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ABSTRACT

Magnetic field profiles measured in Extrap discharges with an
imposed axial/toroidal magnetic field are analysed in the present article.
In a linear device, Extrap LI, the axial current is driven by an applied
electrode voltage. In the toroidal Extrap Tl, the toroidal current is
induced. Contributions to the current, in addition to that due to the
applied voltage, may arise from radial diffusion as well as from dynamo
effects like those observed in reversed field pinches. Typical magnetic field
profiles are studied here in order to assess these contributions.



1. Introduction

The difference in resistivity parallel and perpendicular to the
magnetic field causes the plasma current to preferentially flow along the
magnetic field lines, which results in a paramagnetic effect, i.e. the toroi-
dal (or axial) magnetic field is stunger in the plasma than it is outside.
The paramagnetism is even stronger in the almost force-free relaxed
reversed field pinch (RFP) states, whith an apparent n . x » n. , where the
average parallel resistivity is of the same order as the Spitzer value.

Radial outward diffusion of particles, balanced by an influx of
neutrals, drives currents perpendicular to the magnetic field, with
components both in the poloidal and toroidal directions These currents
oppose the paramagnetism and may even reverse it to diamagnetism.

In the present work, typical measured magnetic field profiles from
linear and toroidal experiments, as well as typical RFP profiles are used
to illustrate these phenomena and to see to what extent these effects are
present in different types of Extrap discharges.

It was pointed out in [1,2] that also the Nernst effect gives a diamag-
netic contribution. This term is estimated to be too small to be responsible
for the deviations from resistive profiles reported here and appears only
implicitly in the present treatment.

2» Basic equations

First we consider a cylindrical Z-pinch equilibrium with circular
cross-section, in a frame (r,6,z) with an axial current Iza and with an
imposed constant axial electric field Ez parallel to the z-axis. Adequate
sources and sinks are assumed to account for a radial diffusion with
velocity vr. In a stationary state, curl E = 0, which leads to Ee = 0 and
E = (Er,0,Ez). The magnetic field is B = (03e3 z) . The current density is
determined by the 6- and z-components of Ohms law. For the parallel and
perpendicular current densities we have

B + (1)

(2)



where a "dynamo electric field" ED is invoked to account for all deviations
from the simple version of Ohms law, including the Nernst term. Since
E D among other things represents noniinear fluctuation terms v xB, we
may obtain curl E D * 0 even with a constant (apart from fluctuations)
equilibrium magnetic field. In typical RFP's, Ew < 0 near the minor axis
and > 0 in the region of field reversal, while EDj+vr B< 0 and reduces the
perpendicular current over the entire cross-section.

a Radial profiles

From experimentally measured magnetic field profiles, we may
determine current density profiles and form the quantities

jon,,

JÖHx

which can be regarded as anomalous conductivities,.normalized to the on-
axis value.

The first term in each expression is proportional to the parallel and
perpendicular conductivity, respectively, and the variation of the two
quantities may reveal the relative importance of the different terms. In the
following, three examples are chosen:

1) A typical Extrap Tl discharge, represented by a polynomial model
for the magnetic field and current density profiles [3].

2) An ultra low q-discharge in the linear device Extrap LI.

3) A model of RFP [4], based on n,T ~ l- (r/a)2 and u ~ 1- (r/a)<

4. Examples

4.1 Extrap Tl

The model [3] is based on Sprott's model for RFP discharges [5], but
modified in order to be able to match the coefficients to Extrap Tl experi-



mental results, obtained with both plasma current and octupole ring cur-
rents induced simultaneously, using an iron core transformer. The follo-
wing expressions for the magnetic fields and the current densities are
used:

B
(5)

(6)

-g 2eo(l-ap2-(l-a)p«) (7)

(8)

where

n

The polynomial function model by Sprott is obtained for a=60» while
Extrap discharges are best modelled by a=ic60, with K<1. A typical Extrap
discharge may be modelled by 90=l and K=0.7, i.e. a=0.7. The correspon-
ding radial profiles of the magnetic field are shown in Fig. 1. The norma-
lized conductivity profiles are shown in Fig. 2, and seem to be in reaso-
nable agreement with Spitzer resistivity, varying with the temperature.
Fig. 3 is a o/rc ^diagram, including all three examples. It is clear,
within the limits of experimental error, that the observed paramagnetism
in Extrap Tl is consistent with that expected from the anisotropic
resistivity.

4.2 Extrap LI

The measured magnetic field profiles for a ULQ discharge without
any octupole field are shown in Fig. 4. Measured points are dotted, while



the curves are fitted functions used for evaluating deduced quantities. The
toroidal magnetic field is approximately constant in the interior, and
increases towards the boundary, i.e. the plasma is diamagnetic in this
case. This has been supported later by Thomson scattering measurements
of electron temperature and density [6], though without measurement of
the magnetic field profiles, in order to avoid internal probes in the plasma.
The temperature and density obtained was Te-20 eV at ne=4 1021

 m-3,
which is in agreement with the axial pressure po=22.3 kPa, computed
from the field profiles reported here if n<j=1.8ni. With an applied octupole
field, the temperature increased to about 45 eV, while the density
remained nearly unchanged, ne=5 1021 nv3. The average separatrix
radius was then about 17 mm, i.e inside the rod shield at 22 mm
otherwise limiting the plasma. This high pressure at a current level of 12
kA and a pinch radius of a-17 mm requires diamagnetism for radial
momentum balance.

Fig. 5 shows the axial and pcloidal current densities, while the
components parallel and perpendicular to the magnetic field are shown in
Fig. 6. In the central part the current is entirely axial, as in an isotropic
medium. The parallel current density reverses at a radius of about 19
mm. This return current in the outer layers was observed also in [6]. It
can only be closed by radial currents connecting inner and outer parts
near the ends of the pinch. This agrees with the observation [6] that the
internal plasma current is up to 30 % higher than the current in the
external circuit. Thus part of the current is diverted and returns in the
outer layers, where the axial electric field also reverses. The two conduc-
tivity profiles are shown in Fig. 7, and their relation in Fig. 3. The parallel
conductivity looks regular, while the perpendicular behaves anomally at
least in the boundary region. Both are far away from the RFP dynamo.

In Extrap LI, the electrodes may provide a source of particles lea-
ding to an outward diffusion. The density is also higher than in Extrap Tl,
where it is n^lO21 nv3, and the outward flux of charged particles balan-
cing the influx of neutrals from the surrounding gas may be significant
[7-9]. The outward motion may then drive an axial current in addition to
that from the external circuit [10]. In Fig. 8, the profiles are interpreted in
terms of an outward radial velocity, assuming i\f2x\ff and assuming the
parallel current to be determined by resistivity and by an axial electric
field, which is EZ=EQ at the axis and rather flat in the internal regions, but



reverses where the current reverses. Combining the same electric field
profile and the parallel conductivity, we may obtain a temperature profile
and, using the pressure profile obtained from the magnetic fields, an elec-
tron density profile. Fig. 9 shows these profiles, which seem compatible
with heat conduction requirements in that the temperature gradient is
kept small in the centre, where the density is high and is larger at the
boundary. A corresponding particle source, drnvr/nordr, is shown in Fig.
10. The source seems to be strongly concentrated near the boundary,
indicating that the plasma-neutral gas balance is mainly responsible for
the profiles. An additional source near the axis may represent axial
influx from the electrodes, while a strong particle sink appears at the
location of the stainless steel shield protecting the octupole field rods.

4.3 RFP

For a comparison with RFP profiles we may use those obtained by
Ortolani [4] based on a u profile u=(20o/aXl-p4) and parabolic density and
temperature profiles with Oo=l-7 and p\)=0.1. The magnetic field and
current density components shown in Fig. 11 are determined by

dp ~"'Ä*
uBe po*p/po)

V(0)Be(0)"2 dp

dp
BO

=" p + J %
Po<Xp/po)

M(0Ä(0 ) '2 dp

(9)

(10)

The corresponding normalized anomalous conductivities are shown
in Fig. 12. In this case none of the components appear to be dominated by
resistivity. The perpendicular current density is an order of magnitude
lower than the parallel one. From the RFP literature, it appears that the
average value of the resistivity is of the same order or larger than the
classical value. Consequently, the resistive term in Eq.(2) is negligible,
and we may write

If vr is neglected here, the perpendicular dyqamo term must closely
match the perpendicular component of the induced electric field. More
likely, a difference between the two gives rise to a radial plasma motion. If



all of the anomaly is interpreted in terms of motion, the plasma moves
inwards, as shown in Fig. 13. This would require particle sinks, Fig. 14,
inside the plasma, which are not easily explained within the simple
model used here. Since the perpendicular motion seems to be directed
inwards what remains is the motion along field lines, but here they are
closed and offer no path out. However, a constant u profile suggests the
presence of stochastic field lines linking inner and outer parts of the
plasma. This would allow for a circulation of particles inwards across the
field and outwards along field lines. A more detailed discussion of this
falls beyond the scope of the present article.

6. Plasma-neutral gas interaction

The difference in behaviour between the two Extrap devices seems to
be related to the plasma-neutral gas interaction. According to Lehnert
[7-9], the neutral gas density nn=Nnne and ion density at the boundary
nb=Nbns are related by

Nn = | N j , forNb<l (12)

where nB=kj)B, B the total magnetic field at the boundary and, with a
boundary temperature of Tb=3 eV, ku^l^-lO22 m^T 1 . In the boundary
layer, the ionization region has a characteristic length of Ln=5 1018/ne m.

For Extrap LI, B=0.25 T leads to ne=2 1021 and by estimating
nb=2.4 1021 u r 3 to a neutral density of nn=7 1020. Using the expressions in
[2], we may then estimate the source rate qs=1.7 1028 n r V 1 . Combining
this with the maximum source rate in Fig. 10 yields an electric field on
the axis of 1250 V/m and an electrode voltage of =500 V, which is
consistent with the measured voltage [6]. The characteristic length is
Ln=2 mm, i.e. a tenth of the plasma radius. Furthermore, the current
density on axis is 13 MA/m2 in Fig. 6, which with parallel Spitzer
resistivity and Zeff=1.8 yields an electric field of 1300 V/m and an electrode
voltage of 520 V. Thus the same Zeff seems to result from the resistivity
estimates and from the pressure balance.

In Extrap Tl, the magnetic field is lower, B=0.14 T [3], and with the
same ke, we have ne=21021 nv3. The central electron density can be esti-
mated to be no=1021 nv3, and for the boundary density we adopt the value
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m,=4 1020 na3. The neutral density then becomes 1^=1.11019 m 3 and the
source rate qs=4.4 1025 nrV1, about 400 times smaller than in Extrap LI,
which reduces the diffusion term significantly more than the electric
field, which is reduced by a factor of 10 [3]. The characteristic length is
Ln^lZ cm, i.e. about a fourth of the plasma radius, which might be too
dose to the limit of the impermeable model [7-9].

Reversed field pinches usually have densities leading to Ln/a=0-3 or
higher. RFX might enter the impermeable regime and proposed reactor
parameters certainly belong there, with Wa=0.01.

6L ConchiSHMis

From Fig. 3 it is clear, that the three cases are very different. There
is no evidence of any RFP dynamo action in the two modes of Extrap
operation studied here.

The toroidal Extrap discharge with the octupole field present
exhibits an essentially resistive state. The possible importance of the
octupole field for this is impossible to judge from the present results alone,
but later experiments supports the indications here that the octupole field
affects the relaxation processes.

The relaxation processes seem to be absent also in the linear
experiment, in spite of the fact that the octupole field was not activated.
Instead, the behaviour seems to be determined by the plasma-neutral gas
interaction in the boundary region, where Fig. 10 indicates a particle
source of a magnitude in agreement with the other experimental
parameters. Thus we have here two different examples of non-relaxed
states with possibly two different reasons.

One essential difference between the two Extrap versions is the
lower particle density in the toroidal case, which reduces the diffusion-
driven current. The line densities are about the same in both cases,
suggesting that the difference is due to the Larmor radius stabilisation
limit [11,12] in combination with the increased transverse plasma
dimension. Thus the diffusion driven current might be most efficient for
pinches with a small minor radius. Another difference is that the
diffusion driven current would close on itself in the plasma interior. A



high impedance primary circuit and a transformer core might still give
rise to a reversed current in the outer layers or in the vessel wall.

It is worth mentioning, that relaxed states have been observed in the
toroidal Extrap device, run as an RFP, and with lower density.

In summary, the main conclusion is that the relaxation, with
accompanying increased transport and decreased (lvalue may be avoided
with help of changed boundary conditions, of which we have seen two
examples here. The consequences for the RFP concept of entering the
impermeable regime when approaching reactor conditions may be
clarified by the RFX experiments.
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Figure Captions

Fig. 1 Radial profiles of the magnetic fields based on polynomials
with 0O =1 and K=0.7, corresponding to a typical Extrap Tl

discharge.

Fig. 2 Radial profiles of parallel and perpendicular normalized
anomalous conductivity, calculated from the magnetic field of
Fig. 1.

Fig. 3 Parallel versus perpendicular normalized anomalous
conductivity for a polynomial Extrap Tl model, an ULQ
discharge in Extrap LI, and a polynomial RFP model.

Fig. 4 Radial profiles of the magnetic fields for an ULQ discharge in
Extrap LI. Dots mark measured fields and full lines are used
to compute the other quantities.

Fig. 5 Radial profiles of the current densities calculated from the
fields in Fig. 4.

Fig. 6 Radial profiles of the components parallel and perpendicular
to the magnetic field of the current densities in Fig. 5.

Fig. 7 Radial profiles of parallel and perpendicular normalized
anomalous conductivity, calculated from the magnetic field of
Fig. 4.

Fig. 8 Radial profiles of the electron temperature and density
calculated from the fields in Fig. 4.

Fig. 9 Anomally expressed in terms of an outward radial velocity vr,

assuming T|^=2T| / /.

Fig. 10 Particle source profile derived from the density in Fig. 8 and the velocity in
Fig. 9.

Fig. 11 Radial profiles of the magnetic fields based on a RFP model, based
on n,T oc l- (r/a)2 and u « 1- (r/a)4
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Fig. 12 Radial profiles of parallel and perpendicular normalized

anomalous conductivity, calculated from the magnetic field of
Fig. 8.

Fig. 13 Perpendicular anomally expressed in terms of an inward

radial velocity vr, assuming EZ=EQ.

Fig. 14 Particle source profile derived from the assumed parabolic density profile

and the velocity in Fig. 13.
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B».

1.0 r/a

Fig. I Radial profiles of the magnetic fields based on polynomials
with 0O =1 and K=0.7, corresponding to a typical Extrap Tl

discharge.

1.0 r/a

Fig. 2 Radial profiles of parallel and perpendicular normalized
anomalous conductivity, calculated from the magnetic field of
Fig. 1.
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Fig. 3 Parallel versus perpendicular normalized anomalous
conductivity for a polynomial Extrap Tl model, an ULQ
discharge in Extrap LI, and a polynomial RFP model.

0 20 30 40 r[mm]

Fig. 4 Radial profiles of the magnetic fields for an ULQ discharge in
Extrap LI. Dots mark measured fields and full lines are used
to compute the other quantities.
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30 40 r[mm]

Fig. 5 Radial profiles of the current densities calculated from the
fields in Fig. 4.

0 10 20 40 r[mm]

Fig. 6 Radial profiles of the components parallel and perpendicular
to the magnetic field of the current densities in Fig. 5.
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10 20 30 40 r[mm]

Fig. 7 Radial profiles of parallel and perpendicular normalized
anomalous conductivity, calculated from the magnetic field of
Fig. 4.

0

rod shield radius

10 30 40 r[mm]

Fig. 8 Radial profiles of the electron temperature and density
calculated from the fields in Fig. 4.
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10 20 30 40r[mm]

Fig. 9 Anomally expressed in terms of an outward radial velocity vr,
assuming ^ = 2 ^ .

<fiv(nv rod shield radius

-4000

-6000
0 10 20 30 40 r[mm]

Fig. 10 Particle source profile derived from the density in Fig. 8 and the velocity in

Fig. 9.
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Fig. 11

Fig. 12

0.0 0.5 1.0 r/a

Radial profiles of the magnetic fields based on a RFP model, based
on n,T oe l- (r/a)2 and u «= 1- (r/a)4
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Radial profiles of parallel and perpendicular normalized
anomalous conductivity, calculated from the magnetic field of
Pig. 11.
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0.5 1.0 r/a

Fig. 13 Perpendicular anomally expressed in terms of an inward

radial velocity vr, assuming EZ=EQ.

0.0 0.5 1.0 r/a

Fig. 14 Particle source profile derived from the assumed parabolic density profile
and the velocity in Fig. 13.
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