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ABSTRACT

Experiments are described which investigate the parametric variation of
particle confinement in heated and unheated decaying plasmas in the Culham
Superconducting Levitron. The parameter range investigated, expressed in terms of a
collisionality parameter is similar to that found in the current generation
of reverse field pinch experiments and in the edge regime of present day
tokamak experiments. The variation of the particle confinement time with

electron temperature, electron density and magnetic field strength was found

g2

to be approximately of the form T_ <= which is that expected for classical

P
diffusion (Dcl Y vei-aez). However the measured confinement times were shorter
than those predicted by classical diffusion by a factor of 3-10 depending on
the magnetic shear. The diffusion rate was found to be approximately pro-
portional to fé'ﬁ where i@ is the mean shear length. Low frequency spectra of
floating potential fluctuations were measured and it was found that the
amplitude of these fluctuations was reduced by increasing magnetic shear. The

[1]

resistive-g mode has been suggested as a possible explanation for the low
frequency fluctuations and the diffusion coefficient predicted for this mode
(D = Y/kz) has a scaling similar to that observed.
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1. INTRODUCTION

Multipole experiments have in general achieved their main objective of

[2]

demonstrating MHD stability . As a result they have proved useful devices
in which to study diffusion phenomena in experiments where the important para-

meters are under the control of the experimentalist. However even in these

(3]

highly stable configurations only rarely has classical diffusion been
observed. Generally the confinement in these experiments has fallen short of

this ideal. The mechanisms suggested to explain the additional diffusion

[4] , magnetic field errors!S’q7]ion-molecular

(8]

include loss to mechanical supports

(6] [7]

reactions , convective cells and electron density fluctuations

However in many of the experiments it has proved difficult to isolate a single
mechanism as being responsible for the diffusion. Experimental determination
of the scaling of the diffusion is of considerable value when comparing the
various theoretical options. In this paper the scaling of the diffusion

observed in the Culham Levitron is described.

Several scaling laws for diffusion have been found in the various regimes

[91]

in which multipole experiments have operated. Classical and vortex

(10,11]

diffusion (DL = n_ﬁ, independent of B) were reported on the Wisconsin Octupole

In the G A Octupole experiment in collisionless plasmas three i s
TZ B

distinet regimes were observed[1f] . Neo-classical diffusion (rp wkfiq—g) was

observed when trapped electrons were significant. At lower densities difquiqn
13 . n? M2
[13] was observed with Tp « £

attributed to thermal equilibrium fluctuations
T

B
A third diffusion scaling law (TP « TB)’ the so—-called poloidal Bohm scaling,
e

D ri—

was observed when the electron temperature was raised. At Princeton in the

(14]

LSP and FM1 spherators a low temperature regime was observed where the

[15]

diffusion scaled pseudo-classically . However above a certain density-

dependent threshold in electron temperature the scaling became Bohm-like with

1 kTe

a confinement time approximately 300 times the Bohm time (DB = 16 =B 3.

In this paper experimental results are presented which indicate that the



scaling iaw for particle confinement (energy confinement is believed to

be dominated by the neutral gas) at low temperatures has a classical-like
form similar to that observed in the low temperature regime in FMl. However
the dependence on magnetic shear is found to be stronger [16] and up to
electron temperatures of 2eV no evidence of Bohm scaling has been found.
Vortex diffusion is expected to be small in the Levitron because of. the
strong shear and neo-classical effects are small since Bp >> B¢. The formation
of magnetic islands or, in the extreme, ergodicity of field lines can -enhance
diffusion by increasing the effective step length for collisional diffusion
processes. Calculation of magnetic field errors due to stabilising fields,
ring tilt and high order asymmetries has shown that these effects may be

important near the edge of the plasma, particularly at high toroidal fiels, but

are not strong enough to explain the anomalous diffusion.

2. EXPERIMENTAL PROCEDURE

18
A detailed description of the Culham Levitron can be found elsewhere [ ]a

The device is an axisymmetric toroidal system with the main (poloidal)

field produced by a fully levitated superconducting ring (major radius 30cm,
minor radius 4.7cm). The shape of the magnetic flux surfaces is determined

by superconducting vertical field coils. The shear can be varied by

changing the current in a 72 turn winding which produces the toroidal

magnetic field. The ratio of the total current in the toroidal winding to that
in the ring, ;i » 1s approximately proportional to the inverse of the shear
length Ls averaged around a magnetic flux surface. The plasma is prodqced

by electron cyclotron resonance heating at microwave frequencies of 10, 16 and
30GHz. Resonant magnetic fields for these frequencies at approximately 1.S5cm

from the ring are 3.57, 5.8 and 10.7 kgauss and the corresponding ring currents

are 110, 180 and 330 kA respectively.

The electron density at equilibrium and in the afterglow was measured

with a 4mm microwave interferometer. The average electron temperature is



determined from absolute intensity measurements of the helium spectral line
at 58768. In the main discharge a double Langmuir probe was used to measure
the electron density and temperature profiles. Density and temperature
profiles were also obtained in the decay using a multiple shot technique with
the probe at a fixed position for each shot. The profiles were then
reconstructed taking data at fixed times after the microwave heating was
switched off. Where a confinement time Tp is qﬁoted it is taken from the
decay rate of the mean electron density and the value was obtained without
probes inserted into the plasma. Partial pressures of the main gases in the
vacuum vessel were measured with mass spectrometers. Fluctuations in floating
potential have been observed in the heated decays. These fluctuations were
measured with a high impedance probe with a diameter of 0.6mm. The dominant

low frequency components are damped by increasing magnetic shear and this

suggests a possible link between the fluctuations and the diffusion.

In unheated decays at high neutral demsities the electron cooling rate
is so rapid that the electron temperature falls very rapidly to a low value
v 0.leV whilst the electron density is still high. Under these conditions
recombination becomes important as an electron loss mechanism. This is
observed spectroscopically as an increase in light emission in the afterglow
due to recombination mechanisms populating excited states of helium neutrals.
For the experiments reported here recombination effects were kept small,
either by having a relatively low background gas pressure (v 2 x 10_6 torr)

or by supporting the electron temperature with non-resonant microwave heating.

3. EXPERIMENTAL RESULTS

1) Scaling with n, and Te

With a ring current of 110 kA, microwaves at 16 GHz have no fundamental

resonance inside the plasma volume. Microwaves at this frequency were



therefore used as non-localised heating to maintain the electron temperature

in the decay at a constant low value of approx. | eV. The profiles remain virtually
flat for 100-150msec after the main heating is switched off but as the density
decays the heating becomes strongly localised near the region of the 2nd

harmonic of the electron cyclotron resomance. The electron temperature is
sufficiently low that corrections to Tp for ionisation can be negiected. The

data from three heated decays with different values of Iz/IR is summarised

in Figure 1. The data is plotted only in the region where the electron
temperature is approximately constant and in this region the confinement

time is clearly proportional to the reciprocal of electron density. The

electron temperature could not be varied sufficiently in these experiments to

establish a scaling law.

In decays where non-resonant heating was not used scaling experiments
were more difficult to interpret because the electron temperature varied
rapidly. For these decays the rate equations for electron and ion temperature
and electron density were used to model the particle and energy balance in the
decaying plasma. The model used is summarised below by three coupled
differential equations. No term has been included for thermal conductivity
effects. Calculations using classical thermal conductivity suggest that such
a term would be negligibly small in comparison to the strong electron-ion

coupling and charge exchange losses.

2
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In Eqn.(l) classical electron-ion coupling is the main energy loss for
electrons. In addition energy losses due to ionisation and excitation

) at high temperatures are included and at low temperatures heating

(Eiloss
due to recombination is also allowed for. Energy is lost from the ions
(Eqn. (2)) mainly by charge-exchange. The particle balance equation (3)
includes an assumption about the form of the electron diffusion rate (the
first term on the right hand side). Numerical solution of these equations
using experimentally determined initial values of n, and Te predicts the
electron temperature and density decay rates as a function of time. The
actual form of the electron diffusion term was established by comparing the
predictions of the code with the observed density decay. Figure 2 shows
the degree of agreement obﬁained by assuming that the electron diffusion

term is that shown in equation (3). This dependence on electron temperature,

density and magnetic field is the same as for classical collisional diffusion. A

[19]

classical confinement time was estimated from electron temperature and density

profiles measured 25 msec after the heating wWas switched off. The actual
classical confinement time could be obtained from a 1-D numerical solution
of the:continuity equation in flux co-ordinates. However a reasonable
estimate can be obtained by assuming that the confinement time for particles
inside a flux surface is not a function of the distance of the flux surface

from the ring.

Q

Then since —E= Y e I
ot
tl 9 T
n = -
f v nrar = fa (rT)
T T
o o
P r
T
o ~ {D nrdr )

class
class

The classical flux FC was calculated from the profile measurements

lass



. 2 T fe s

using the relation Fclass = Ve B = 1+T; n - T; v Ti_f 3 T; v Te] ;
Although equation (4) is expressed in cylindrical geometry the calculation
was done in flux geometry with the appropriate flux surface averaging, - r
was taken to be the peak of the density profile. The derived value of
T varied slightly with radius but the average value of 800msec is

class -
considerably longer than the observed confinement time. The calculated
curves in Figure 2 were obtained by assuming diffusion occurs with a

classical parametric dependence but with a rate 7 times faster than

classical.

2) Scaling with Magnetic Field

20
Following the scaling arguments of Connor and Taylor ] for a low B
collisional plasma, if the flux ' is a function only of n,, Te and B and a

where a is a characteristic length, then dimensional constraints require that

T
asz.

(D 13—

if 1 = — In the Levitron
p B
where the poloidal field is dominant, the average magnetic field is approximately

as suggested above and Tp = %E then Tp &

proportional to the ring current. Confinement times from decays with different
I

ring currents but with the ratio TE held constant are plotted in Figure 3.
R

The ring current was varied between 110 kA and 330 kA and the data is
normalised to a ring current of 120 kA assuming a classical B2 variation of
confinement time with average magnetic field. It is evident from Figure 3
that the data can be described by a single scaling law. When the dependence
on electron density and temperature is allowed for the confinement time is

found to increase as the square of the mean magnetic field.

3) Scaling with Shear

It is clear from Figure 1 that the particle confinement time is strongly
I
dependent on the ratio of =& | The scaling from the data in Figure 1 is

Ir



' I
approximately Tp = —% -2) 2. In Figure 4 ,data from unheated decays

is IR
indicates a similar relation between confinement and shear at constant
electron density and temperature, although at temperatures lower than those
shown the scaling is less strong. The effect of recombination at the lower
temperatures is not sufficient to explain this discrepancy. Figure 5
summarises all the data shown in Figure 1 and Figure 4, including data from
decays at higher ring currents and clearly shows a consistent improvement

in confinement with increasing shear. A best numerical fit to the data

; . 1
gives a scaling T = /L 1.6 .
s

4) Potential Fluctuations

A high impedance probe at a fixed radial position was used to measure
fluctuations in floating potential ($)as a function of time. Ellis and
Motley have pointed out[zz], that some part of floating potential fluctuations
can be caused by fluctuations in electron temperature. The size of this
effect is not known for these measurements. The signals were recorded on
magnetic tape along with the probe position and later digitised and Fourier
analy;gd on a local computer [21]- The power spectra for two values of
toroidal field are shown in Figure 6 where the ring current was 110 kA and
the electron temperature was supported by 16 GHz non-resonant heating. The
data was taken on the outer denmsity gradient at a distance of 3.25 cm from
the ring surface and was obtained by sampling the a.c.voltage for 5 msec
approximately 20 msec after the ECRH was switched off. The strong low

frequency group is clearly reduced in amplitude as the toroidal field is

increased.

4. DISCUSSION

. 1 .
We have reported previously [1] on the observations of low frequency
potential fluctuations in ECRH discharges. In the afterglow the fluctuations

have a low amplitude but in the heated decays the levels are measurable and,



v

at low toroidal fields, values of %% comparable with those in the main
e
discharge are observed. In [1] several different theoretical alternatives

were discussed to explain the radial dependence and shear scaling of the
observed fluctuations. The resistive-g mode seemed most likely to explain
the experimental results and the measured diffusion was compared with that
predicted by a linear theory of this mode in slab geometry. In goth the
limits of strong and weak shear the diffusion preaicted by this model

(based on D = Y/ki) has the form D « Lz L ai where Voi is the electron-ion

collision frequency and a, is the electron gyroradius. The growth rate

can be obtained by solving the eigenvalue equation for w given in [1].

.2
" i Ls vei w
(0 + wp)(w + w, /7) { W= (1 o+ 1-7”3)} T T Dk 2 2
v o2y Vg

ook 82t 0 w0
X mﬁemp T v ai w mD (w Wy /T

where T =

HI H
o

[

Tﬁis equation has been solved numerically using density and temperature
profiles measured in the decay and shown in fig.7. The result of this
analysis is shown in Figure 8 where the calculated growth rate and radial
width of the n = 0, m = 1 mode have been used to give a value for the
diffusion coefficient based on the quasilinear relation D = Y/ki and
including only the n = O,m = 1 mode. The strong shear dependence observed
experimentally is clearly predicted by this theoretical model. The measured

confinement times were compared to the average values of D predicted by the

2.89

5 . The characteristic scale length of 1l:7cm used

model by assuming Tp =

here is derived from the results of a 1-D classical transport code. The
predicted diffusion is approximately ten times larger than the observed diffusion.
A similar ratio was obtained for the measurements in the main discharge[1].
This quasi-linear estimate of the diffusion can only be regarded as an upper

limit and we make this estimate only to demonstrate that the mode can generate

sufficient transport to explain the observations.

- 8 =



5. SUMMARY

Yy, ©
B'L)

has been experimentally established for both heated and unheated decays in the

A single empirical scaling law for particle confinement (Tpix n, DL'I‘EE’
Culham Levitron. A numerical "best fit" to all the data available gives
@ ==-1.05, B =0.55, vy =1.7, &§ ==1.6 . The confinement time has a
classical-like dependence on electron density, electron temperature and
magnetic field. However the rate of diffusion is anomalously high at low
shear and is strongly damped by increasing magnetic shear. A theoretical
model of the resistive~g mode, used previously 1 to explain the diffusion

in the main discharge has been applied to the decay and satisfactory agreement
achieved between the predicted and the observed scaling of the confinement
time: The growth rate for this mode in the decay has been calculated

and the quasi~linear prediction of the diffusion is larger than that

observed.
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