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Abstract

The maximum attainable plasma temperature in a linear high
current high density arc with a longitudinal magnetic field is
limited by the end losses. In a plasma torus, end losses do not
occur. There is, however, the question what influence the curvature
has on the plasma, i.e. whether an arc in a toroidal magnetic field
can burn in a stable manner in the centre of the vessel or whether
it is displaced to the wall, and how large the energy losses and
axial temperature are compared with those of an arc in a linear mag-
netic field. To solve this problem using the classical heat con-
duction equations for ions and electrons, the temperature profile
resulting from ohmic heating was calculated as a function of time.
Since the thermal conductivity parallel to the magnetic field is
high, the temperature in the hot regions is constant on the magnetic
surfaces. The magnetic surfaces are formed by superposition of the
magnetic field produced by the discharge current on the high longi-
tudinal field. The rotational transform thus obtained ensures that
the plasma is in equilibrium. The position of the plasma is given
by the wall isotherms.

As a preliminary study of the conditions in the whole torus,
two independent experiments with torus sectors for investigating
discharges in hydrogen and helium were conducted. The experimental
data are as follows: torus diameter 1 m (30° sector) and 0.7 m
(1880 sector), plasma diameter approx. 3 cm, plasma density 1015 -
101 em~3, discharge current 3 kA, discharge time 1 msec and
20 msec respectively, external magnetic field 50 kG and 25 kG
respectively. '

The results of the experiment are as follows:

a) The hot regions of the plasma (axial temperatures up to
about 100 000 ©K) are not forced to the outer wall, as widely
feared, but rather tend to be slightly displaced to the inner wall.

b) Using streak pictures in the light of HeII ( A = 4686 R)
it is found that, with a suitable choice of parameters, the arc is
stable.

c¢) The losses in the toroidal discharge are not much higher
than in the linear case, as measurements of the longitudinal elec-
tric field strength and axial temperature show.

The results of the calculations and the two experiments
arouse hopes of obtaining a stationary high temperature plasma
free of MHD instabilities by neutral gas confinement in a closed
torus with a superposed magnetic field.




1. Introduction

This paper deals with the properties of a plasma in
toroidal geometry that is separated from the wall of the ves-
sel by neutral gas. In the theoretical model of a stellarator
without anomalous diffusion the energy transport to the wall
is governed by classical diffusion so that the density vanishes
there, while the temperature should remain everywhere as con-
stant as possible.

This investigation, on the other hand, is concerned
with a high density discharge (n = 1015 - 1016" em- 2) in which

a temperafture profile occurs as a result of thermal conduction
and a neutral gas blanket forms at the boundary in keeping

with the local thermal equilibrium. The plasma is produced by
ohmic heating in a high extermnal magnetic field. The mean free-
path for charge-exchange collisions is so small that no neutral
particles are able to diffuse into the fully ionized plasma
core.

Such discharges have been investigated hitherto only
in uniform, linear magnetic fields [1,2] and so extension to
curved magnetic fields raises the following questions:

How 1s the temperature profile influenced by the curvature
of the magnetic field and how is the plasma column kept in
equilibrium? The theoretical investigations are concerned
with a closed toroidal configuration, while the experiments
were conducted on torus sectors.

2. Description of experiments

a) EIERUHR K

The experimental setup is shown in Fig. 1. The discharge
configuration is a development of the linear EIERUHR device[2].
The dimensions of the original experiment were essentially
retained to allow comparison between linear and curved geome-
tries.

The discharge vessel consists of a glass tube with an
inmer diameter of 5.4 cm. It is bent for a length of 60 cm to
form a torus sector with a radius of curvature of 1 m. The
longitudinal magnetic field (By to 50 kG) is produced by a
pancake coil in a ftransparent cast, thus allowing the plasma
column to be observed along its entire length. The plasma
current flows from ring electrodes through guide funnels, as
in the original EIERUHR device (for the most important data of
the EIERUHR K device, see Table I).

A streak camera and a spectrograph were used to observe
the plasma in the centre of the discharge vessel in the direc-
tion of the torus radius and parallel to the torus axis. Streak
pictures were taken in the light of the He II line A = 4686
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In addition, time resolved framing pictures were taken of the
whole plasma channel in the light of the He I line A = 4471 8
during the entire discharge time. In this way, 1t was possible
to observe the position of the plasma, the shape of 1ts cross
section, and its stability.

b) AMBIPOL IV

The AMBIPOL IV experiment is shown in Fig. 2. The
layout and dimensions are similar to those of AMBIPOL III [
The discharge consists of a semi-toroidal and a linear measu-
ring section of equal length (1.10 m) with superposed longi-
tudinal magnetic field By (up to 30 kG). For equal current
(up to 3 kA) and equal neutral gas pressure (approx. 5 torr),
it is thus possible to make a direct comparison of the condi-
tions in the toroidal section with those in the linear section.
For this purpose, one spectrograph was mounted at the centre
of the toroidal section and another at the linear section,
thus allowing the temperature profiles to be investigated. Po-
tential probes designed as copper limiters are used To measure
the longitudinal electric field in the toroidal and linear
sections at the same current. This enables the energy balance
in the two sections to be compared. Table I lists the most im-
portant parameters of the discharge.

The two end electrodes are designed to serve as
both anode and cathode, and so the direction of fthe discharge
current can be reversed. The continuously streaming neutral
gas (Ho + 10 % He) was always admitted at the cathode and ex-
tracted at the other end of the discharge. The windings deno-
ted by "B," in Fig. 2 produce in addition to the longitudinal
magnetic field By a transverse magnetic field B, (up to 1 kG)
parallel to the torus axis. This field can be used together
with the main current Jo to shift the discharge channel in

the transverse direction as a result of the J, x B, force.

5. ResultTs

a) Calculation of the temperature profile

While the temperature in the linear case is constant
on a certain radius r and the temperature maximum is at the
centre, the energy balance equation for the torolidal case con-
tains an additional heat flow in the azimuthal direction the
divergence of which does not vanish owing to the curvature of
the magnetic field and which can cause the isotherms to shift
in the Z-direction (Fig. 3). The energy balance equations of
a fully ionized plasma were numerically solved for the two
temperatures T and Tj.




TR

The two energy equations are:

a . g 3 Y‘Ik o — 2 .

%hk-é-tI + divs + ——-——Ln,t (T Tl) = 6E%; (1)
3 oT; .+ _ 3mnk T — ]
Enkg‘_t-! +odivs Mt (T TJ) 0 ) (2)
5= -4 nkleg T o p30kTTF 5, 5wkl TePn g, ()

%7 eBwt * <2 Tm 2 eR% )
T — nktT;c F= < _ hk?'T;'t""’ s hsz'C" L5

where

n = particle density, T = electron temperature, T, = ion tempe-

rature, B = longitudinal magnetic field, m = electron mass,
M = ion-mass, T = electron-ion collision time, T; = ion colli-
sion time.

Numerical solution was made by a time difference
method in which the temperature was fixed on the circumference
of a ecircle with radius r. = 2 cm. The calculations were made
for a hydrogen plasma witﬁ torus diameter of 60 cm and an
external_magnetic field of 100 kG. The particle density n =
1012 em~2 was assumed constant in both space and time. This
entails only a small error in the solution for the temperature
profile. This is because the relation_between density and
temperature gradient (Nernst effect[4] ) causes Ehe density to
vary very little with the temperature ( nns T-1/%). The electric
field, which i1s constant over the radius, was ﬁhosen so that
the discharge current density rises in 5 x 107" sec to 1.6 kA
cm™<., IteratioE commenced with a uniform temperature distribu-
tion of T = 107 ©K. The tﬁmperature profile for this discharge
at the time t = 2.7 x 10~" sec is plotted in Fig. 4. The
temperature rise is 20 % steeper at the inside wall of the
torus ( ¥ =,0) than at the outside wall. This shift cannot be
due to the VT x B term in the energy equation since this term
can only cause a shift in the Z direction. The heat flow pa-
rallel to the magnetic field, in turn, produces a symmetric
temperature profile as a result of the thermal conductivity
parallel to the field lines. A temperature balance parallel
to the field lines is present because fthe self-magnetic field
of the current is superposed on the longitudinal magnetic field
so that magnetic surfaces are formed [4,5] . It is therefore
assumed that it is thermal instabilities that are involved
here, these bﬁing contained in egs. (1) and (2). At the time
t = 2.7 x 102" sec, the rise time of these instabilifties is
ta =5 x 1079 sec, i.e. a factor of 10 faster than the current
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rise time. It is being checked whether these instabilities
can be avoided by choosing a faster current rise time. In

the steady state, the electric field 1s so small that the
stabilizing effect of the thermal conductivity parallel to
the magnetic field predominates. The step size was varied to
check whether the results are independent of numerical insta-
bilities.

b) Experimental results on temperature distribution

The drift pattern in a toroidal plasma in vacuo
with a superposed, uniform magnetic field without rotational
transform (i.e. the plasma is forced outward to the vessel
wall (ef. [7] )) suggests at first glance that in our case
the temperature maximum should shift toward the outside wall
of the torus. The experimental results for our plasmas with
a neutral gas blanket show, however, much more favourable
behaviour. From the first spectra recorded (cf. Fig. 5, He II
A = 4686 8, He T A = 471% B) it can be seen that the tempera-
ture maximum does not shift outward, but tends rather to be
stationary and symmetric, and, in many cases, it is even a
little closer (approx. 2 - 3 mm) to the inside wall of the
torus.

Short-circuiting of the transverse electric fields
at the copper nozzles of the electrodes cannot be the cause
of the profile symmetry since the same results were obtained
with insulated nozzles. '

c) Comparison between linear and toroidal discharges

On comparing the axial temperatures in the linear
and toroidal sections of AMBIPOL IV (approx. 70 000 °K) or
those in the linear EIERUHR and EIERUHR K (approx. 100 000°K),
it is found that the temperatures in the toroidal plasmas
are not essentially lower.

The longitudinal electric field strengths in the
two sections of AMBIPQOL IV agree within the measuring
accuracy. They are approx. 2.5 V/em. The electric field in
the EIERUHR K is approx. 10 V/ecm, which agrees within the
measuring accuracy with that measured in the linear EIERUHR.

It is found that the cross section of fthe plasma
channel in EIERUHR K is a factor of 2 - 2.5 larger in area
than the linear EIERUHR and that is not always circular. The
shape of the cross section is governed mainly by the filling
pressure. The ratio of the transverse dimensions of the plasma
cross section is plotted in Fig. 6 as a function of the fil-
ling pressure.

d) Effect of a transverse magnetic field

The plasma AMBIPOL IV was subjected to an exter-
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nally controllable transverse force by using additional
windings to produce a transverse magnetic field B, which is
parallel to the torus axis and which results in a Lorentz
force in the torus plane perpendicular to the torus axis.

From the two discharge spectra in Fig. 7, which were recorded
for different polarities of the Jy x EL force, it can be seen
that a transverse magnetic field of only 2 % of the main field
is already sufficient to cause a distinct shift of the emission
maximum of the He II line A = 4686 R and hence of the hot re-
gions of the plasma. For B = 1 kG, the wall of the torus 1is
destroyed by thermal stress. Whereas tThe destruction of the
wall occurs in each case on that side at which the Lorentz
force is directed, the shift of the emission maximum takes

the opposite direction (Fig. 7). This suggests that the flow
in the plasma (without B, as well) may be of the type found

in investigations of the retrograde motion of arcs [8].

Any dependence of the longitudinal electric field
strength in the toroidal section of the applied transverse
field B, is within the present measuring accuracy. The tempe-
rature in the maximum apparently drops, however, when the
transverse magnetic field is applied (500 G), as can be seen
in Fig. 7.

e) Equilibrium of forces and flow in the plasma

Even without a transverse magnetic field, there
must be flow in the toroidal plasma to maintain equilibrium.
While the position of the plasma column in the TOKAMAK is de-
termined by the repelling forces of the metal wall, the posi-
tion of the column is governed here by the temperature profile
resulting from the energy balance (egs. (1), (2)) at the given
boundary temperature and electric field strength. The tempera-
ture distribution together with the gurrent distribution gives
rise to a meridional magnetic field By , which combines with
the longitudinal field to form magnetic surfaces on which the
pressure is constant when equilibrium is present. If it is
assumed that the density, temperature and By depend only on r,
the equilibrium here corresponds exactly to the LEVITRON case,
the only difference being that here the discharge channel takes
the place of the internal conductor. Classical diffusion has
been calculated in [9] , where the inertia terms in the equa-
tion of motion have been neglected. The flow field of a toroi-
dal discharge with temperature gradient was also calculated
[5] in a similar manner to that in [9].

The result for the velocity v is:
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where O denotes the direction of the longitudinal magnetic
field and -%F the rotational transform (Fig. 3). In this
velocity field, the longitudinal velocity Vg 1s largest and
diverges for r — 0. At the zero r = 0, the solution for v
and vy 1s not valid either because the values from egs. (ﬁ)
and (5) are not unique there. The flow pattern for the veloci-
ty field of egs. (4) and (5) is plotted in Fig. 8, the second
term in eq. (4) being neglected. The flow lines are circles wilth
thelr centres on the axis R = R, that touch at the point Z = 0,
R =R,.

o

This velocity field involves the difficulty that
there is permanent mass transport from the outside wall of the
torus to the inside wall. It must therefore be assumed that a
solution satisfying the boundary conditions is only obtained
by taking the inertia terms into account. The energy transport
caused by the flow (egs. (4), (5)) is of the order of the
thermal conductivity of the electrons, while the total energy
loss is governed by the thermal conductivity of the ions. The
contribution of the flow to the energy transport in eqs. (1)
and (2) was therefore neglected in the calculation of the tempe-
rature profile.

It was attempted exgerimentally to measure the flow
in the outer region (T = 20 000 °K approx.) of the plasma chan-
nel. An estimate showed that the velocity there must be below
102 cm/sec. Velocity measurements in the hot region of the plas-
ma are being prepared. The velocities here are expected to be
high (velocity of sound).

) Stablilty

In this type of discharge (ﬂﬁ=10"3) magnetohydro-
dynamic instabilities cannot occur [10] . As a result of the
steep temperature gradients, however, ion temperature driven
drift instabilities are to be expected. These should lead to
anomalous heat conduction losses, but these only become effec-
tive at _higher temperatures than those attained exXxperimentally
so far [10]. A closed toroidal discharge should make it possi-
ble to investigate these anomalous losses at high temperatures
(10° °K) by optical measurements of the temperature profile.

With the discharge parameters of EIERUHR K listed
in Table I, no fluctuations in intensity could be observed in
streak pictures taken in the light of the He II line A = 4686 R
and framing pictures taken in the light of the He I line
N = 4471 B, the camera being directed in each case in two mu-
tually perpendicular directions. As an example, Fig. 9 shows
a streak picture of the discharge taken in the direction pa-
rallel to the torus axis. (The dark strip in the centre of
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the picture is caused by an opaque strut inside the field coil).
The results of the calculations and the two eXperiments
arouse hopes of obtaining a stationary high temperature plasma

free of MHD instabilities by neutral gas confinement in a
closed torus with a superposed magnetic field.
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FIGURE CAPTIONS

Schematic of EIERUHR K
Schematic of AMBIPOL IV
Coordinate system used

Electron temperature profile at the
discharge time t = 0.28 msec

Side-on spectra of EIERUHR K and AMBIPOL IV
(1ine of sight parallel to torus axis)

Ratlo of transverse dimensions of the plasma
versus neutral gas pressure in EIERUHR K

Ed = dimension in the vertical direction
parallel to torus axis), dj = dimension in
the horizontal direction (parallel to torus
radius))

Influence of the transverse magnetic field
on the side-on spectrum of AMBIPOL IV

Flow pattern in torus assuming classical
diffusion

Streak picture of the discharge in EIERUHR K
in the light of He II (4686)




plane of observation
L—

discharge vessel

Mg, 1 Schematic of EIERUHR K




spectrograph (line of sight parallel to

torus axis)

potential probes

to —=—

P [ vacuum pump 1

b4
H H :

s HH

HH {4

1t spectrograph

T
T

E “;:,\ 10cm
H discharge tube
(pyrex)

tungsten electrode

v e o T
- | o s s e B
T T

T ) S e s S e . S
| S i o o et e e e e . o s e
s —— ‘

I~ B

A

gas inlet

Fig. 2 Schematic of AMBIPOL IV




z
A
Z -
- =
-
\\\\. r
™
N
\.
W

N/ "

- Rs o I

Fig. > Coordinate system used




T [°K]
i

4-10° |
3-10°
2-10° t
1-10°
‘!}'-'0 'l,‘ =1
- . ' ” - I
2 ! 0 ! 2 [cm]
Fig. 4 Flectron temperature profile at the discharge

time t = 0.28 msec




Hel 5876

outside wall inside wall

of the torus

H]‘l 4861
Hel 4713
Hell 4686 —
Hel 4713
Hell 4686 He I 4471
H 4340
7
inside wall outside wall
of the torus
EIERUHR K AMBIPOL I¥
Fig. 5 Side-on spectra of EIERUIR and AMBIPOL IV

(line of sight parallel to torus axis)




(=)

o
i

filling pressure
i

Fig. 6

"
T

-

Ratio of transverse dimensions of the plasma

versus neutral gas pressure in EIERUHR K

dv = dimension in the vertical direction (parallel
to torus axis)

dh = dimension in the horizontal direction (parallel
to torus radius)
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