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Abstract

L.inear theta pinch experiments on ISAR I with superposed helical

¢ = 1 field are reviewed. The helical magnetic field is generated
by shaping the main theta coil, in contrast to a preceding experi-
ment on the same bank [1]. Equilibrium and stability of the helical

pinch are studied over a wide range of plasma parameters.

The helical equilibrium is found to be in reasonable agreement

with existing theories.

Short wavelength helical m = 1 oscillations are observed in connec-
tion with the helix formation. The strong damping of these oscilla-
tions (Alfvén waves) is explained in terms of phase mixing as a

consequence of the diffuse density profile.

Long wavelength m = 1 instabilities are observed for g8 2 0.4.
Their growth rates are in reasonable agreement with sharp boundary

theory if the ends are assumed to be fixed.

m = 2 perturbations produced by the fast compression are damped
away in the adiabatic phase, i. e. these modes are not unstable

modes of the static equilibrium.
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A. Introduction

In a preceding report /1/ we described linear 0O-pinch experi-
ments with superposed helical fields generated with helical
wires. These experiments were continued on the same ISAR I
2.6 MJ bank using a shaped coil, that is, the helical field
was generated by appropriately shaping the inner surface of
the 5.4 m long theta pinch coil. The results of the latter
investigations are given in the following paper. Some details

may also be found in /2, 3/.

All the experiments in straight helical geometry are con-
centrated on £ = 1 helical symmetry because the /4 = 1 system
should be nearly stable with respect to the most dangerous

m = 1 mode or at least exhibits the lowest growth rate. At
high beta wall stabilization should be possible /4[The linear
experiments are preparatory to a big toroidal experiment
(2.7 m diameter), again on the ISAR I bank, where helical
fields will be used to compensafe the toroidal drift force

/5, 28/.

The vacuum magnetic field produced by the helical system is of
the same type as in the well-known low-beta stellarator and,
consequently, we refer to the helical theta pinch as a high-beta
stellarator.

Nevertheless, we emphasize that such high-beta equilibria are
quite different from low-beta stellarator equilibri%& the basic
mechanism for toroidal equilibrium being M & S -likeYrather than
of the stellarator type.

In detail, we have investigated the following three modifica-
tions with shaped coil:

In the first experiment, we used the same small cylindrical
discharge tube as in the earlier experiment with helical wires.
We were thus able to compare the plasma behaviour for the two
different methods of field generation for nearly identical

plasma parameters.
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Next the same small discharge tube was placed in an eccentric
position relative to the coil axis, which is identical with the
axis of symmetry of the helical system. Such an asymmetric
position may simulate the situation in toroidal geometry if the
plasma is drifting or is generated away from the equilibrium
position. This may also afford a first idea of the stability of
the helical theta pinch, even with low temperature, because of

the large initial deviation from equilibrium.

In the last version a large diameter cylindrical discharge tube
which just fitted into the shaped coil was used. In this case the
initial shock heating was much more effective and therefore a

higher temperature (a few keV) was achieved.

The gross magnetic field in the shaped coil was only slightly
different from that in the original theta coil. In previous pure
theta pinch experiments the same two discharge tubes were used.

In so far as plasma parameters were not remeasured with the shaped

coil, they were estimated from these older theta pinch results.

Similar experiments with helical geometry have been conducted
at Los Alamos /6/.

B. Vacuum magnetic field

The pulsed helical field can be generated in different ways. In
our first version, called experiment I in the following, we used
helical wires inside the usual cylindrical theta coil. The helical
field could thus be varied independently of the main longitudinal
field. Simple field programming was also possible by independently
firing the two banks.

In the experiments described below the inner surface of the theta

coil was shaped approximately as a flux surface of a £ = 1 stellarator.
For technical reasons the helical surface was approximated with nar-
row circular cylinders the center of which lay on a helix with a
period length of 60 cm and a radius of 1.5 cm (20 steps per period;

see Fig. 13).




Apart from technical difficulties and variability, tﬁe dif-
ference between the two systems is given by the different
amount of helical harmonics generated by the special current
distribution or the shaped coil surface, resulting in, for
instance, the existence or non-existence of a separatrix (see
below) . The vacuum magnetic field in helical geometry can be
described by a scalar potential using cylindrical coordinates
(r, 06, 2):

sbg Q, 2 +[§ ae-S[n L(6-he) 'Ig(lhr) (1)
<1

and B = Mo V7$b

h = 2% , A = period length,
B

ag = FEQ R IL' Kz modified Bessel functions (standard notation).
o
l. Wires

For a single pair of helical conductors with equal but anti-
parallel currents the coefficients a

ae=0, [=2/£//6/;0:

ae«K;(r’? £=1,3,% .., r*Lhr,,.

(The prime always denotes differentiation with respect to the

g are given by

argument.) Therefore, the first and most important harmonic has

£ = 3. Because of the strong radial dependence this harmonic can,
in general, be neglected for small r, but may be of the same order
as the ¢ = 1 contribution near the tube wall.

In addition, there is a weakening of the helical field by helical
mirror currents induced in the main theta coil. For a single ¢

number this weakening inside the helical wires (r < r ) can

wire
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be described by a constant factor S, < 1 of the form

2
I (Lhvie) - KP (EhVivmis)
I; (L V) K; (Chr )

For Lhrwall € 1 this reduces to the formula for the simple multi-

S, =

pole configuration

1= 0

wall

2¢

The weakening is stronger for lower £ numbers and, therefore, the
relative content of harmonics is influenced by the wall distance.
The content of harmonics can also be varied by using several wires
in parallel instead of each single wire as was done in our first

experiment /1/.

The radius of the separatrix always present in a wire stellarator
is strongly affected by the harmonics and may be optimized by
appropriately choosing the singularities.

2. Shaped coil

In the case of a shaped coil one has the boundary condition that
for times short compared to the skin time of the coil the inner
sur face must be a flux surface. Again, one has to calculate the
coefficients a, of (1). This problem is treated in /7/, which
includes numerical results. If the local cross section of the
shaped coil is circular, the most important harmonic is £ = 2.
Using the technical data given above, we find that, for instance,
the radial magnetic field produced by the ¢ = 2 component is at
least one order of magnitude lower than the corresponding

£ = 1 contribution all over the cross section. Again, for r = O
the harmonic field vanishes, whereas the £ = 1 contribution

remains finite.

In contrast to the wire stellarator, there is no separatrix in

the vacuum field inside the shaped coil. This means that the



harmonics are set up in such a way that the separatrix vanishes

for r S roall® We should mention that for a pure £ = 1 (no harmonics)
the separatrix is well defined and is determined by the helical
wavelength and amplitude. Therefore, producing a pure £ = 1 with

a shaped coil would mean that the coil must have exactly the shape
of a closed flux surface of the £ = 1 located inside the separatrix,
that is, the maximum average coil radius would be limited to the
radius of the separatrix of the pure ¢ = 1.

Calculating now the magnetic surfaces inside our shaped coil, we
find that the flux tubes are not concentric /7/. The helical dis-
placement away from the axis of symmetry increases with increasing
diameter of the flux tube. In our case we chose a helical dis-
placement of 1.5 cm for the inner surface of the coil, resulting

in a helical amplitude of the magnetic axis of only B = 0.94 cm.

The rotational transform per period near the magnetic axis is
constant for an £ = 1 stellarator:

_ _Lp _ 1,2 2
%= 2 7 h

With B = 0.94 cm, A = 60 cm, we get for the total length:

1f¥otal

corresponding to a rotation of 16° between the ends of the coil.

~ (0.045 ,

If a high-beta plasma is now established near the axis of the
helical field, then additional terms (=< k;«hn)) arise in the
scalar potential because of helical mirror currents on the
equilibrium plasma surface. New terms with strong radial
dependence therefore appear in the expression for ¢, result-
ing in high shear near the plasma surface or in a diffuse
plasma profile.
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C. Related theta pinch experiments

Prior to the linear stellarator work on ISAR I we conducted
linear theta pinch experiments using a coil with an inner
diameter of 19.6 cm and a length of 5.4 m. This coil was

also used later on for the linear experiment with helical

wires and, finally, its inner surface was machined and shaped

as a helical flux surface. In theta pinch as well as in stel-
larator experiments we worked with two different quartz tubes,
the inner diameters being 8.5 cm and 17 cm respectively.

The gross plasma parameters in pure and modi fied theta pinches
are mainly determined by the rise time and magnitude of the con-
fining longitudinal field, by the diameter of the discharge tube,
and by the filling pressure /8/.

Therefore, by choosing very similar sets of data in all the
linear experiments we were able to compare the plasma behaviour,
especially plasma stability, with and without helical fields

under nearly identical conditions.

Results of the linear 6-pinch experiments can be found in /9-13/.
In so far as plasma parameters were not remeasured in helical
geometry, we used the corresponding 6-pinch values, keeping in

mind the slightly increased inductance of the shaped coil.

D. Linear high-beta stellarator experiments with shaped coil

1. Survey

A comparison of the technical data and main plasma parameters of

all linear stellarator experiments performed on ISAR I (August 1969 -
September 1970) is given in Table 1. Standard plasma diagnostic
methods were used in all experiments to derive the plasma parameters
and to test plasma stability: The plasma motion was determined with
smear pictures from a rotating mirror camera and image converter
tubes. The density profile was measured with a calibrated camera

and by means of the continuum radiation (l10-channel apparatus) in

a line-free interval.




The ion temperature was deduced from the neutron rate. The
electron temperature was calculated from the intensity maxima

of impurity lines (0,C), the corresponding rate equations being
solved by iteration.

Compensated magnetic loops were used to measure the excluded
flux.

The parameters of the thin plasma halo outside the dense column
were examined by spectroscopic methods /14/. In the last experi-

ment internal magnetic probe measurements were also performed.

In this report we are mainly concerned with the equilibrium and
stability of the helical system. Therefore, plasma parameters
are only given where necessary for comparison with the relevant

theories.

The main result of exp. I was that shock heating also works in
the presence of helical fields and that the helical equilibria
predicted by theory can be achieved. The general plasma behaviour
was very similar to that of the simple 6-pinch. Details can be
found in /1/.

Exp. II, III, and IV are described in the following. The main

results will be discussed in section E.




Table 1

Experiment No. I II LT v

Length of the

coil 5.4 m

Generation of
z = 1 field Wires Shaped COil

No. of periods 8 9

Amplitude of

magnetic axis O ..ed G 0.94 cm
Maximum magnetic
field B 45 kG 40 kG
z ,max
Tube diameter 8.5 cm 17 cm
Tube position concentric eccentric concentric
N
Density on 16
. a few 10
axis
Ion temperature* ...0.23 kevV | ... 0.6 ... 0.4 0.05 ...2keV

* depending on filling pressure and bank energy used in the

experiment in question.




2. Experiment IT

In this experiment the same small discharge tube as in exp. I
was used, but the helical field was generated by the shaped
coil, The tube position was concentric with the helical system
as in exp. I. Because of the higher inductance of the shaped
coil the maximum magnetic field was about 10 % lower and the
rise time somewhat longer. Therefore, starting with the same
initial parameters in both cases, the temperature in exp. II
was slightly lower than in exp. I, resulting in a small dif-
ference in the time scales. With this fact in mind, a direct
comparison between exp. II and exp. I (simultaneously triggered
main and helical fields) was possible.

The results of exp. II were as follows:

In the first discharges the z-pinch preionization had the same
high energy and relatively long current pulse as in all the pre-
ceding linear experiments. In this case we observed a split-up

of the plasma (m = 2), especially during the dynamic phase except
at low filling pressure and high bank energy.

Later on the total width of the second current pulse of the pre-
ionization was reduced to only 2 ns (Fig. 1) and as a consequence
the instability in the early phase was suppressed. With the reduced
preionization plasma split-up only occurred if we added 3 % oxygen.
Similar high m number instability effects during the dynamic phase
had been observed in the pure theta pinch /9-13/, but the helical
pinch seems to be more sensitive to turbulent preionization and/or
high impurity concentration.

Since the plasma was generated and shock heated in a cylindrical
quartz tube, we got a compressed plasma, which was initially also

nearly cylindrical. With respect to the helical equilibrium position

this corresponded to an m = 1 perturbation with a wavelength equal
to the period length of the £ = 1 field, exciting stable m =1

oscillations about the equilibrium position.

With reduced preionization the stability of the helical plasma
column was comparable to that of the theta pinch. Stereoscopic

smear pictures for different parameters are given in Fig. 2.
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The helical oscillations are readily seen. At late times the
usual rotational theta pinch instabilities /11/ were observed.
No significant deviation from the theta pinch could be found in

the measured density profiles and plasma beta.

Comparing now with the equivalent case in exp. I, we can conclude
that the gross behaviour is the same in both cases: The plasma
helix is formed in the early phase, thus exciting stable oscil-
lations around the helical equilibrium position. Differences

are found only in details. For instance, the initial motion into
the helical equilibrium during the dynamic phase seems to be more
rapid in exp. I. This fact may be caused by the £ = 3 harmonic
field produced by the helical wires (see also cap. II).

3. Experiment IIT

The only difference between exp. IT and exp. III lies in the fact
that the small discharge tube is shifted into an eccentric position
in exp. III (shift A = 3.7 cm). By shock heating, a plasma column
is generated concentric with the vessel, that is, eccentric with
respect to the coil axis. Therefore, the total system is no longer
helically symmetric. A similar situation may arise in toroidal
geometry if the plasma is drifting or is generated away from the
equilibrium position and also during the nonlinear development of

am=1, k ~ 0 instability.

In exp. IIT a plasma helix is formed and strongly damped helical
oscillations are seen, as in exp. II. The exact shape of the
plasma column was determined from stereoscopic smear pictures

at different slits along the coil (coil axis = z-axis). A pro-
jection of the centre line of the plasma column parallel to

the coil axis is reconstructed point by point from these

smear pictures. Some examples are shown in Fig. 3. The number

at every point gives the distance between the midplane of the coil
and the corresponding observation slit. Points with 60 cm rela-
tive distance have equal phase (hHelical wavelength A = 60 cmn)
that is, the points z = -30, 30 and 210 cm, for instance, should
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coincide. It is found that the total helix drifts away from the
coil axis, but this drift is slower near the end (z = 210 cn),

indicating some kind of stabilizing end effect.

[furthermore, the plasma helix seems to be rotated by about i o i

relative to the helical magnetic axis of the vacuum field.

In Tig. 4 the radius of the plasma helix is plotted as a
function of time. The oscillation frequencyVincreases with
increasing temperature and decreasing filling pressure.

Damping occurs within several oscillation periods.

The formation of a helix in the eccentric position may be
understood by observing the topology of the vacuum magnetic
field: Each field line away from the helical magnetic axis is

a helix itself, the centre line of which is tightly wound on a
cylinder which is concentric with the coil. The pitch of this
centre line corresponds to the rotational transform. But as
mentioned in cap. II, the total rotational transform is very
small (ttotal ~ 0.045) and the latter effect is hardly detected

experimentally.

If the plasma were to be generated concentrically and shifted
out afterwards, we might get a slightly different situation
because of the different history (e.g. different small forces

from flux conservation of transverse fields).

Nevertheless, if we interpret the plasma acceleration as an
unstable m = 1, k =~ O movement resulting from the large initial
disturbance (A = 3.7 cm), we can estimate a growth rate Y despite
the relatively low temperature:

Assuming constant temperature and neglecting nonlinear effects,
the unstable motion s (t) is given by

)

s(t) = 5o - coshipt) + 7‘;{- sinh(yt)

where in our case the initial values are - Pl A and Vi 0.
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Some results determined in this way are given in the following
table:

Bank energy 0.5 0.5 0.5 1.5 MJ
Filling pressure 40 20 10 10 microns
(Ti+Te)max 50 100 200 600 ev
T=1/ 20 15 (15) 9.5 ps

The initial g value is 0.7 ... 0.9 and decreases during the dis-
charge because of three-dimensional compression and end losses

(see also sec. 4d, Internal probe measurements) .

4, Experiment IV

In the last linear experiment a large diameter discharge tube
was used which just fitted into the shaped coil. In this case
the initial shock heating was much more effective and, therefore,
an ion temperature in the keV region was achieved. Again no
significant difference in plasma parameters was found between
this experiment and previous theta pinch experiments using the

same initial parameters.

In the high temperature regime, however, fast growing long-
wavelength m = 1 instabilities were observed, whereas the
short-wavelength helical mode again showed stably damped
oscillation. The corresponding growth rate and the helical
oscillation frequency were studied over a wide range of plasma
parameters by varying the bank energy (0.5 ... 2.6 MJ) and the
filling pressure (4 ... 40 p).
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Furthermore, we made discharges with reduced preionization
energy and also with antiparallel bias field, resulting
primarily in a decrease or increase of the mean plasma beta

respectively.

In all discharges a thin plasma halo (density of a few
1014[cm-3], temperature of a few eV) outside the dense
plasma column was observed which was generated by flute
instabilities during the dynamic phase [14]. We emphasize
that this plasma halo was more or less present in all our
experiments on Isar I and we believe that it is unavoidable
for theta pinches, at least for plasma parameters where
stabilizing gyroradius effects are not very strong.

The degree of preionization was usually about o =~ 50 % at the
beginning of the main discharge. It was measured with a micro-

wave interferometer (Michelson, A = 1 mm).

The plasma radius at maximum magnetic field was about 10 mm
and was nearly independent of the initial parameters (maximum

compression ratio K ey 10 with respect to the conducting

wall) . Correspondingly? the maximum density on the axis was
nearly proportional to the filling pressure and was a few
lols[cm—3], the density profile being about Gaussian. The
initial plasma beta on the axis was about 0.7 to 1, decreasing
slowly for high temperature (two-dimensional compression) and
faster for low temperature (three-dimensional compression;

see sec. 4d, Internal magnetic probe measurements).

As in all preceding experiments, helical m = 1 oscillations
(wavelength = length of the helical period) were triggered
by the theta pinch compression in the cylindrical vessel.
Their frequen8§%ﬁés proportional to the temperature‘ﬁTe+Til)
over one order of magnitude, and the decay time was again of

the same magnitude as the oscillation period (see also exp. III).
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The radius of the plasma helix was between 1.0 and 1.4 cm
(radius of vacuum magnetic axis r. = 0.94 cm), the larger

values corresponding to higher beta values.

Rapid m = 1 instabilities were observed for high temperature
.+ > s M, >, i
[(T“ T2 1 kev; T, Tl“ T, ~ 400 ev], the growth time
being much less than the plasma lifetime. By means of stereo-
scopic smear pictures at different slits along the coil it was
confirmed that the gross plasma motion had the same direction

all along the coil, corresponding to a rigid sideward motion

of the plasma helix. From statistics over many discharges the
plasma motion was found to be preferentially away from the
collector slit. This fact was possibly caused by small per-
turbations of the helical symmetry because of the finite length
of the shaped coil, z-dependent plasma parameters, non-ideal
quartz tube, and so on. As wall contact occurred nearly simul-
taneously (at equal phase) all over the coil, we conclude that

there was no strong end effect in the high temperature regime.

With lower temperature [(Te +T;) &1 kev, T & Ti], however,
the plasma motion was more complicated and showed clear deviations
from the exponential time dependence for large amplitude. In addi-
tion, the amplitude near the ends was sometimes smaller and the
plasma did not hit the wall in contrast to the centre region,

thus indicating a wavelength of twice the coil length.

With (T.l + Te) € 0.2 keV no m = 1 instability was observed during
the confinement time.

Typical smear pictures are given in Fig. 5 (right hand side).
Numerical results are presented in Table 2, including the degree
of preionization and the plasma beta on the axis averaged over
the growth time of the instability. For this purpose the time
dependence of beta was deduced from the plasma profile, from
compensated magnetic loops, from the neutron rate and, for one
case, from internal magnetic probe measurements (see 4. 4d).

We give a range of the beta values rather than a fixed number
because there is no definite averaging procedure and also

because of the experimental error.
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If no value for y and y/luh is given then no instability was
observed. Because of the connection of the plasma lifetime and
Alfvén velocity this is generally the case when ¥/w < 0.03, that
is, a lower ratio cannot be measured with the present coil length

and helical distortion.

By lowering the degree of preionization to about 15 % the instability
was suppressed during the plasma lifetime for (Te + Ti) < 1 kev,

and for the highest temperature the growth time was doubled. From

the plasma pressure and also from the excluded flux we conclude

that the plasma beta had only decreased by about 20 %, while the
plasma profile was only altered in details. With a further reduc-
tion of @ no m = 1 instability could be seen at all. Results are

also included in Table 2 and Fig. 5 (left hand side).

A very small antiparallel bias field was used to increase the
plasma beta. With larger bias field a hollow density distribu-
tion was expected with B = 1 at the density maximum. As the
compression ratio was ~ 10 (excluded flux € 1 %) and the maximum
field was 34 kG, a significant change in the density profile was

expected for a bias field of the order of a few hundred gauss.

The results were as follows (10 microns, 1.5 MJ):

Bias field 0 -100 G -360 G -700 G

y/® 0.7 0.9 0.9 0.11

w, was nearly constant (w =~ 4 MHZ) .




The unstable mode was again a long-wavelength m = 1 mode. With
even higher bias field a more complicated mode (possibly m = 0)
with similar growth rate occurred. The maximum intensity of an
oxygen ¥ line also measured occurred earlier for higher bias
field, thus indicating an increased electron temperature, and
the neutron rate, which is very sensitive to the ion temperature

in this regime, only decreased by a factor two.

Therefore, the main plasma parameters were only moderately
changed, while the maximum beta approached unity, followed by
the development of a hollow profile. These two effects must
therefore have caused the slightly increased growth rate, but

it is difficult to separate them.

With a bank energy of 0.5 MJ, a filling pressure of 10 p D2,
and standard preionization (Te ~ Ti ~ 250 eV), we made internal
magnetic probe measurements near the midplane of the coil.
Figure 6 shows the geometrical arrangement. From these measure-
ments we could derive magnetic field profiles and beta values
for early times, where plasma cooling by the probe itself could
be neglected. In Fig. 7 normalized profiles of the longitudinal
Bz—field are shown for various times. The helical oscillations
of the plasma are readily seen and agree well with the oscilla-
tions derived from stereoscopic smear pictures taken 150 cm away

from that point. In Fig. 8 the value

2 2
/-)’*= -Bz,vac - Ba min
2
'Baﬁmc
derived from the field profiles is given. B is the lon-

z,vac
gitudinal magnetic field measured without plasma in the dis-

charge tube, while B is the longitudinal field on the

Z,min
plasma axis. For t » 3ps the compression oscillations are
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damped out and to lowest order

/3* o SBax ~ Zf"".P’”“X/'B:,vac

(p = plasma pressure perpendicular to the field lines).
There is no chance of deriving the rotational transform
inside the plasma from the field components measured only
along one line. There is, however, an interesting feature in

the By—profile. In Fig. 9 the Bz—profile and the profile for

A _By = —BJ,Plasmq - -By,vac

are given for the second expansion of the plasma column

(t ~ 2 us), again normalized to the longitudinal field with-
out plasma. One finds that during the first few microseconds
ABy has a complicated structure in the outer region. This
indicates that longitudinal or helical currents were also
flowing outside the dense column. Later on these currents
were more and more concentrated near the centre column. But

again one could not derive the exact current distribution.

A more detailed investigation of the dynamic phase showed
that flute-like instabilities developed because of the high
dynamic forces connected with the shock heating and the sub-
sequent compression oscillations. These instabilities reached
amplitudes of the order of the plasma radius itself and some-
times plasma even split off to form the thin plasma halo
described elsewhere /14/.

At the beginning of the adiabatic phase these flute modes dis-
appeared, that is, they were not unstable modes of the static

equilibrium.

Returning now to the field measurements, it seems quite likely
that the measured currents are helical mirror currents on flute
modes or possibly on split-off filaments. It should be noted
that helical mirror currents are not force-free and cannot flow

in the nearly pressureless halo.




On the other hand, if we interpret these currents as force-
free longitudinal currents, then a return'current on the
centre column, for instance, is necessary for the net
longitudinal current to be zero (see also the following

section).

5. Longitudinal currents and rotational transform

If there is no connection between the end plates of the linear
discharge vessel, then the net longitudinal current is, of course,
zero. In a toroidal device, however, a plasma current can be
induced by the helical fields because of their rotational trans-
form and, therefore, we shall look at this problem in more detail.
As we use a crowbarred z-discharge for preionization in the linear
experiment (see Fig. 1), the end plates are, indeed, connected

by an external circuit. In general, however, small remaining
z-currents are suppressed by a voltage-dependent resistor in
series (thyrites) and, therefore, this connection has high re-
sistance for low voltages (a few kilovolts).

In order to investigate the effect of the helical field, we

carried out two modifications:
a) Induced voltage

First we measured the induced voltage across the nonlinear
resistance while the current was about zero. It turned out that
the induced voltage as a function of time was nearly propor-
tional to the coil voltage (Fig. 10a).

b) Induced current

Then we removed the thyrites and the longitudinal current (Fig. 10Db)
flowing was now measured. As expected, this current was about
proportional to the main theta current and, therefore, also to

the helical field (shaped coil!). The unstable plasma motion

was not seriously altered by this comparatively small current.
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In order to understand these results, we make the following
model :

Tt is assumed that an infinitely conducting plasma column is
established during preionization and the end plates are shorted
(no thyrites). When the main field is now triggered, an azimuthal
flux ¥ is set up proportional to the rotational transform € and
the longitudinal flux ¢. From conservation of flux in the closed
circuit (plasma and external conductor, total inductance L) we

find a net current IZ

dl; 1 dx _ 1 (¢
dr L dt e alz‘

With thyrites we get an induced voltage U,

dX d
UZ dt = ¢ < LL> UCoil.<t/60L‘l>

<tcoil> is the total rotational transform averaged over the cross

C(n l

section. The total rotational transform of the vacuum magnetic
field is ¥ ~ 0.045 near the axis, slowly increasing with radius
to ¥ ~ 0.1 at the wall. Additional contributions come from the
helical mirror currents in the finite B plasma column, thus
resulting in a very high rotational transform near the plasma

surface. Taking only the vacuum rotational transform, we find

Uy pr = 2 kV ) Ty ey = TkA

Comparing with the experimental curves we find agreement in

2 max

phase, while the experimental values are about a factor of two

higher than expected qualitatively for a high beta plasma.

In a toroidal system this current must be compensated by an

externally induced current /3/.

But while it is possible to compensate the net longitudinal
current, it is very difficult to control the net current on
each magnetic surface, which, in general, is set equal to

zero in relevant theoretical models.




E. Discussion of plasma equilibrium and stability

In the following discussion we are mainly concerned with helical
equilibrium and with stability effects which are closely connected
with the helical field. That is, we exclude other theta pinch
instabilities such as mirror instabilities /10/ observed again

for high temperature and anisotropic velocity distribution.

We compare the experimental results with improved sharp boundary
theories and also with theories using diffuse pressure profiles.
Because of the finite length of the linear system we also include

end effects.

We use the following Fourier expansion to describe the deviation

of the plasma surface (or of any other flux surface) from a
circular cylinder:

r(6z)=r [1+ zf JLcosl,((-}-hz)] J(<<7 ¥)
=0 -

In all experiments the plasma was found to form a helix near
the helical magnetic axis of the f = 1 vacuum magnetic field.
The sharp boundary model predicts a helix radius ry weakly
dependent on beta /15/

~

By, Vm

r=r-d, = =
h = 'p 1 -Bg'h'(4—}_é) (4-?)

grl is the maximum of the radial magnetic field near the axis

and ro the radius of the magnetic axis of the vacuum field which
is r. = 0.94 cm for the shaped coil. Since the experimental
density profile is Gaussian, we expect that the sharp boundary
theory predicts too high a plasma deflection, if the beta on

the axis is used. Indeed, for pexp ~ 0.4 ... 0.9 we find

~ 1.0 ... 1.4 cm, while the sharp boundary model gives

r
h,exp
r, ~ o2 _ofere Lol Qe

*) . . .
With large helical shift (helix radius r, » r ) the Fourier

expansion has to be done in a helical codrdinSte system
(for £ # 1) and & is defined by b4 = n/c (see [16, 18)).
o
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Furthermore, no £ = 1 equilibrium with circular cross section

(no z-current) is found in the sharp boundary theory, if /16 /
2
p-d, > w7 /16 = 0.6

But while 361 2 0.6 for most experimental parameters, a well
confined helical plasma column is observed in all cases, and
the plasma cross section is circular within the experimental

error.

We may also draw a comparison with the more realistic helical
equilibrium given by Nihrenberg /17+)/, where a smooth pressure
profile is used and an elliptical deformation is allowed in
second order. The numerical example in /17/ (circular boundary
coil ~ 1, =~ 6, Bmax ~ 0.6) fits with the

gross experimental parameters except for the smallness parameter
e (e = hr, = 0.2, eexp ~ 0.1 ... 0.14). Since the helical

example h 5
distortion scales with e, we calculate for our case a maximum

cross section, hr

62max ~ 0.2 ... O.1 at that radius, where the pressure gradient
is maximum. But for nearly Gaussian experimental pressure pro-
files the maximum gradient is much smaller, possibly resulting

in smaller 62.

Experimentally, however, it is difficult to detect a 62 < 0.1
and, therefore, there is no real contradiction between experi-

ment and existing theories.

Since the plasma is generated and compressed in a cylindrical
vessel, we produce an initial m = 1 disturbance from the helical
equilibrium and as a consequence helical oscillations with

wavelength equal to the helical period were observed.

+) The scaling in /17/ is more general in one sense than in
existing sharp boundary theories. While in /17/ only the product

hr =hrp-6 is small and there is no restriction on él/hr , in sharp

h 1
boundary models 61 < hrp ~ 1 (old theory /4/) or hrp < 81 ~ 1

(new ordering /18/) is assumed.
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Looking at the W, which is given explicitly in the next section,
it turns out that for this mode all terms arising from the heli-
cal field are negligible and the remaining term is the usual kink
mode term of the theta pinch. Because of the high compression
ratio ( # € 10 ) this mode is not affected by the wall. Thus,

we get the helical frequency (sharp boundary)

2 2 2
Wy =(2-8) hvy~
where Va is an Alfvén velocity calculated with the density on the

axis and the magnetic field outside. Using 8 = ZuOnk(Te+Ti)/B§,

we write W as a function of the ion and electron temperatures

2, 2-A 2k(Te+T7)
wh_(____ﬁ )h =
(R = Boltzmann's constant, m, = ion mass).

Comparing now this sharp boundary result with the experiment

(Fig. 11), it turns out that all experimental values lie between
8 ~ 0.4 and B ~ 1, where the frequencies measured with the small
discharge tube (shaped boxes) correspond to lower beta. Differences
to the experimental beta on the axis may again be explained by the

smooth pressure profile.

In all cases it is found that the helical oscillations are damped
within several oscillation periods (see Fig. 4). We suppose that
the kinetic energy of the oscillation is transferred to modes
with high wave number and/or frequency by phase mixing /19/
because of the diffuse profile and is finally converted to

internal energy.

Using a small superposed helical current in resonance with the
oscillations, one might get efficient plasma heating at moderate
and technically feasible frequencies. As the initial kinetic
energy of the helical oscillation is several per cent of the
thermal energy, we get a reasonably high heating rate. A detailed
treatment of this problem, including the damping of the m = O,

k =~ O compression oscillations, will be given elsewhere /20/.
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Until now stability calculations for the long-wavelength

m = 1 mode including explicit growth rates have only been
done with the sharp boundary model. It is generally believed
that this model gives a fairly accurate description for this

mode.

We take the advanced theory of Freidberg /16/, which in the
appropriate limits represents the results obtained in the old
/4,15/ and new /18/ ordering. It turns out that Freidberg's
numerical results are quite close to the old ordering except
for 8 ~ 1. Thus, we can utilize the 8W of the old ordering as
an analytical approximation, though the new ordering is valid
for our experiment.

For k — O we get for the growth rate

Xk-ao— hz ‘ [hz z‘gz /3(4' Sﬂ)(z ) — J ﬂz 44 _-] J ?au

Since A ~ 10, the second term is negligible.
For finite wavelength the stabilizing kink mode term must be
added, which for distant wall reads

{5 = (2B) K b <1k 21
kink made )

(k = wave number of the instability).

This limit is valid except for very low compression ratio,
where an additional small wall effect appears /21/.
Keeping only the major terms, we then get

A (4-35)(2-13) 2
1 ) ) 8 (S d K (2R

We examine two cases:
Firstly, we take k— O, that is, we neglect end effects and

the only remaining term is the destabilizing stellarator term.
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But we have seen experimentally that, at least for low tem-
peratures and small growth rate, end effects are present
though it is difficult to find a quantitative measure.
Therefore, we try the case where the plasma column is fixed
at the ends of the coil, that is, we take the wavelength to
be about twice the coil length.

Since the unstable term is about proportional to beta, while
the kink mode term varies with (2-8), we now get a critical

crit ~ 0208
This is in contrast to the dipole wall effect, present also

beta below which the plasma is stable (here B8

for k—> 0, which, for low compression ratio, gives a critical
beta above which stability is obtained.

Experimentally, we measure ¥y and w . which are both proportional
to VA and, for constant beta, proportional to VTe+Ti. Taking

the ratio y/mh, therefore, we get a normalized growth rate
which has to be compared with the theoretically expected

ratio

£ e AU K
w, ho 8(1-8)  h*

In Fig. 12 we compare the experimental growth rates with
Freidberg's numerical results (full lines), for which the
above expression (dashed lines) is a reasonable analytical
approximation for g < 0.9, as mentioned earlier.

We see that for y/wh 2 0.1 end effects are of minor impor-
tance and the experimental data are close to the theoretical
curves. But for X/wh € 0.1 the experimental growth rates are
even slightly lower than theoretically expected with fixed

ends.

Furthermore, by fixing the ends we overestimate the end effects
and, therefore, we conclude that the experimental growth rates,
at least for intermediate beta, are clearly lower than expected

from sharp boundary theory including realistic end effects.
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Such a difference may be explained by means of simplifying
assumptions in the theoretical model (e.g. circular cross
section) . The most significant difference is that, experi-
mentally, the pressure profile is smooth, and taking the
beta on the axis, although it is appropriately time averaged

for comparison, may result in too high growth rates.

We emphasize that this stabilizing kink mode term may be
important for toroidal systems with superposed helical fields
(¢ = 0,1,2,3) and with a total rotational transform of the
order one: If the rotational transform is adjusted in such a
way that the most unstable mode is not an eigenmode of the
system (periodicity condition), then a kink-mode-like term is
expected, thus resulting in a finite critical beta, as shown
in the linear case with end effects. For the £ = 1 system the
rotational transform and the corresponding term in &W are

formally too small and do not appear in the above formulas.

Finally, we note that it has recently been shown /22/ that
helically symmetric equilibria with diffuse pressure profile
exist which satisfy a sufficient stability criterion below a
finite critical beta (no small beta expansion). Since a free
plasma boundary is assumed this criterion also includes

m = 1 stability. These equilibria are éharacterized by addi-
tional elliptical and triangular deformations of the plasma
cross section and are not found by a small parameter expansion,
where the zeroth order is the theta pinch.

This class of equilibria and the analogous toroidal equilibria

are equally interesting and should be further investigated.

Sharp boundary theory predicts first order instability for all
modes with m 2 2 and long axial wavelength /23/. It is expected,
however, that finite gyroradius corrections are important for
typical parameters and that ideal MHD theory gives pessimistic

results for these modes.




By using a Vlasov fluid model, Freidberg /24/ has indeed shown
that, while the stability threshhold is the same as in ideal
MHD, the growth rate becomes exponentially small for the m 2 2
modes if typical theta pinch data are assumed.

At first glance this is in agreement with the experimental fact
that no m 2 2 instabilities are observed during the adiabatic

phase.

But, in addition, we have found that m = 2 perturbations of the
plasma column, produced during the dynamic phase, are even damped
away within several microseconds, that is, these modes are stable

and do not slowly become unstable.

Furthermore, by varying the filling pressure and bank energy

we obtained plasma parameters where the ions were collision-

free as well as collision dominated with respect to the ion gyro-
period (0.25 < Tii. wci < 103, Tii = ion ion collision time,

wci = gyro-frequency) . For the collision dominated case gyro
radius effects will be substantially reduced, but again no

growing m = 2 instabilities are observed.

Obviously, additional stabilizing effects, not included in the
Vlasov fluid model, must be present in such a way that the
threshhold is substantially shifted and the high m number

modes become stable.

There are several possibilities for damping and/or stabilizing
processes in a real diffuse theta pinch plasma including also
all kinds of end effects (e.g. shorting of the electric Hall
field /ll/i Additional stabilization is expected because of
the high shear produced by the helical field in connection
with the smooth density profile.

Finally, we should again note that within the scope of ideal
MHD finite beta helical equilibria have been found /22, 27/,
which satisfy necessary (local) of even sufficient stability

criteria.
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F. Conclusions and prospects

We have shown experimentally that a dense plasma column with
helical £ = 1 symmetry can be established and effectively
heated by fast compression.

We have studied the equilibrium and stability of this helical

pinch for a wide range of plasma parameters.

The equilibrium parameters have been found to be in good

agreement with existing high beta theories.

Helical m = 1 oscillations were observed in connection with
the formation of the helical equilibrium. Their frequency

is that of the usual theta pinch kink mode (wavelength = heli-
cal period). These oscillations are damped away within several
oscillation periods by phase mixing as a consequence of the

diffuse pressure profile.

This damping mechanism should also provide effective plasma
heating for finite beta plasmas at moderate and technically

feasible frequencies.

For present parameters the helical equilibrium is unstable to
long-wavelength m = 1 perturbations. The growth rates are some-
what lower than predicted by the sharp boundary theory including
realistic end effects.

The m = 2 instabilities also predicted by the sharp boundary
theory were not observed. On the contrary, m = 2 perturbation
produced during the dynamic phase disappeared in the adia-
batic phase.

A simple Vlasov fluid model which gives reduced growth rates

but retains threshhold is not sufficient to explain this fact.

The main purpose of the linear experiments described above was
to gain experience for a toroidal confinement experiment where
an appropriate combination of helical fields will be used to
overcome the toroidal drift force. Since the toroidal current
will be zero, such a system might easily be operated in the
steady state.



P =

We have proved that shock heating is a very convenient method
for generating fusion-like high-beta plasmas in more com-
plicated geometries as well, and we shall also use it in
future experiments. Nevertheless, we have also shown that
there are other mechanisms in a diffuse high-beta plasma,

promising efficient plasma heating at moderate and technically
feasible frequencies.

A big toroidal experiment on ISAR 1 (called Isar T 1) with a
£ =1 field in leading order and small ¢ = 2 and 2 = O fields

(to provide the toroidal equilibrium) is now under way.
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Fig. 13 Helically shaped theta coil (upper part removed)
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