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Abstract: Toroidal Screw Pinches with elliptical or bar shaped 

plasma cross-section can be operated below the Kurskal-Shafra­

nov limit also at high-~ values. In this case piston heating 

can be used. Experimental results are given. They show a belt­

pinch plasma which is grossly stable for about 100 psec. The 

life-time is obviously limited by diffusion. , 

The most simple toroidal confinement systems are of the 

axisymmetric type with a toroidal plasma current. Besides 

simplicity a further advantage is here that usually the toroi­

dal equilibrium is automatically obtained by compression of 

the poloidal flux towards the conducting wall. Typical repre­

sentatives of this class are of the Tokamak and of the Screw 

Pinch type. 

A Tokamak by definition operates below the Kruskal-Shaf­

ranov limit and is therefore m = 1 stable. This implies, how­

ever, very small ~-values and a compression ratio near one. 

Consequently the temperatures can be obtained up to now only 

by Ohmic heating with all its problems or, perhaps, by some 

other methods which, however, are just now being tested really 

in experiments. 

The toroidal Screw Pinch on the other hand operates at 

high ~-values and at higher compression ratios. It can be 

heated therefore rather effectively by piston or fast magnetic 

compression heating. However, at high ~-values, necessary for 

these heating mechanism, the screw pinch is basically m = 1 

unstable. 

with respect to high-~-confinement therefore the question 

arises how to change the high-~ Screw Pinch into a stable equi­

librium. One possible way is here to stay above the Kruskal­

Shafranov limit and to get stability by an additional dynamic 
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stabilization. This principle seems to work experimentally but 

technically it is rather complicated. 

A second way is to go below the Kruskal-Shafranov limit 

even at high-~-values in the Screw Pinch by changing the plas­

ma cross-section from a circular to a strongly elongated one. 

Then one might obtain something like a high-~ Tokamak which 

operates without any limiter and which could be heated by pis­

ton or fast magnetic compression heating. 

The basic principle for this transition to other cross­

sections is very simple. In a simplified sharp boundary model 

one needs for the toroidal equilibrium a certain ratio of the 

toroidal field B to the poloidal field B at the plasma sur-
z ~ 

face which is roughly given by 

\ 
)

1/2 
2M 
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A is the coil aspect ratio and 0 the relative shift of the 

equilibrium position. 

(1) 

For stability with respect to the Kruskal-Shafranov modes 

the pitch length of the helical fie l d at the plasma surface 

has to exceed the major circumference of the torus. This re­

quires a second condition for the field ratio which can be 

written as 

B 
z 
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(2) 

Here R is the major radius of the torus and up is the 

minor circumference of the plasma cross-section. For a circular 

cross-section with plasma radius r the stability condition 
p 

is then in the usual form 

(3 ) 

For an elongated cross- section of height h. we have 

practically ~ "" 2 h and the Kruskal-Shafranov condition be­

comes 

TT R = q. h (4 ) 
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Compared to the circular cross-sect ion one can fulfill 

here, at fixed Bz ' the stability condition (4) for much higher 

poloidal fields B because h can be chosen independently of R. 

Consequently stabTlity and equi librium can be obtained simul­

taneously also for high-p-values in contrast to the circular 

case. In this way the critical P for an m = 1 stable equili­

brium can be increased considerably. 

The equilibrium considered in egu. (1) is necessarily con-

""~---R ----.,~ 

Fig.l: Scetch of currents and poloidal 

fie ld in the compress i on coil. 

nected to a radial 

plasma shift which by 

flux compression pro­

duces the restoring 

force compensating for 

the drift force. 

One can obtain , 

however, also an equi­

librium with the help 

of an additional trans ­

verse magnetic field 

the j x B force of 

which just compensates 

for the drift force 

without any radial 

shift of the plasma. 

Experimentally this 

transverse field can 

be produced easily by 

an additional toroidal 

current j2 which flows 

in the outer wall of the compression coil which now has a rec-

tangular cross-section as it is shown in fig.l. The current jl 

at the inner wall is the primary for the induction of the 

toroidal current in the plasma. 

The current j2 results now in a separatrix for the po­

loidal field. One has a last closed flux surface while the more 

outer ones do not close within the compression coil. 

Let us denote the distance of the separatrix from the 

plasma by s and the other dimensions of the coi l and the plas­

ma as indicated in fig.l. Then we define the following quanti-
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ties: 

a = € = R 
A = r 

c 

Simple model ca l cu l ations in a sharp boundary mode l indi­

cate then, that also for the system of fi g. l a high-~ equili­

brium below the Kruskal-Shafranov limit should be possib l e if 

h 
2R 

4n j P 
A. £ 

• F (a) 

where F(a) is a certain function of 0. 

(5 ) 

For example with A = 3; € = 6; a = 0,5 and ~~ 1 it fol­

lows from (5) h / 2R ~ 1,1. 

In a Screw Pinch with a rectangular cross-section of the 

compression coi l the plasma after the first implosion is usual­

ly not in axial equi librium. It starts with height h, and is 

subject to an axial contraction to the final height h . The de­

gree of this axia l contraction ho/h can be estimated on ly very 

roughly in the simple model under certain assumptions . It turns 

out that ho/h should be in the order o f 2 for the parameters 

ment ioned above. Initially on e should fulfill then h > 4 R 
o~ 

for these parameters. 

This is on l y a very rough model which indicates some 

essent ial features of a configuration with very e l ongated 

plasma cross-section. More detai l ed theories have been done by 

a number o f authors [1,2,3,4,5]. Here are considered, however, 

mainly special cross-sections of elliptical and triangular shape. 

with respect to fast compress i on heating in a Screw Pinch one 

wou l d like, however, plasma cross sections wi th near l y f l at 

sides as in the be l t pinch. For ohmicallY heated Tokamaks a l so 

special el liptic cross sections may be advantageous because 

they allow higher plasma currents and therefore higher ohmic 

heating rates as it has been pointed out by Artsimovich and 

Shafranov /6/. Besides stability with respect to Kruskal-Shaf­

ranov modes it is necessary to consider also localized and bal­

l oning modes. For special el lipsis like cross-sections some 

authors give positive result s also for these modes [1,4]. For 

non e ll iptical shapes Herrnegger [7J has investigated a special 

analytica l solution of the toroidal equi l ibrium with a nearly 

bar-shaped cross-section. Similar calculations are reported al-



so by Luc et al.[B]. It turned out that also for this special 

belt pinch like configuration the generalized Mercier criterion 

[9] is satisfied. Of course this is only a necessary condition 
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but these calculations give some indication that also bar shaped 

cross-sections could be stable for l ocalized modes. But never­

theless in this situation the stability behaviour of Screw Pinches 

with non-circular cross-sections has to be investigated experimentally . 

At JUlich one is essentially concerned with elliptical 

and triangular cross-sections of moderate excentricity and with 

the influence of the shape on stability. Experiments are car­

ried out so far on the TESI installation . This is a special 

hard core a-pinch which produces the closed configuration [lO J. 

As an example fig.2 shows the magnetic surfaces 2 )lsec after 

ignition as they follow from very precise probe measurements. 

They agree relatively good with calculations. The plasma be­

haves grossly stable 

and disappears after 

about 25 - 30 )lsec main-

ly because of the decay 

of the currents. 

At Garching we are 

interested in very elon-

gated cross-sections 

with nearly flat sides. 

These belt pinch ex­

periments are carried 

out so far on the 110kJ 

device ISAR IV (11,12J. 

The toroidal screw 

pinch coil has a rec­

tangular cross-section, 

r (cm] 
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Fig.2: Magnetic surfaces, measured 2 )lsec 

after ignition in the JUlich RESI 

experiment. 

a height of 110 cm which is somewhat more than 4 times the major 

radius of 23 cm, according to the simple model mentioned above. 

The toroidal and the a-pinch currents are produced simultaneous­

l y by one bank in a screwed arrangement of copper layers which 

form the compression coil as it is shown in fig.3. Horizontally 

there are 30 copper l oops in parallel which can be short-cir­

cuited by spa,rk gaps. This allows an adjustment of the outer 

toroidal current j for a proper equi librium position and 
2 
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for momentum compensation . The ~ 

bank is crowbared with a time con- I \~ •• ~~~I 

stant of 600 psec . The total , 
field is about 7 kG. Filling ) 

pressure is from 20 to 50 mTor r 

deuterium. \ 

The influence of the j2 

variation by crowbaring the cop-

per loops on the equilibrium is 

shown in fig . 4 . These are 

streak pictures taken end- on 

(/ 
Fig.3: Coil- system of ISAR IV 

belt pinch. 

from the top of the torus through a radial slit . The top pic­

t ure is with open loops. j2 is too large, the plasma is pushed 

inwards and then reflected. The 

second picture is with short­

circuited loops. j2 is smaller 

but the initial outward momentum 

is not fully compensated. A chan­

ge of the crowbar time of the 

loops gives the third case where 

the plasma remains more or less 

in the midplane . The discharges 

are very reproducible and fig.5 

gives a streak picture at 50mTorr 

which is obtained from five sub­

sequent shots. The clear fast im­

plosion, a slow oscillation and 

then a grossly stable behaviour 

during the observation time of 

50 psec is to be seen . The sharp 

boundaries in the pictures indi­

cate a very straight plasma belt 

but these pictures give only Fig .4 : End- on streak picture. 

local information. With respect Po = 50 mTorr D2 

to the gross stability behaviour 

there are three further problems: the degree of axial con­

traction, the behaviour of the edges with their unfavourable 

curvature and the deformations in toroidal direction. 



For this reason 

there were taken fra­

ming pictures side-on 

of the whole plasma 

belt through the per­

forated coil and end­

on of one half of the 

toroidal circumfer-
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ence. Fig.5: End-on streak picture. Po= 50mTorr02 

A typical result is shown in fig.6 giving three framings 

of one shot again at 50 mTorr. 

5 ~sec after ignition the formation 

of a well defined sharp belt. 

15 ~sec later the axial contraction 

without any deformation at the end~ 

After 25 psec the final state. The 

ends behave more or less stable and 

no serious deformation is to be 

seen. 

The bright region in the F' 6 S'd f . . t 19. : 1 e-on ram1ng P1C ures. 
midplain could be two colli- Po = 50 mTorr 02 

ding waves as a result 

of the axial contrac­

tion. Note, that here 

we have a ratio of 

h/2R of about 1 and 

an axial contraction 

factor around 2, which 

is not inconsistent 

with the simple model 

mentioned earlier. 

The toroidal be­

haviour can be seen in 

Fig.7: End-on framing 

pictures. 
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fig.7. It gives a series of end-on framings at various stages 

of the discharge. For technical reasons we cover only 1/2 of 

the circumference. First implosion, axial contraction and then 

a stable stage with no essential deformations except a small 

deviation from a circle. But also this slight asymmetry does 

not destroy the plasma belt. Its width is increased somewhat 

but it can be clearly seen still after B5 psec. 

In order to obtain information on the long time behaviour 

of the ends and on 

possible motion in 

axial direction one 

can take side-on 

streak pictures 

with the streak 

slit all over the 
height of the tube Fig.B: Side-on steak picture·po=50 mTorrD2 

at the equilibrium position. A typical example of these obser­

vations is shown in fig.B. One recognizes the axial contraction 

and then the plasma stays essentially symmetrical for at least 

lOO psec. Note, that also in this time scale at the upper and 

lower edges there appear no serious instabilities. There are 

some structures with respect to the height for which so far 

we have no explanation. 

Besides these optical observations there were performed 

probe measurements of the mag-

netic field. A typical radial 

distribution of the fields 

after the first implosion is 

shown in fig.9. For technical 

reasons it is only around 

the plasma centre in the 

that toroidal midplane. Note, 

the point of symmetry of 

B~(r) is shifted by about 

0.5 cm outwards with re­

spect to the plasma centre. 

The Bz- measurements give 

at this stage a ~ of about 

B5 % at the axis. 

S<jl[kG] 

O,B 
~=B5% 

Sz [kG] 

2 

0,4 ~Sz 
o 

2 

Fig.9: Measured radial field 

distributions after the first 

implosion. Torus midplane. 

Po = 20 mTorr D2 • 

o 



67 
A second set of measurements concerned the axial component 

By' of the poloidal fi e ld at the inner and outer wall of the tu­

be as a function of the distance from the midplane: By (y,t). 

Fig.10 gives the measured distribution along the inner sur­

face for various times. After initial stages the axial component 

decreases towards the end because of the field curvature. Then 

the distribution contracts towards the midplane because of the 

axial contraction. In certain regions, By changes its sign. 

This indicates field lines which leave the coil so that there 

could be situated the separatrix. 

q 
0/ o~ / 

B'JIi 3 \ /' 
I / 

16 \ /' q ~ f Itl 
12 \ 0" ,/ po=50mTorr 

2 \ p' 
3 '0--' Uo= 25kV 

" 
Kruskal-Iimit I~ =0,5) 

o 5 10 15 20 25 45 y(cmJ 

O+---~ __ ---.----.-----,-__ 
o 20 40 60 t[~sJ 

Fig.10: Axial field component Fig.ll: q(t) as evaluated from 

By(Y) at various times after optical and magnetic field 

ignition. measurements.po = 50 mTorr. 

The optical and the probe measurements allow also a first 

evaluation of the development of the q-value in the configu­

ration. The rough result is shown in fig.ll. The first drop of 

q down to about 1.8 is due to the axial contraction while the 

further increase is the result of the different decay times 

for the poloidal and the toroidal field. But all over the time 

q is well above the value for the Kruskal-Shafranov condition 

at reasonable ~-values. 

A f urther point of interest is the time behaviour of the 

toroidal plasma current I z ' Field measurements indicate an ex­

ponential decay with a time constant ~z of about 60 - 80 psec. 

Assuming classical resistivity in a simple model this would 

correspond 

other hand 

to electron temperatures of about 25 eV which on the 

~s in 

electron density 

agreement with pressure balance for a mean 

of about ne ~ 5.1015cm- 3 as it follows from 

the compression ratio. 



68 

For the belt pinch geometry it turns out that there are 

two dif f erent time scales for t h e decay of the toroidal and the 

poloidal plasma currents in the sense t hat the po l oida l 8-

pinch current decays faster than the current I because of the z 
different L/R ratios. In other words, the containment changes 

at our low electron temperatures from a 0- pinch after about 

30 psec to a stabilized z-pinch and the decay time T then z 
limits the plasma life-time to about 50 - l OO psec as i s ob-

served exper i mentall y. For higher temperatures bo t.h time con­

stants and therefore also the containment should be increased 

drastical l y provided that c lassical diffusion can be assumed 

and that energy l o sses at higher temperature s do not become 

dominant. Radiation losses can be overcome by fast compression 

heating. At l ong time scales, however, charge exchange and 

heat conduct ion have to be taken into acc ount. These l os ses 

shou ld be compensated by corresponding ohmic heating rates, 

an~ ,it might be , due to estimates by Bateman [13], that this 

limit s the energy confinement time. But this depends strong l y 

on the situation out of the plasma belt and about this at pres­

ent we know very little, so that precise predictions cannot be 

made at this time. 

A second question of interest is the l o ng time MHD stabi ­

lity behaviour of the configuration. Here we are sti l l at the 

beginning. W.Grossmann has performed an ideal MHD anal ysis of 

a simplified belt pinch model [14J . He has shown that higher 

m-modes with respect to the torus axis should grow faster than 

the observed stable behavi our of about 100 psec at ISAR IV. 

Finite Larmor radius effects yield, however, p l ausibility ar­

guments that these modes should grow servera l orders of magni­

tude slower than predicted by ideal MHD theory. Also wall sta­

bilization has been shown to be a strong effect in the belt 

pinch geometry. But even here p recise theoretical predictions 

cannot be made and l ots of work has to be done especially in 

the Vlasov regime when one approaches the collision free situ­

ation. 

Therefore experimentally the further steps are in 3 di­

rections. In the present experiment we are going to measure 

temperature and densi t y d istributions by laser-scattering and 

holography. I intended to give you the first re sults here but 



the technique of high voltage insulation was against us and we 

had s ome trouble which delayed the measurements. Secondly we 

use a new coil system which will allow to go also to smaller 

q-values in order to find the stability limit of the belt­

pinch. 

The decisive question is, h owever, whether or not the 

plasma life time can be drastical ly increased at higher tem­

peratures. In other words the question for stability and dif­

fusion processes in the keV temperature regime. 

For this reas on as a third branch we are building a new 

device of 1 MJ with a discharge tube of 1.5 m diameter and 
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2.5 m hight. The experiment will operate at 40 kV charging vol­

tage. However, during the initial piston heating stage it is 

planned to add a 120 kV pulse with the help of a small high 

voltage bank which then is decoupled by a saturated transfor­

mer [15]. The main bank is crowbared with a measured time 

constant of 2.6 msec at a field of about 8 kG. 

In this arrangement ion temperatures up to 1 .8 keV should 

be obtained at densities around 1015cm-3. Part of the instal­

lation has just been tested successfully. Of course, we are a­

ware of the possible difficulties we may meet. But I think, it 

is worth to do such an experiment now in order to find out 

whether or not the belt pinch can be a useful configuration 

for a l ong time confinement of high-~-plasmas. 
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