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ABSTRACT 

The ZT-1 toroidal z-pinch experiment is designed to produce theoretically 
predicted MHD stable equilibria with high temperature plasmas. The equilibria 
are characterized by a hollow pressure profile and a strong toroidal stabi
lizing field inside the plasma; this field is programmed to reverse in the 
outermost region of the pinch. Experiments have been done with pinch current 
values of 30 to 200 kA with rise times of 2 x 10 1 0 to l.S x 10 1 2 A/s. Ion 
temperature measurements have established the capability of a fast rising 
toroidal current to heat ions to kilovolt temperatures. The streak pictures, 
plasma density and magnetic field measurements show that, for intermediate 
values of current rise times, the plasma is well confined, with small particle 
loss, for 10-12 ys. For this mode of operation measurements on the plasma and 
field parameters show that appropriate field programming eliminates early un
stable behavior. The rise times of the poloidal and reversed toroidal fields 
need to be comparable in order to achieve the desired stable profiles. The 
electrons are observed to be colder than the ions and the measurements indicate 
that the stable time is limited by field diffusion. 

t—~ 
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1. Introduction 

The ZT-1 toroidal z pinch is designed to produce high beta equilibria 
which are predicted to be stable by MHD theory. The technique of ion heating 
uses fast z-pinch implosions obtained by very short current rise times [1]. 
The desired stable profiles are characterized by a hollow pressure profile 
and a toroidal magnetic field which is reversed in the outer region of the 
pinched plasma. Stable equilibria with these properties have been theo
retically predicted in linear and toroidal geometries [2,3,4]. These pro
files are produced in ZT-1 by experimental determination of the favorable 
operating conditions, particularly the magnitude and the time of application 
of a reversed toroidal magnetic field. Experimental observations of good 
confinement properties of reversed-field configurations with low temperature 
plasma have been reported [5]. 

The present approach aims at the production of MHD stable configurations 
having high beta (20-40%), kilo-electron volt temperatures, and having neg
ligible plasma pressure and current density at the first wall. 

1.1 Modes of Operation 

The ZT-1 experiment can be operated with toroidal electric fields as 
high as 1 kV/cm. The toroidal current is inductively coupled into the plasma 
from a coaxial aluminum primary (240 cm major circumference) that is divided 
into quadrants (see Fig. 1). The quadrants are connected electrically in 
parallel. Four magnetic cores are used to provide close coupling between 
the metal primary and the plasma secondary. The 10 cm minor diameter vacuum 
vessel is made of ninety sectors of high purity alumina. The experiment has 
been operated in three modes: the fast (fuse) mode, the intermediate (resistor) 
and the slow mode. Each gives a different range of the amplitude and rise 
time of the toroidal current. 

The highest currents and shortest rise times are obtained with the fuse 
circuit shown in Fig. 1. Each quadrant is energized by a pair of parallel 
feed plates connected to a fuse through a transfer switch as indicated in 
the figure. The storage inductor L is common to each quadrant to prevent 
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electrical unbalance and to synchronize the opening of the four fuses. The 
storage inductor, which can be varied from 40 to 160 nH, is energized from 
a 20 kV, 600 HF capacitor bank. The fuses open near the time of peak current 
and the transfer switches close resulting in a high voltage pulse of up to 
60 kV per quadrant. The resulting induced voltages add around the secondary 
to produce a rapidly rising current in the preionized plasma. 

The intermediate mode which involves lower currents and lower rates of 
rise is obtained by removing the fuse and replacing the transfer switch 
with a series resistance R (typically a few tenths of an ohm) as shown in 
Fig. !• Fuse 

Fig. 1 Diagram showing the four quadrant feedpoint arrangement in ZT-1 and 
the circuits used to obtain fast and intermediate rise times by means of 
fuses and series resistors, respectively. 

This resistance is made large compared to the remaining circuit impedance 
to give an overdamped current waveform. The value of R and L can be varied 
to control both the rise time and the peak current. s 

The slow mode is obtained by shorting the series resistor. A slow rate 
of rise governed by the natural period of the circuit is then obtained. 

Typical rates of rise, magnitudes of the toroidal current and corre
sponding electron and ion temperatures for these three modes of operation 
with plasma densities of ~ 3 x 1015 aTe shown in Table I. 

For reasons discussed in Sec. 1.5, recent studies have been concentrated 
on the intermediate (resistor) node of operation with rise times in the range 
4 x 1010 to 1.2 x 1011 A/s. 

1.2 Electron Temperature 

The ninety-degree Thomson scattering of a ruby laser beam has been mea
sured to determine electron temperatures. The spectrum for the slow mode of 
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TABLE I 

Mode of Operation 

Slow 
Intermediate (Resistor) 
Fast (Fuse) 

* 
I 

(A/s) 

2 x 1 0 " 
1.2 X 1 0 " 
l.S.x.lO12 

I 

(kA) 

130 
70 

200 

Te 

(eV) 

~ 15 
<20 

. ~ 40 

Ti 

(eV) 

60 
80 
800 

operation is approximately gaussian and the temperature increases up to 50 eV 
late in the discharge. For the short current rise times obtained with the 
other aodes of operation, the scattered spectrum has been observed to be 
peculiarly double humped and centered about the 6943 A laser line. This 
feature of the spectrum is probably indicative of current-driven electron 
oscillations. 

The electron temperature for the series resistor mode of operation in the 
pinch current range 20 to 50 kA remains bnlow 5 e¥. As the current is raised, 
increased electron heating is observed. A plot of T , as a function of time 
after the main current onset is shown in Fig. 2. The results are shown for 
a radial position 1 cm below the discharge axis and for a peak pinch current 
of 70 kA. The filling gas is a 20% He, 80% D, mixture at 8 mTorr and the 
initial toroidal bias field is 0.12T. These aata were taken under non-optimum 
field programming conditions and the stable time of the plasma was only ~ 5 ps. 
The value of T reached at a given time in. 
the discharge was found to be insensitive 
to the initial value of toroidal bias field. 

1.3 Ion Temperature 

To obtain information on the plasma ion 
temperature, measurements were made of the 
Doppler broadening of spectral lines from 
impurity ions added in known amounts to the 
plasma. Measurements of temperature re
ported here were made with the Hell 4686 A 
line with a 20% He, 80% V>2 mixture. The 
inclusion of helium to the deuterium filling 
gas did not observably alter the plasma 
dynamics as indicated by the magnetic field 
measurements. 

A sample time history of the ion tempera
ture is shown in Fig. 3. The functional 
dependence of the ion temperatures as the 
toroidal pinch current I was increased from 
30 kA to 70 kA is shown in Fig. 4. The 
machine operation was programmed to attain 
stable times of ~ 10 jis or more. The cur
rent was varied by changing the value of 

4 5 6 
TimQlS) 

Fig. 2 Electron temperature 
time variation as measured 
by Thomson scattering. 
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the series resistor and the capacitor bank 
voltages. The ion temperatures shown are 
averaged over the 2 to 6 JJS interval of the 
discharge. The average ion temperatures 
increase monotonically with current up to 
Ti <* 80 eV. There is a general leveling off 
or Ti above currents of 50 kA. The mean 
values of T^ + Te, as deduced from density 
and magnetic field measurements, are also 
shown in Fig. 4. Below currents of 50 kA 
the electrons remain cold £ 5 eV; at the 
higher current values the data show that an 
apparent increased fraction of the input 
energy goes into heating the electrons rather 
than the ions. A radial scan of the ion tem
perature indicates that T^ is somewhat lower 
on the axis of the pinch. The value of Tj 
is found to be higher than Te for both the 
intermediate and fast modes of operation. 
Since ion temperatures of ̂  1 keV have been 
reached in the fuse mode of operation, it 
is evident that the rate of rise of the 
toroidal current is also important. 

The precise mechanism for the ion 
heating involved in the above obser
vations is not presently known. For 
the intermediate mode of operation a 
search has been made for the existence 
of a shock which could account for the 
ion heating using a figure eight mag
netic probe to measure gradients in 
the toroidal magnetic field. No strong 
shocks were observed. One concludes 
that either the shocks are very weak 
for this mode of operation or that the 
magnetic probe used in the measurement 
is being shielded or is otherwise in
sensitive to fast field changes. Cal
culations made with a time dependent 
MHO code suggest that the presence of 
a large anomalous resistivity or vis
cosity may explain the observed weak
ness or lack of a shock in the present 
experiments. 
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Fig. 3. Time history of T± as 
deduced from Doppjer broaden
ing of Hell 4686 A line. The 
length of the vertical lines 
gives the uncertainty due 
to fluctuation.". 
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1.4 Plasma Density 

Fig. 4. Ion temperature as func
tion of peak current (circles) 
and the values of Ti + T e 

(crosses). 

The coupled cavity interferometry technique [6,7] has been used to mea
sure the electron line density across chords of the toroidal discharge region. 
An Abel inversion of the fringe shift data for a set of chords gives the 
radial density profile. The resulting distributions of electron density at 
five different times after pinch current onset are shown in Fig. S. Hie 
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results indicate the existence of a min' 
imum in density on the axis of the 
pinch. The hollovmess of both T^ and n 
are consistent-with the magnetic probe 
data which indicate a minimum in the 
pressure on the axis. The dotted line 
represents the symmetry axis of the 
density distribution which agrees with 
the toroidal shift obtained from equi
librium calculations [3]. After 8 us 
the column becomes unstable. 

Integrations of the density profiles 
yield essentially constant values for 
the total number of electrons present 
during the stable period of the dis
charge. The value agrees within i» 15% 
of that deduced assuming full ioniza
tion of the initial filling gas. One 
concludes that essentially all of the 
initial gas is brought into the pinch
ed column and that the contribution 
due to gas from the wall is small. 

1.5 Stability 

, The early experiments used the high 
I values obtained with the fuse mode of 
operation. These results appear else
where [9]., The results are summarized as follows: (1) Hollow pressure pro
files were obtained. (2) Ion temperatures of up to <\< 1 keV were reached. (3) 
Application of reverse field programming of the toroidal field was experi
mentally restricted to slower rise times than that of the poloidal field and 
it was not found possible to move the toroidal field zero more than a few 
Dillimeters from the wall. Our theoretical investigations have produced stable 
profiles with 8e values as high as 58% [9]. These profiles require a field 
reversal well inside the plasma column. (4) The appearance of wall luminosity 
at ^ 2 )is after the current onset indicated an early loss of confinement. 
After the initial wall contact the plasma exhibited favorable containment for 
a period "v 5 us. 

It is speculated that the initial loss of plasma results from a lack of 
the production of a stable equilibrium due to the additional heating which 
accompanies the observed rapid diffusion of the poloidal field, 
General considerations of global energy and pressure balance show that 
energy loss during the formation phase of a z pinch is not just a feature ob
served in the physics of setting up a discharge, but can be a necessity in 
order to make a desired configuration having a diffuse current [10]. In 
z pinches and tokamaks the extra heating associated with the field diffusion 
can cause too high a pressure for the confining field to contain unless suffi
cient looses are present. These required losses are reduced as the current 
rise time becomes comparable to or greater than the field diffusion time. 

Radius (cm) 

Fig. 5. Electron density profiles 
obtained from interferometer 
measurements. 
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In view of these results operation in the intermediate mode was initiated. 
The rise time of the poloidal and reversed toroidal fields are then comparable 
and it is found that the field zero can be produced well inside the wall. With 
this added freedom, the reversed field can be programmed into the pinch during 
its formation. A streak photograph of a discharge with an applied reversed 
toroidal field whose magnitude and timing were determined experimentally to 
lengthen the confinement time to ^ 12 ps is shown in Fig. 6. Shown also are 
the toroidal current, voltage and flux 
traces. This streak is to be compared 
with that of an unstable case shown in 
Fig. 7(a) in which no reversed field 
programming is used and the pinch becomes 
unstable and moves toward the wall in 
4 ps. Shown also in Fig. 7 are the to
roidal flux, the current in the winding, 
which is proportional to the toroidal 
field outside the pinch, the signal from 
sine-cosine coils located outside the 
vacuum chamber wall which measure the 
first Fourier harmonic of the toroidal 
magnetic field [11]. The purpose of 
this probe is to detect unstable dis
placements of the plasma. The plasma 
displacements as given by the sine coil 
correlates with the streaks in Fig. 7. 
Figure 7(b) shows a pinch initially 
stabilized with reversed field which is 
driven unstable late in the discharge 
when the total toroidal flux is allowed 
to reverse, violating an MHD stability 
condition [2]. 

These results show that a normally 
unstable mode can be suppressed by careful 
programming of the reversed field. It 
has in fact been found that, in certain 
instances, an unstable perturbation which 
has begun to grow can be suppressed by 
a later application of the reversed 
field. 

* 

Fig. 6. Streak picture, pinch 
current and voltage, and to
roidal flux traces for a pinch 
stabilized with reversed-field 
programming. The experimental magnetic field pro

files have been analyzed numerically [12] 
for Ufl) stability. Sample results for two 
different discharges are shown in Fig. 8. The figure shows the e-folding time 
of the fastest growing m=l mode as a function of time. At early times in the 
discharge the analysis is not strictly applicable since it assumes static 
equilibrium. The points represented by triangle* were calculated for a re
latively stable discharge which shows (by the sine-cosine probe signals) an 
unstable displacement at 6 ps. The circles represent the calculated growth 
time for a case where the time of application of the reversed field was less 
favorable and which is experimentally observed to be unstable at 3 vs. The 
unstable perturbation becomes apparent after 1 to 2 calculated growth times. 



<t> 

le \— 

in p— 
o 
o 10 

Timers) 
(a) 

10 
Time (its) 

c 
* 

lB O 

*W 
CO

S 

J * " • " • 

™ ^ * * * * ^ 

V . 

1 * 

Fig. 7. Streak picture, toroidal flux, toroidal field winding current, and 
sine-cosine coil traces, (a) Without reversed field, (b) with reversed field. 

tox = 
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The calculated growth times of the rela' 
tively stable discharges shorten with 
time as the field profiles evolve, pre
sumably as a result of diffusion. It 
appears that field diffusion plays a 
dominant role in the observed maximum 
confinement time of * 12 us with field 
programming. 

Numerical calculations show that, 
if an Ohm'slaw model is used, an 
anisotropic resistivity is needed to 
explain the observed diffusion of the 
field profiles as typified in Fig. 9. 

1.6 Conclusions 

The results of the experiments lead 
to the following conclusions. (1) High 
temperature (y 1 keV) have been reached 
using fast rising toroidal currents in 
the presence of substantial amounts of 
toroidal stabilizing field. (2) The 
growth of unstable perturbations has 
been suppressed by proper programming 
of the reversed toroidal field for ion 
temperatures up to <v 80 eV, giving a 
plasma that is well confined for 10-12 
ps. Initially favorable plasma-field 
profiles finally diffuse to unstable 
ones with high &„ values. 

Increased confinement times should 
be achievable if the initial value of 
T e can be raised. For classical resis
tivity, diffusion calculations [12] 
indicate that initially stable profiles 
can maintain stability for a tiae suf
ficient to exceed the Lawson criterion. 
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Radius (cm) 

Fig. 9. Sample poloidal and to
roidal field distributions for 
the intermediate mode of z pinch 
operation. The curves are 
labeled by the time in micro
seconds after pinch current onset. 
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Figure Captions 

Fig. 1. Diagram showing the four quadrant feedpoint arrangement in ZT-1 
and the circuits used to obtain fast and intermediate rise times 
by means of fuses and series resistors, respectively. 

Fig. 2. Electron temperature time variation as measured by Thomson scattering. 

Fig. 3. Time history of T. as deduced from Doppler broadening of Hell 4686 A 
line. The length of the vertical lines gives the uncertainty due 
to iluctuations. 

Fig. 4. Ion temperature as function of peak current (circles) and the values 
of T^ + T (crosses). 

Fig. 5. Electron density profiles obtained from interferometer measurements. 

Fig. 6. Streak picture, pinch current and voltage, and toroidal flux traces 
for a pinch stabilized with reversed-field programming. 

Fig. 7. Streak picture, toroidal flux, toroidal field winding current, and 
sine-cosine coil traces, (a) Without reversed field, (b) with reversed 
field. 

Fig. 8. MHD growth times calculated from magnetic field profiles. The arrows 
indicate the times at which the instability becomes apparent on the 
probe traces. 

Fig. 9. Sample poloidal and toroidal field distributions for the intermediate 
mode of z pinch operation. The curves are labeled by the time in 
microseconds after pinch current onset. 


