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The Heidelberg Spheromak Experiment (HSE) uses the theta-z-pinch 
formation method to create compact field reversed plasmas (Spheromaks) with 
both poloidal and toroidal plasma currents . These plasmas are about 
spherical and have a full diameter of 24 - 30 cm. For two axially aligned 
toroids (doubly toroidal configurations) a length of up to 60 cm is 
possible. Spberomaks with plasma currents up to 300 kA have been created. 
With internal multiprobe arrays the magnetic structure of the toroids has 
been investigated during formation and decay. 

While previously the standard operation of the experiment aimed at the 
production of spheromaks and doubly toroidal configurations of the 
spheromak-type /1,2/, we have modified the device and thus have been 
able to achieve for the first time the generation of spherical tori with 
aspect ratio 1.1 /3/. These configurations have been named and studied 
theoretically by Peng and Strickler /4/. The spherical torus differs from 
the spheromak (where there is no linkage of material along the center axis 
of the toroid) by the existence of a current carrying central conductor 
which adds a vacuum toroidal field to the magnetic configuration. Hence a 
spherical torus is a tokamak with a very low aspect ratio . While the q
value of a spheromak is everywhere below unity (ideally it is around 0.82 
near the magnetic axis and decreases to 0.72 towards the separatrix), a 
spherical torus has a tokamak-like q(axis) >1 and q increases towards the 
separatrix. We have also investigated two axially aligned spherical tori. 

For the purpose to generate a sperical torus the experimental device 
was equipped with an axial conductor. Two methods of operation are possible 
/3/: (1) if the conductor is unshielded against the plasma, part of the 
poloidal plasma current can commute onto it, (2) with the axial conductor 
being insulated against the plasma discharge we can drive an externally 
generated current through the conductor. Thus, (1) the current along the 
axial conductor will be appropriate to the self-relaxation of the plasma 
while (2) we can apply any desired external current (and hence any vacuum 
toroidal field) onto the toroid up to the technical limit of about 30~ of 
the usual maximum plasma poloidal current. 
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Spheromaks are unstable to n=1 tilt and shift modes. In presence of an 
axial (currentless) conductor stabilization is achieved only if the 
diameter of the conductor becomes appreciable compared to the minor radius 
of the plasma /5/. This is not the case in HSE, where the axial conductor 
has a diameter of 15 mm. However, if a current of sufficient amplitude 
(in HSE more than 15~ of the poloidal plasma current) is driven along the 
central conductor, the tl1t- and shift modes are suppressed and the plasma 
decays stably on a resistive time scal e. 

We have investigated the magnetic topology by internal magnetic probe 
arrays which allow the simultaneous measurement of all three components of 
the magnetic field at ten radial positions in the range of r= +- 12 cm. In 
order to obtain a two-dimensional picture of the plasma, a shot-to-shot 
scan was performed for different axial probe positions. 

Fig. 1 shows the measured poloidal flux pattern in the r-z half plane 
of a spherical torus for two different times, the intervals being 6V' = 1 
mWb. At t = 2~ ~s the separatrix length is 28 cm, the diameter 26 cm. We 
have already presented magnetic field profiles both in radial and axial 
direction for the 
spherical torus which 
demonstrate the close 
accordance between 
experimental and 
theoretical equilibrium 
/3/. For the analytical 
solution of the 
equilibrium differential 
equation we used a 
streamfunction which 
varies linearly with the 
poloidal flux. Such a 
dependence is to be 
expected if a complete 
relaxation into a 
Taylor-state takes place 
/6/. Experimentally we 
find a non linear 
relation between the 
stream function (i.e. 
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the poloidal current) and the poloidal flux only during the early 
formation, when the z-pinch dominates and flux amplification takes place. 
During the whole equilibrium decay phase a linear dependence is present. 
This is demonstrated in fig. 2 which presents the poloidal current versus 
poloidal flux at t= 25 ~s where the flux at the magnetic axis is 4 mWb . 
Note that the individual measurements shown scan the whole r1z plane of the 
confined plasma. The figure shows that a current of about 35 kA flo ws in 
the axial conductor at the investigated time point. 

For the plasma pressure, we find that durinR the early formation phase 
an inverted pressure profile is most consistent with the magnetic 
measurements. Lateron the maxi mum pressure clearly is seen on the magnetic 
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axis. The relation of plasma pressure to poloidal flux can be assumed 
best to be linear, 
however I from the 
measurements any 
exponent between 1/2 and 
2 might fit into the 
scatter of the data. 
This is because the 
determination of the 
radial and axial plasma 
pressure profiles from 
magnetic measurements is 
inaccurate since it 
results from the 
difference of large 
quantities. 
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We can, however, infer the volume averaged beta from the magnetics. 

Such a study was performed for two axially aligned spherical tori. The 
details will be reported elswhere /7/. Here we refer to the measurement in 
one of the two toroids where we find ~values between 11 and 13 i, lower 
than estimated in our preliminary investigations /3/. The present value 
results consistently both from (1) a consideration of the measured magnetic 
energy i.e. the relative contributions from the poloidal, the plasma 
toroidal. and the vacuum toroidal field energy as compared to the 
corresponding contributions which are anticipated theoretically as well as 
(2) from profile fits . Fig. 3 shows a fit of the experimental radial 
magnetic profiles in the symmetry plane of one of the aligned tori with (a) 
a force free numerical calculation (Fig. 3a) and (b) another one assuming 
an average beta of 12i (Fig. 3b), both at t • 32 ~s . From our present 
investigations we anticipate that these results are valid also in the case 
of 6. single (standard) spherical torus. We note that the approximative 
analytical solution of the equilibrium differential equation in the 
symmetry plane / 3/ cannot be used for a determination of the pressure. 
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Fig . 3. Fig . 3b 
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Considerable effort has been spent on the determination of the q-profile 
for various experimental conditions. Fig. 4 shows the q-profile for various 
time slices for the same scan which was used for the evaluations of figs . 
1 and 2. Since the current through the conductor can be considered as a 
free parameter at least in 
the case when the current q!tlJ),---------.---------.--, 
is driven externally, S15 1. xx 
intuitive ly one might 
expect that the q-profile 
would vary with the 
applied current. 
Experimentally, with a 
unshielded conductor, we 
almost always find a 
linear stream function 
and a q-prof ile as shown. 
It seems that there is no 
stable smooth transition 
to the spheromak case 
where q is below unity and 
decreases towards the 
separatrix. Decreasing the 
applied axial current, the 
plasma becomes unstable. 

3 o 

2 x 6 
• 

o +"b .~ 

o 
• 
+ 

t = 24 
28 
32 
36 
39 

0~--------~~----------~1~~ 
0.5 \)J1tV

o 

Fig. 4 

In conclusion we find that in the modified HSE device spherical tori 
(both single ones and two axially aligned one) are very well described by a 
Taylor-like relaxed equilibrium with a stream function 1("1") = 10 + Illf 
where 10 1st the conductor current and 11/ ~ the eigenvalue of the 
configuration which is independent over the crossection. The q-profile, as 
is the whole equilibrium, corresponds well to the one anticipated for the 
spherical torus /4/. 
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