the current
density jk (A m�2) is known. x0 is taken to be a divertor plate and
hence jk (x0) is the calculated thermoelectric current flowing to-
wards the plate. r is a radial coordinate (m) and p is the sum of
the electron and ion static pressures (kg m�1 s�2).

It can be seen that the parallel currents reverse direction on the
outboard midplane (Fig. 3), this is due to a substantial increase of
the integral term in Eq. (5) on the outboard side as opposed to
the inboard side, due to the presence of stronger parallel pressure
gradients on the outboard side. This feature of Pfirsch–Schlüter
currents has been observed in other theoretical studies [5].

5. Summary and conclusions

The OSM model implemented on MAST has been extended to
simulate parallel SOL currents and the effects of the magnetic mir-
ror force in order to accurately determine the strength of parallel
electric fields. The electrical current model shows good agreement
with the experimental data available and the magnetic mirror
force has been shown strongly to influence the density profiles in
MAST discharges, as seen in previous studies [1].
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