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Abstract

Rotation of the plasma column and rotational instabilities were
studied in the ISAR I linear theta pinch using two coils with a
length of 1.5 and 5.4 m respectively ('I‘e < 450 ev, Ei = 4.5
keV, n, some 1016 cm_j).

A possible mechanism which can cause plasma rotation is short-
circuiting of the radial electric Hall field over the ends of the
linear pinch. The axial short-circuit current predicted by this
model could, in fact, be measured by measuring its magnetic field.
The sign of this current and the total charge of the current pulse
were 1n agreement with this model. The duration of the current
pulse was about equal to the transit time of a torsional Alfvén
wave over half the coil.

These results justify the assumption that the plasma rotation in
open-ended theta pinches is essentially caused by end effects and
should therefore be of minor importance for toroidal pinches.




1. Introduction

In theta pinches, rotation of the plasma column has often been ob-
served /1 - 7_/. In many cases rotational instabilities in the form
of elliptical deformation of the cross section have appeared. Some-
times these instabilities have even led to splitting of the column
into two or more arms rotating around one another. The(m = 1) insta-
bilities also observed in theta pinches were connected with rotation
and are a possible unstable rotational mode / 6, 26 7.

The rotation of the contour of the plasma column does not strongly
Justify the conclusion that the bulk of the plasma is rotating. But
measurements of Doppler shifted impurity lines directly showed a ro-
tating plasma in some cases / 5_/. We shall revert to this problem
later.

A lot of theoretical work has been done to explain rotation and ro-
tational instabilities in the theta pinch Zfl,Ea,4,8-15_7. A fairly
complete discussion of different possible reasons for rotation has
been given by Haines / 10_7/. One of the different mechanisms proposed
is short-éircuiting of the radial electric Hall field over the ends
of the pinch /2a /. It is attempted here to decide wether this me-
chanism is working or not.

The principle of our experiment was to measure the axial short-
circuit current at the end of a theta pinch by measuring its magne -
tic field. Special care was taken to confirm the correlation between
this current and the outflowing plasma. Our experiment was conducted
on the 5.4 m long coil of the Isar I bank. A comparable measurement

on a rather short coil (20 cm) was done independently by Thomas Zf16;7.

The experimental results will be discussed and compared with rough
estimates based on the short-circuit model. Before the method and
results of the axial current measurements are presented, a brief
summary of observations of rotational instabilities in the Isar I
bank is given.




2. Bank and plasma parameters

Here the main data of the apparatus and the plasma parameters of

the cases investigated are given. Further details can be found else-
where Zf7,17,18_7. Experiments were made on the Isar I bank with

two coils 1.5 m and 5.4 m in length [_19,20_7. In all cases the
theta pinch discharge was carried out without any bias field. The
plasma was preionized by two z-pinch discharges 1721-23_7. The main
bank parameters are given in the following table:

Arrangement IA IB IIA IIC
capacitance 1.1 3.3 1.1 3.3 mF
total inductance 21.5 15 16.5 10:3 nH
maximum voltage 30 40 30 40 kv
maximum magnetic field 59 146 16 45 kG
coil length 1.5 5.4 i
coil diameter 10.6 19.6 cm
tube diameter 859 55 9 17 cm
Table 1

The plasma parameters were measured by Mach-Zehnder interferometry,
laser light scattering, neutron detection, diamagnetic loops, and
measurement of the continuum radiation / 7,17_/. Plasma parameters

of four main cases investigated are given in the following table:



Arrangement

IA IB IIA IIB

Voltage 30 40 30 30 kV
Bank energy 0.5 2.6 0.5 1.5 MJ
Coil length 1.5 5.4 m
Filling pressure 10 10 micron D2
Ei,max 0.8 4.5 0.2 0.85 keV
Te,max 0.356 0.45 0.2 0.35 keV

1 16 16 16 -3
ne,max 2x10 2x10 1.7x10 2x10 cm
rplasma 0.5 0.5 1.5 0.9 cm
(t = 7 Us,
n=0.5 nmax)
t (n = nmax) 5 y 7 10 s

Table 2

5. Observations of rotational instabilities

Observations of rotational instabilities with the 1.5 m and the 5.4 m
long coil are presented here. The instabilities were observed side-on
with a Mach-Zehnder interferometer 1—17,24_7. The different observa-
tions gave information about the unstable mode (m =1, 2 ...), the
rotational frequency, the direction, and the onset along the axis

(z-direction).

In discharges with the short coil elliptical (m
the plasma was observed by means of stereoscopic smear pictures.
While the amplitude of this deformation was limited to the order of
the plasma radius, the frequency of the rotation increased with

time. A typical smear picture is shown in Fig. 1.

a rotational (m =

2) deformation of

Only occasionally
1) deformation was observed (Fig. 2). End-on inter-

ferograms showed the elliptical deformation of the plasma cross
section,too. To get the rotational frequency, a narrow rectangular




aperture (slit) perpendicular to the fringes of the interferogram
was smeared by a rotating mirror. The rotating, elliptically de-
formed plasma column caused oscillation of the fringes in this smear
interferogram (Fig. 3). It can be seen that the outer and inner re-
gions of the column have the same rotational frequency.

The frequencies of side-on and end-on smear pictures agreed within
the statistical error. Results are given in Figs. 4 and 5. In Fig. &4
rotational frequencies of (m = 2) modes of discharges with two dif-
ferent energlies are compared as functions of time. Higher ion tempe-
rature of the plasma was connected with higher rotational frequency,
in both cases increasing with time. For comparison the rotational
frequency corresponding to a velocity equal to the ion thermal velo-
city at r = 1 cm is marked, too. It can be seen that the rotational
velocity is below, but of the order of the ion thermal velocity.

Figure 5 shows results obtained under conditions where both (m = 2)
and (m = 1) instabilities were observed. At a later time in the
(m = 1) case a lower frequency appeared. On the other hand a larger

radius of the rotating mass may give about the same angular momentum.

While the rotational instabilities in the short coil experiments
were limited to amplitudes of the order of the plasma radius, in the
long coil there was, in general, a sharp onset and growth of the
radius. There existed a general tendency towards modes with higher
m-numbers (m = 2) at low ion energy and vice versa.

Typical smear pictures are given in Fig. 6a,b. At higher pressure
(15K ), and hence lower ion temperature, a well developed (m = 2)
instability and, in the other case, a (m = 1) instability appeared.
The onset time of the instabilities in the long coil was investi-
gated as a function of z. No clear dependence on the position along

the axis could be found. The instabilities may appear somewhat ear-
lier in the middle than at the ends. Also the rotational frequency
showed no dependence on z. Only the amplitude seemed to be smaller
at the ends.

The direction of the rotation could be determined by stereoscopic
smear pictures in all cases where a (m = 1) mode developed or the



arms of a (m = 2) mode were of different brightness. In all these
cases the observed direction agreed with the direction of a diamag-
netic ion current. Finally, we briefly discuss the question whether
the rotational velocity observed in the contour of the plasma (phase
velocity) is identical with or near the velocity of the bulk. If
the difference of the velocities is large, much energy would be
needed for permanent deformation of the plasma and the source of
this energy could only be a strongly growing mode. This means, on
the other hand, in all cases where the amplitude of the deformation
is nearly constant in time the mass velocity must be very close to
the phase velocity. This argument 1s especially valid in cases with
ion-ion collision times of several /us or less.

Summarizing, it can be stated that under nearly all conditions more
or less reproducible rotational instabilities could be observed.
The velocity was of the order of the ion thermal velocity and the
direction identical with that of a diamagnetic ion current.

4, Z-current measurement

a) Principle of the measurement

A compressed theta pinch plasma with zero angular momentum means
that the azimuthal current is essentially an electron current. The
force proportional to 3 b'd B in the radial direction therefore acts
only on the electrons. The ions will be coupled and held together

by an electric field. In the MHD equations this field appears as

the Hall field.

If this Hall field perpendicular to the magnetic field is constant
along the field lines, equilibrium is possible. On the other hand,

in a theta pinch of finite length the condition of constant Hall
field will, in general, not be satisfied. Especially where the mag-
netic field lines go through the vacuum vessel, the cold plasma may
be rather dense. At the surface the Hall field is therefore very low,
and the electric field is nearly short circuited. This must lead to
a current flowing along the field lines and finally to zero electric
field all over the theta pinch. This again means that each sort of




—_—n D>
particles p must carry a current 3; such that ( jp x B ) balan-
ces the pressure gradient of these particles. A diamagnetic ion cur-
rent 1s identical with rotation of the plasma column.

Without going into all the details, one finds that the assumed me-
chanism is accompanied by a current along the field essentially in
the z-direction. The purpose of the experimental work reported here
was to determine whether this mechanism acts. This was done by mea-
suring the magnetic field of this current. The schematic arrangement
for this measurement is shown in Fig. 7. Details of the experiments,
conducted only on the long coil, are given in the following. The ex-
perimental results then reported are followed by a discussion of the
mechanism.

b) Details of the measurement

The IZ current was measured by means of its magnetic field B4,.
Aninduction loop inside a glass tube (outer diameter 8 mm) was there-
fore introduced into the discharge vessel from one end (see Fig.7).

The magnetic loop could be rotated in two different ways (see Fig.8).
Rotation around the axis of the pinch (¢ -direction), together with
glass screening enabled us, in principle, to measure B¢(¢) along a
circle of radius 7 cm. The averaged value B?(¢) is exactly propor-
tional to the current flowing through this circle. In practice, B¢
was measured at four positions with Ag= T/2 and these values were
averaged. So any asymmetry of the current IZ has been adequately
taken into account.

Furthermore, it was possible to rotate the magnetic loop inside the
screening (direction y). This was necessary to guarantee in each
¢-position that no disturbing part of the relatively large BZ R

Br components of the main field were picked up. The method how to

get B¢ by measuring the magnetic field signal with and without plas-
ma at different angles b3 is illustrated in Fig. 8. In a third dis-
placement it was possible to shift the loop together with the scree-
ning in the z-direction. This variation was used to determine the
position with maximum B¢-field. In this place the axial plasma cur-
rent goes through its zero point.



Together with the magnetic measurements photographs of the out-
streaming plasma were made side-on to get information about the
correlation between the local distribution of the axial current and
the outstreaming plasma.

c) Experimental results

Investigations were carried out on the 5.4 m coil at 0.5 MJ bank
energy with 10 micron D2 filling pressure and 1.5 MJ energy with 6
to 20 micron pressure. Figure 9 (top) shows a typical oscillogram

of the Bg (i.e. Iz) signal. For comparison I is recorded below.

®)
The upper trace records a non-zero signal already before ignition
of the theta pinch. This is the z-current of the preionization. By
nonlinear resistances in the preionization circuit this z-current

is damped out just at the ignition of the main discharge.

During the thetapinch phase a pronounced B¢ pulse could be observed
about 5 to 10 /us after ignition. The direction of the corresponding
current Iz was in agreement with the assumption of short circuiting
of a radial Hall field. Large B¢ values were measured about 20 to
50 cm outside the coil.

In the region with high Bq, signals the outstreaming plasma was
observed to contact the tube wall. Figure 9 (bottom) shows an image
converter picture of the tube outside the coil. Coil, tube, and a
metal flange are drawn schematically. Inside the tube a luminous
ring can be seen. The position of the magnetic probe, in the experi-
ment 250 mm outside the coil, is indicated by a dark strip on the
outer surface of the tube. The probe itself produced a dark spot on
the luminous ring. The ring could also be observed without the probe.
The picture in the lower part of Fig. 9 was taken with an exposure
time of 1 /us at the maximum of IZ as indicated in the oscillo-
gram above.

A more detailed comparison between the spatial distribution of B¢
at various times and the positions of the luminous ring in the same
time regime is shown in Fig. 10. The appearance of the ring coin-
cides with the maximum of BQ in time and space. Under the condition
E = 0.5 MJ and p_ = 10 micron D, the time lag of 8 to*iB Sus is

o] 2
just the time of maximum B, and of the most pronounced appearance

L4




of the luminous ring. At earlier times no comparable ring could be
observed. This probably explains the fact that in short coil expe-
riments no such phenomenon has been observed.

With the same bank energy (Eo = 1.5 MJ) investigations were made
with different filling pressures of p = 6, 10, and 20 micron D2.
Results of these IZ current measurements are shown in Fig. 11. All
measurements were made with the same z-position of the probe 25 cm
outside the coil. This was the position of maximum B¢ at EO =
1.5 MJ. A luminous ring was again observed at the same place.

In the preionization phase the probe recorded the current of the
z-pinch. Comparison with a net z-current measurement in the outer
circuit of the z-pinch showed that the net current was already
damped out while a current was still flowing inside the plasma.

This short-circuit current has already been observed / 22_/. But
under all conditions the remaining current was small compared with
the z-current produced by the theta pinch.

A pronounced pulse of z-current appeared 3 to 6 /us after ignition
of the theta pinch, reaching the maximum after 4 to 10 /us. Both
time lags increased with increasing pressure. The error of the ma-
ximum value of the current was about t20 %. The z-current reached
25 kA in the case p_ = 6 micron Dy, Ej = 1.5 MJ.

d) Discussion of the z-current measurements

The assumption of an electrical Hall field in the boundary layer

of the theta pinch means that the inner part of the pinch column

is negative with respect to the outer region. Consequently, short
circuiting of this field should lead to a current flowing to the
ends of the coil in the outer region and inward in the inner region
(see Fig. 7). This was Jjust the direction observed in the experi-
ments.

With respect also to magnitude and duration of the current pulse a
rough agreement between the hypothesis and the experiments could be
obtained.



The assumption of a short circuilt implies that the ion gas expands
in the radial direction roughly over a distance equal to the ion
gyro-radius / 11_/. The charge of this volume is roughly:

Zp I
Q = 2u.r'gr1/22 —2—-e

r ion gyro-radius
g ny
1 /o radius with n(rl/e) = —=

ny density on the axis

Lp plasma length

In the case of purely 2-dimensional compression Q 1is constant in
time.

Considering the long coil experiment with a bank energy of 1.5 MJ
and 10 micron D2 (arrangement IIB) and taking the plasma parameters
of Table 2, one gets:

Q = 0.36 As .

On the other hand, the experimental value of the Iz current pulse
under the same conditions was:

Q = 0.17 As .

Considering the rough assumptions and the fact that measurement of
Q at a fixed z-position only gives a minimum value, the agreement
seems to be satisfactory.

The short circuit inside the plasma column should propagate with
Alfvén speed. Therefore the Alfvén transit time over half the coil
length should give a lower limit for the IZ current pulse duration.
The Alfvén transit time for the above case (Eo = 1.5, 10 micron D2)
at the mean plasma radius and maximum compression was:

ty = 6.5 Sus.
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For comparison the time between the ignition of the main discharge
and the maximum of IZ was

texp = 8 Sus
Especially as regards the time scale, the experiment here differs
from that conducted on Seylla IA / 16_/. While the total coil length
in the latter experiment was 20 cm and hence the transit time was
less than the rise time of the magnetic field, here in the Isar I
experiment both times were about equal.

To understand the propagation mechanism of the short circuit and
the associated transport of mechanical momentum in greater detail,
one has to realize that the Alfvén speed varies very rapidly in the
boundary layer of a theta pinch. It may be possible that in the outer
region of the pinch the rotation of the ions sets in almost at once.
Furthermore it may be possible that the angular momentum is trans-
ported inward by viscosity as is assumed in the rigid rotor model
1725_7. This would explain the fact that up to now no sharp front
of a wave transporting the rotation from the ends has been observed.
On the contrary, rotational instabilities indicate a constant ro-
tation all along the length, which would be explained by the above
assumption.

Summarizing, we have shown by measurement that the rotation of a
straight theta pinch is accompanied by an axial electric current.
This current is set up by shortcircuiting the radial electric field
(Hall field) at the ends of the tube outside the coil where the
plasma hits the wall. Details of the transport of the angular mo-
mentum should be investigated in the future.
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0 5 10 t[ps)

1.5m coil , Bpax =146kG(1B)
filling pressure 17 micron D,

Fig. 1 Smear picture, (m = 2) deformations are observable.




4708

! j B—
0 5 10 t[ps)

1.5m coil , Brax =128kG (1B)
filing pressure 17micron D,

Fig. 2 Stereoscopic smear picture, (m = 1) deformations
are observable.



1.5m coil , Bmax =59kG (1A)
filling pressure 10micron D,

Fig. 3 Smear interferogram end-on.
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Fig. 5 Frequencies of (m = 1) and (m = 2) modes.




5156

| [ | | T
0 10 20 30 40 t[ps]
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Fig. 6a Typical stereoscopic pictures of the long coil experiment.
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Fig. 6b Typical stereoscopic pictures of the long colil experiment.
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Fig. 9 Typical oscillogram of I and IO (top)
and a side-on photo of 'cl?xe tube outside

the coil (bottom).
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Eo=15MJ  5.4m coil (IIB)
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Fig. 11 The current 1 as a function of time for
different fill%ng pressures.
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