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Abstract

The main objectives are very hot, high ﬂ—plasmas, collisionless
compression and turbulent heating, and M & S - experiments.

Low filling densities down to lo12 cm-3 are required and pre-
ionization becomes a severe problem. Therefore three different
methods were investigated: the high frequency theta pinch with
dynamically confined plasma, the high-voltage z-pinch with short
current pulse and the photoionization by strong ultraviolet
radiation.

In the main discharge highly anisotropic plasmas with ion tem-
peratures of several keV can be observed. The time behaviour of
the anisotropy 1s compared with theoretical considerations.

Electron temperatures of some loo eV were found by laser scattering
experiments. The values from X-ray absorption were much higher and
not reproducible. Coherent laser scattering at 90o with a theta
pinch of high density and low temperature allowed the measurement
of spectrally resolved ion and satellite lines.

The influence of mirrors on end losses and stability has been
studied. The plasma remains stable in the low pressure regime
for a low impurity level.

Two-dimensional programmes are treated: a(r,z) programme for end
losses and thermal conductivity and a(r,y’) programme for plasma
rotation. A programme for collisionless compression with a
phenomenological friction term was also treated.

A preliminary linear M & S - experiment (Limpus) on Isar I showed
no noticeable difference in its behaviour as compared with a
straight coil.




It is obvious that controlled fusion cannot be achieved with a
linear theta pinch of reasonable length. One reason is end |
losses, which prevent a sufficiently long confinement time, even
with mirrors. Consequently, some laboratories are planning tor-
oidal theta pinches. We in Garching are also considering toroidal
configurations, but no project as yet exists. We believe that
there are many problems to be solved first in our linear theta
pinches.

Our main interest is devoted to very hot and dense high B-plasmas,
collisionless compression and turbulent heating, and M & S -
experiments. The following remarks deal with such questions as pre-
ionization, heating processes, end losses, anisotropy and relax-
ation and instabilities.

The experiments were performed with the capacitor banks Isar I,
IITI and IV (Isar II is not yet finished) and a bank for turbulent
heating experiments. Fig. 1 shows that the parameters of the
banks are quite different. Isar IV is extremely fast, but the
coil is only 14 cm long. Therefore, it is only suitable for study-
ing the initial dynamic behaviour, whereas later on end losses
complicate the interpretation. Isar I, with a coil length of

150 cm and a half-cycle of 19 /usec, has a relatively long con-
finement time. A very hot but anisotropic plasma is produced and
the effects of end losses, relaxation and instabilities can be
observed. Isar III lies between the two experiments. It is more
flexible than Isar I, and so the influence of mirrors on end
losses and instabilities was studied.




Preionization

The highest ion energies are obtained in the low pressure regime.
The conditions for good preionization, namely a high degree of
lonization, high conductivity, low trapped fields and small amounts
of impurities, are not easy to fulfill for low initial densities.
Three methods are investigated, the high frequency theta pinch,

the z-pinch and ultraviolet preionization.

High frequency theta pinch

Apart from the normal theta pinch preionization, we used a method
where the frequency of the compressing B-field was 1in the region
of the frequency of the radial plasma oscillations (1] . When the
plasma oscillates in phase with the compression field, violent
contact with the tube walls occurs and a high degree of impurities
1s observed. When the frequency is raised, the plasma can no longer
follow the magnetic forces and is dynamically confined around the
coll axis. Proper controlling of the magnetic field amplitude,
frequency and filling pressures higher than 3o /u, results in a
well-confined and fairly clean plasma. The streak plctures in

Fig. 2 give an impression of the possible phenomena. On the left
one can see the effect of pressure variation. For low pressure
values the plasma hits the wall. Medium pressure results in a
rather stable plasma column well clear of the wall. At higher
pressures the plasma 1s also confined, but assumes a hollow cylin-
drical shape. On the right one can see quantitatively the same
sequence of phenomena, but shifted to higher pressures due to the
enhancement of the magnetic field amplitude from 3.9 to 6.3 kG.
When the plasma hits the wall an impurity level of about 2 per-
cent oxygen is found, and when the plasma is confined the level
drops by an order of magnitude.

A magnetohydrodynamical three fluid model [2] including the neutral
gas component is applied to calculate the radial density distri-




bution as a function of time (Fig. 3). The results agree
qualitatively with the experimental effects [1] 5

Z-pinch preionization

In the low pressure regime, fast theta pinch preionization be-
came unsatisfactory for two reasons. The high voltages required
for breakdown could not be applied any more to the theta pinch
coll without triggering the main discharge. Furthermore, a fast
theta pinch causes high current densities close to the tube

walls and thereby releases considerable amounts of impurities.

The impurity content of the plasma became a severe problem since
the amount of contamination essentially remained the same, whilst
the filling pressures were lowered, thus increasing the percentage
of impurities. A z-pinch, using a transmission line overcomes the
technical difficulties. The current pulses, however, lasted too
long (5-lo/usec) and the plasma was considerably contaminated

as a consequence of instabilities. A reduction of contamination
by an order of magnitude was obtained by a succession of two high
voltage z-pinches of short duration [3] . The first one is a two
stage 8o kV Marx generator to provide breakdown. Because of its
irreproducibility, this discharge 1s not suited for preionization.
A second 120 kV Marx generator follows with a proper delay, com-
pressing and heating the gas in a reproducible and macroscopically
stable way. For filling pressures below S/u breakdown becomes
extremely difficult.

Ultraviolet preionization

All these methods fail at densities below lo14 cm-j, which are

used in collisionless compression experiments. Here, preionization
by strong ultmviolet radiation is applied [4] . The ultraviolet
radiation source must fulfill the following conditions: The radiat-
ion pulse should be short compared with the recombination time

of the ionized deuterium, which is about a few /usec. As much as




possible of the radiation intensity should lie below the 1limit

of ionization of deuterium (800 R). Theoretical considerations
[5] indicate that a deuterium plasma with high density and
temperatures above 3 eV yields the most effective radiation.

Fig. 4 gives schematically the experimental arrangement. Two

fast, high voltage (120 kV) z-pinches on each end of the theta
pinch coil are triggered simultaneously. By a pulsed gas inlet,

a gas pressure well above the filling pressure for the theta

pinch is produced in the z-pinch regions. The degree of ionization
in the centre of the coil is 4.5 percent (Fig. 4). The best
conditions can be found by properly choosing the delay time be-
tween gas inlet and z-pinch ignition. Fig. 5 glves the degree

of ionization as a function of this delay time. The ionized plasma
consists mainly of D2+ ions and a few percent D+ and D3+ ions,

as measured with a mass spectrometer [6] p,

Early phases of a very fast theta pinch (Isar IV)

The above-mentioned double z-pinch preionization is adopted in
the Isar I, III and IV experiments. During the first implosion,
the magnetic field is measured by probes in Isar IV. The result
is shown in Fig. 6. The width of the current layer is fairly
large and decreases with increasing pressure (lo/u to 6o/u).
The reason for this field diffusion is not yet clear. It 1s of
interest that the magnetic field on the axis remains well below
loo G up to the first compression. Further experiments aim at
an improvement of the preionization.

Anisotropy and relaxation

It seems reasonable to assume a highly anisotropic plasma in the
Isar I experiments (also in Isar III and IV), and we looked for
methods of measuring anisotropy and relaxation effects. The high
neutron yield in these experiments allows two different neutron
diagnostic methods [7] :




1. Measurement of the neutron energy distribution, for instance

with nuclear plates. An example is given in Fig. 7. Here,

a) is taken end on parallel to the magnetic field and b) side
on, perpendicular to it in the midplane of the coil. The un-
folded half-width of the energy spectrum side on is about

180 keV. The end-on spectrum practically coincides with the
apparatus profile. This result demonstrates the anisotropy
and can be explaired by an average perpendicular ion tempera-
ture of about 4 keV. Clearly, this value is an average over
the time dependent anisotropic ion energy, but the highest
energies dominate, as they produce also the highest neutron
flux.

The anisotropy of the neutron flux [7] . The differential cross
section GYg,e)for the d (d,n)He-j reaction is given by the
expression:

) &(g.9= Ag)[1+B(g) 0]

B(g) is,according to the experimental results of Booth,
Preston and Shaw [8] ,

MM 2
(2) _‘B(g) - 031+0005¢ 5= &

g g2 is the relative energy of the ions in keV. From the ani-

sotropic ilon velocity it therefore follows that the neutron
flux is anisotropic. It depends on the kind of distribution
function. As an example, a two-dimensional Maxwellian may be
assumed. Then the ratio of neutron flux perpendicular to the
magnetic field F; to the parallel flux F, as a function of
the perpendicular ion temperature TiL is:

7.—4./7-;, |1,20 | 1,24 | 1,28
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With two scintillators side and end-on, the neutron flux

ratio as a function of time was measured. Fig. 8 is a

typical example. In these preliminary experiments we were

not able to measure the absolute flux ratio and only the
variation with time should be regarded. From the experiments

it follows that the flux ratio, i.e. the anisotropy, rises
rapidly to a maximum well before the field maximum and then
falls relatively fast. This slope cannot be explained only

by ion-ion collisions. In general, electron-ion collisions

and collective interactions must be added. These effects are
important for small ratios Te/Ti’ In our experiments Te reaches.
about a few loo eV. The perpendicular ion temperature Tii is
about 5 keV, calculated from the neutron flux, assuming a
prevailing two-dimensional Maxwellian. From theoretical con-
siderations [9] it follows that with T_/T, = lo”' - 1072
electron-ion collisions are an important factor for relaxation,
but not collective interactions. In this case, the problem

can be treated with the Fokker-Planck equation. An initially
elliptic distribution is assumed to remain approximately
elliptic during the relaxation process and the time behaviour
of both Til
electron collisions for large anlisotropy. These results are

and Tiu is calculated for ion-ion and ion-

applied to the Isar I data [lo] arid the theoretical and experi-
14 @nd Ty
taken from the neutron yield, T

mental values of T are compared in Fig.9. T is

is

iu from the end losses, measured

by interferometric means.

End losses in mirrorless coils (Isar I)
The end losses are measured with a Mach-Zehnder interferometer.

Examples of streak and framing pictures with a Beckmann camera
are given in Fig. lo. Fig. lob 1is a zero ader interferogram.
The time behaviour of the total number of particles yields, at
least qualitatively, the parallel velocity of particles and
consequently the parallel temperature Ti" . A collisionless




outflow of particles parallel to the magnetic field is

assumed.

End losses with mirrors

The relaxation experiments on Isar I are restricted by the
short confinement time. Before applying mirrors on Isar I,
the influence of mirrors on confinement time and stability
was studied in Isar III. Mirror ratios up to R = 3 were
applied. The plasma parameters were varied by changing the
filling pressure from lo/u to Ho/u. The ion temperatures

lie between 0.5 and 2 keV. It is of interest that for all
mirror ratios no instabilities could be seen in streak
camera pictures during the observation time of about 5/usec.
This is demonstrated in Fig. 11, where streak pictures are
taken along the coil axis, including also the mirror regions.
No indication of instabilities can be found either in the
time behaviour of the end losses. It must be mentioned that
rotational instabilities occasionally arise with and without
mirrors. Also in a very short mirror, instabilities are in-
dicated by an abnormally high loss rate. These effects are
not yet fully understood.

As in Isar I, the loss rate can be described by collisionless
outflow along the field lines. In contrast, however, to Isar
I, the experimental values of Isar III agree with this model,

on the assumption that T, This means that v, equals

=T
the thermal velocity vgp ? Sucilan assumption seems reasonable
considering the influence of mirrors. In this experiment, the
mirror regions dominate since the coil length is short. Axial
compression in the initial phases produces particles with
parallel velocities and increases the density as well. Further-
more, the ion temperature is lower than in Isar I. Therefore,

the anisotropy is reduced.




Tt follows from these experiments that the confinement time

tN rises about proportionally to the mirror ratio R:
Y ~J
N —
Vin v I

with R = 3, for instance, tN N 7,5 usec 1is measured, instead

of tN =~ 2/usec for R = 1.

In Fig. 12 tN is plotted as a function of R for different
initial pressures. The measured values are compared with
calculated values from the collisionless outflow model (11]
and from the magnetohydrodynamic model of Taylor and Wesson
[12] . These results seem encouraging enough to continue

the Isar I relaxation studies with mirror coils.

Ton and electron temperatures and densities from laser

scattering experiments

Electron temperatures on Isar I were measured by 90O laser
scattering. The values are plotted as a function of the bank
voltage in Fig. 13. Te values as obtained from soft X-ray
absorption are compared with the laser data and show quite
irregular behaviour. The time of observation after the
ignition of the theta pinch is also given in the figure. It
seems that X-ray absorption is not well suited in our fast
compression experiments at low densities. The reasons could
be deviations from a Maxwell distribution of the electrons

or impurity radiation.

Ton temperatures on Isar III were obtained from forward laser
scattering [15] . In another experiment [14] we fulfilled the
condition for cooperative scattering & = 4/kD > A1

by reducing the Debye length D , whereas the scaftering angle
was 9o°. This means a plasma of high density, a few lol7cm_3,

and low temperature, a few eV. The spectrum of the ion line




was measured as well as the position and half-width of the
satellite lines. The spectrum was obtained from a single
discharge with an error of + 5 percent. Fig. 14 and Fig. 15
show examples.

Theoretical curves according to the Salpeter theory are
properly fitted to the experimental values. The theory now
yields the parameter /5 , a function of o and the ratio
Te/Ti' The shape, the half-width, the total intensity of the
ion and satellite lines and the frequency distance between the
centres of the ion and satellite lines make it possible to
evaluate the ion and electron temperature and density. The
electron density can be found by three independent methods:

a) from the shape of the ion line, b) from the distance ion -
satellite line and c¢) from the ratio of total intensity of the
ion line to the satellite line. All methods agree within the
limits of experimental errors.

The half-width of the satellite lines greatly exceeds the values
predicted by the collisionless scattering theory. Nor can the
difference be explained by the influence of collisions. On the
other hand an electron density variation of about 1o percent in
the scattering volume leads one to expect the measured half-width.

The theory assumes a number of electrons in the Debye sphere

nD”> » 1. With the proper choice of plasma parameters in these
experiments nD3 varies between 2 and lo. Even for nD5 = 2,

good agreement within + 5 percent between theory and experiment
is found. The theory holds also for a few electrons in the Debye
sphere.

Two-dimensional programmes

A two-dimensional programme with rotational symmetry (r,z) has
been developed for the computation of end losses in theta

pinches with and without mirrors[lB] .1t has ' reached 1t first
stage, in which a relatively simple plasma model is used. It is
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a one fluid model with isotropic pressure and infinite electri-
cal conductivity. Furthermore radial equilibrium for all times

is assumed. The influence of thermal conductivity is taken into
account, however.

It appears interesting to compare the results for zero thermal

conductivity with those for nonzero conductivity. For a special
case (Isar III, B, = 70 kG, n = 6 °* lo16 cm_j, T = Yoo eV, coil
length = %0 cm), the confinement times with and without thermal
conductivity are 1.7/usec and 1.3/usec respectively. It is a
general feature that thermal conductivity increases the confine-
ment time as a consequence of the reduced temperature. In Fig.
16, Fig. 17 and Fig. 18 density, temperature and pressure along
the axis are shown as a function of time. With conductivity, the
density increases even initially and falls slowly as compared
with the case of zero conductivity. The temperature, on the other
hand, falls to lower values with conductivity. The pressure shows
similar behaviour. Fig. 19 presents the energy losses as a
function of time with and without conductivity. With conductivity
the rate of energy losses is larger in the early phases of the
pinch. The results agree qualitatively with the experimental
values in Isar III with a mirrorless coil. This comparison is
preliminary, however, and a final comparison will be made once

a two fluid model with anisotropic pressure has been included

in the programme.

A two-dimensional (r, Y’) programme has also been developed [16] .
A fairly complete set of two fluid equations, including thermal
conductivity, Hall term, exchange of energy between ions and
electrons, finite electrical conductivity etec. is used. The pro-
gramme has been applied to the problem of plasma rotation induced
by super-imposed magnetic fields perpendicular to the axis. The
computations concern the first implosion in*Tsar-I11“for“different
filling pressures and trapped fields from -1 kG to +1 kG and
perpendicular fields from o.1 - 1 kG. The result is that the plasma
does not rotate like a rigid body. The rotational velocity changes
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its sign as a function of radius at least once. An example 1s
given in Fig. 20. Here n-v? is plotted as a function of r and -
The rotational velocity develops in about lo—7 sec and reaches
values of the order of lo~ cm/sec. A second example is given in
Fig. 21. Here, a quadrupole field is superimposed. The figure
shows the distortion of the magnetic field lines by the plasma
rotation.

Collisionless compression and turbulent heating

In fast theta pinches at low densities the collisionless pro-
cesses are important. In order to evaluate the influence of a
two stream instability on the structure of a strong, nonstation-
ary compression pulse, a numerical programme was treated [17] s
It uses a two fluid model for a cylindrical plasma including
effects of electron inertia and describes the action of the
instability by a phenomenological friction term. This friction
termllimits the azimuthal electron speed to a critical value
which, in turn, is connected with the electron temperature and
changes, therefore, with heating by friction and compression.

This friction term may or may not prevent density profiles, radial
velocity and pressure from running into a discontinuity. This

is demonstrated in the density profile of Fig. 22. The density
n/nO is plotted over the radius r/Ro at different dimensionless
times T . At T = 2.4, the density profile exhibits a sharp peak.
Here, fluid elements coming from behind the wave with higher
velocities tend to overturn the preceeding ones.

These theoretical predictions are being investigated in a fast

) s
theta pinch at low densities between lo12 - 1o1Jr cm 3. The lowest

L 1o13 cm—j) can be reached only by using ultra-

densities (lo
violet preionization, which also has the advantage of producing
a radial homogeneous plasma of well-known density. We intend to
measure the r and 90 components of the electron density by

a 90O laser scattering experiment. An electrostatic particle

energy analyzer is being used to measure the energy distribution




cglo 2

of ions and electrons escaping from the ends.

The "Limpus" experiment

As mentioned at the beginning, we shall also have to study
toroidal pinches in the future. One possibility is offered
by the M & S principle [18) . A preliminary experiment with
a linear, corrugated coil (Limpus) has been performed on
Isar I [19] . As in a straight coil, instabilities could be
observed in the Limpus experiment at Qo/u, but not at 1o/u.
This is demonstrated in Fig. 23. Further experiments with
higher corrugation amplitudes are planned.
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