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ABSTRACT 

This paper summarizes re su l t s and conclusions of recent exper
imental and theore t i ca l screw-pinch research a t Jutphaas. Based on 
these conclusions a modification of the toroidal vacuum chamber and the 
conducting she l l of SPICA i s proposed. The physics objec t ives of the 
modified experiment (SPICA II) as wel l as the planning are described. 
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1. INTRODUCTION 

The present intermediate-scale screw-pinch experiment SPICA re

ceived approval for preferential support by the Groupe de Liaison in 

October 1971. The experiment, which cost 1.08 Hue, has been operational 

as a screw pinch since January 1974 with an interruption of six months 

during that year and some shorter periods thereafter. Besides SPICA, a 

smaller-scale screw-pinch experiment, SP IV, with a highly elongated 

cross-section CI : 4) has been in operation since June 1976. 

The experiment SPICA was the result of a consistent screw-pinch 

programme which started already in 1963 when it was discovered that 

this kind of pinch showed considerably better equilibrium and stabili

ty properties than could be explained by existing theories. Since then, 

results obtained in a series of experiments have gradually improved ', 

partly by more accurate design and experimental techniques, partly by 

an increase of thé size of the experiments. The most encouraging re

sults have been obtained in SPICA, where a stable plasma, embedded in 

a very slowly decaying force-free field region, has been confined 

during 150-200 ys. Results confirming that the characteristic screw-

pinch configuration can also be produced in a non-circular cross-

section have been obtained in SP IV. 

The physics basis underlying this favourable behaviour was un-

21 

der stood for the first time by Van der Laan in 1966. Theoretical cal

culations by Bobeldijk, Schuurman and De Vries '4' '6} confirmed the 

improvement in equilibrium and stability properties and led to the 

first SPICA proposal in 1969. A more elaborate theoretical description 

of the screw pinch was started by Goedbloed . This work has led to a 

series of publications on the subject, culminating in detailed studies 

of the MHD-properties of high-6 tokanak plasmas either surrounded by 

force-free fields or not, and having arbitrary cross-sections (see e.g. 

Refs. 8,9,10). The results strongly indicate that optimum B-values in 

these tokamak-like configurations can be expected if a non-circular 

plasma is surrounded by a force-free field region. In the meantime, 

also the precise mechanism by which the combination of a dynamic plasma 

column and external circuitry creates the screw-pinch configuration ', 

the heating mechanism ', and the decay of the plasma current have 

been investigated in detail. 

A reactor study group consisting of scientists from ECU, F0M 

and KEMA started the system analysis of a screw-pinch reactor ' in 1975. 

A condensed account of the first part of this analysis is given in Ap

pendix F, A result is that the screw pinch can only provide an 
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independent reactor line if B can be pushed high enough. It is possible 

that a combination of force-free fields and a non-circular cross-section 

with a aoderate compression ratio is sufficient to reach an economic 

reactor efficiency. 

The proposed Modification of SPICA ais* at an increase of the 

value of 6 towards the theoretical high-S Halt by changing the plasm» 

cross-section while retaining the force-free field region. An extra ad

vantage is the expected increase in temperature with at least a factor 

of three. There is no doubt thac a much more advanced project combining 

a higher plasaa temperature with a longer pulse duration would have 

been preferable. Such a project is beyond the present financial possi

bilities of our Institute. If the results of SPICA II confirm our ex

pectation* ehe next phase will be an extension of the facility with an 

active crowbar system. 

2. OBJECTIVES AND ARGUMENTATION 

As discussed in section 3 and Appendices A and B, the results 

of SPICA are the optiaua that one aay expect in a circular screw pinch. 

The measured value of 8 is at the stability limit and the current decay 

during a stable confinement time of approximately 200 ys corresponds to 

classical resistive decay. 

The objectives of SPICA II are: 

1. To raise B to a new, higher stability limit by increasing the elon

gation <jf the plasma column and by shaping it slightly like a D. 

2. To lower the initial pressure (not possible at low B) and to increase 

the temperature by an estimated factor of 3 to 6. 

3. To increase the stable confinement time. 

Objective 1: 

Since the behaviour of SPICA can reasonably well be described by 

MHD-theory, it may be expected that the same theory is adequate to pre

scribe the non-circular SPICA II. Although SP IV has not yet operated 

long enough (no crowbar) to answer questions about the stability of 

plasmas with elongated cross-section» this experiment has proved that 

the force-free field configuration can be built up in a racetrack cross-

section surrounded by a carefully designed conducting shell. 

A high-B screw pinch is not only of interest as an experimental 

test facility for MHD-stability theory, it also provides valuable in

formation for high-B tokamak experiments like the flux-conserving 
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tokamak, and it is a unique experiment to test current high-8 equilib-

riJB theories like those being developed in Los Alamos, Oak Ridge and 

Jutphaas. Por a screw-pinch reactor a high value of 8 is a first condi

tion, as is m d e clear in Appendix P. High 0 alone nay not be enough, 

however; a gradual increase of the minor plasma cross-section after a 

high initial compression May become a second condition. 

Objective 2: 

As discussed in section 6, the higher value of 8 makes it possi

ble to increase the temperature by a significant factor. This leads to 

an increase of the resistive decay time and of the heat conduction time. 

Since also the energy loss due to line radiation will be reduced sub

stantially, the higher temperature can be maintained during a much 

longer time. This will provide the possibility to reach objective 3. 

If, indeed, stable high-8 confinement can be achieved, then, as a next 

step, the primary currents should be maintained constant during about 

1 ras by means of power crowbar units. 

3. MAIN EXPERIMENTAL AND THEORETICAL RESULTS 

A. Main experimental results of SPICA and SP IV 

Since 1974 the experimental results of SPICA have gradually im

proved. During the first year of operation the high-6 plasma (6 * 50%), 

produced by compression of a plasma with an initial degree of ionization 

of 1%, did show only in a few cases stable plasma behaviour for times 

longer than 20 ys. During the stable period the characteristic decay 

time of the plasma current was 100-200 ys. Although force-free currents 

in the outside region were present, loss of equilibrium was usually ob

served within 40 ys. Up to 1977 several improvements have been intro

duced; e.g. the vertical stray fields in the feed flange for the toroi

dal current have been eliminated, the bias field has been increased to 

reduce @, and the predischarge has been improved. Predischarge condi

tions appear to be rather critical. The best-behaving plasmas are ob

tained when the initial plasma has a homogeneous density distribution 

with a degree of ionization of 40%. For high enough bias field, the 

majority of the discharges are stable. For the unstable discharges, no 

difference in initial conditions can be observed, but it is possible 

that the irreproducibility is due to small changes in the impurity 

content. At SPICA temperatures (* 50 eV) the temperature drop due to 

oxygen contamination is only 10% after 250 ys if the oxygen 
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concentration is 0.1%. Por 0.5% oxygen, however, a 90% drop it. temper

ature is already reached within 35 us due to the self-enhancing cooling 

effect of radiating Li-like oxygen ions. This effect is confirmed by the 

observation that deliberate addition of air leads to disastrous plasma 

behaviour. Above 70 eV this effect diminishes appreciably, and at 100 eV 

the temperature drop due to 0.5% oxygen is only 10% over 250 u*. There

fore, it should be much easier to obtain reproducible discharges in 

SPICA II. 

In the stable SPICA discharges the following main results have 

been obtained (see also Appendix A). 

1. At initial pressures above 6 mtorr D, a plasma column is formed and 

heated by fast implosion. 

2. This column which has a slightly elongated D-shaped cross-section 

and an average radius of 7 cm shows no gross instabilities during 

150 to 200 us if BQ..]. (measured between 6 and 30 us) is between 10 

and 20%, and q * 1.5. 

3. The column is surrounded by a force-free, constant-pitch region ex

tending to a few centimetres from the wall. 

4. The density in the column is about 3-5*l021 m~3; during the first 

25 ps the temperature is about 50 eV (pQ =10 mtorr). 

5. The decay time of the total plasma current, most of which flows out

side the dense column, is close to 1 ns, which is the decay time of 

the primary currents. 

Since June 1976 the non-circular screw pinch SP IV (120 kJ) has 

been in operation. This experiment has a racetrack-formed quartz tube 

(one piece) of which the height is 0.48 n, the width is 0.12 m and the 

major radius is 0.24 m. The screw-pinch configuration is induced by a 

set of helical windings around the copper shell. Up till now, measure

ments have been done during the first quarter period of a ringing dis

charge (9 us), but a crowbar circuit is being installed. For initial 

pressures of 30 to 50 mtorr D2, two distinct regimes have been observed. 

One regime, which is produced by means of a weak predischarge, is char

acterized by a weak implosion, a high plasma ellipticity, a low value 

of 3 (10-30%), and a high resistivity. The second regime, which is pro

duced by a strong predischarge, shows strong implosion, small elliptic

ity and 3 in the order of one. Both configurations have a layer of 

force-free currents outside the column, in the first regime the resis

tive decay is fast and the constant'pitch configuration is not main

tained. Stability tests will be performed once crowbarring is possible. 
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B. S o — theoretical cons*oration» 

A considerable effort has been made to explain theoretically the 
properties of the screw-pinch configuration which became apparent in 
the sixties. The basis of the improved equilibrium and MHD-stability 
was found to be the existence of a force-free constant-pitch magnetic-
field configuration in the entire region between the imploded plasma 
column and the wall of the discharge vessel. A constant-pitch configu
ration requires a plasma to be present to sustain the force-free cur
rents which maintain this configuration and a mechanism to induce these 
currents. Writing (Sun's law in the form 

1 • v x i - _!_ |1 + n5 , (3.1) 
e 

we see that the mechanism of flux conservation, which is characterized 
by the equation l + v x J « 0, can be used to induce the currents if 
both terms at the right-hand side can be neglected. For the first term 
this is true if c/u << b, the tube radius. For SPICA II an estimate 

. P* 
of c/uipe gives 10"H m. The second term can be neglected whenever 
n/y0wb

2 << 1, where w is the characteristic frequency of the inward 
moving field lines during the compression. This is the requirement of 
a high magnetic Reynolds number. For SPICA II, classical resistivity 
yields n/yQwb

2 * 1.5 x lO"*1 at a temperature of 50 eV. Although the 
flux conservation condition is thus easily fulfilled, turbulence could 
destroy the configuration. Strong turbulence, accompanied by runaway 
electrons, may be expected as soon as v_ > v.. . In SPICA II the 
ratio vo/vthe is estimated to D e in tne order of 10"1. This is based on 
a density which is only a few per cent of the central density. Smaller 
densities may be present early in time just behind the snew-plow, or 
close to the vessel wall. In SPICA, X-ray radiation due to high-energy 
runaway electrons close to the wall has occasionally been observed. 

Since VD/
Vthi is in the order °* *' less violent turbulence can be ex

pected, perhaps leading to anomalous heating of the outside region (a 
self-quenching mechanism), Without self-quenching, this small-scale 
turbulence will decrease the resistive decay time of the force-free 
currents, the value of which is 5 ms without anomaly. This leads to a 
peaking of the current density as described in Ref. 13 and as discussed 
in Appendix D. Such a profile peaking possibly occurred in the early 
SPICA discharges. 

A mechanism which can lead to loss of temperature is heat con
duction across the magnetic field. This is a more serious problem for 
the central plasma core (typical energy confinement time is < 1 ms, 
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not taking into account a Pfirsch-Schluter correction), the characteris

tic tine for heat conduction in the outside region being in the order of 

100 ms. 

During the implosion, heat conduction loss and resistive decay 

play a minor role. The flux-conservation equation can then easily be 

shown to lead to pitch conservation, i.e. q « rB./RB is constant in 

time for a field line moving with the plasma. Programming of the pitch 

at the wall then provides the mechanism to translate «L.iit*) into q(r). 

In the screw pinch a ,..(t) » const., thus creating a uniform pitch 

profile. For q^i» * 1.5 this leads to a force-free current distribution 

which is roughly homogeneous; B is slightly paramagnetic outside the 

column and B increases towards the wall. 

The equilibrium position A, which is determined by a balance be

tween the outward driving forces {pressure, hoop force, and diamagnetic 

force) and the repelling force due to image currents in the shell, is 

strikingly improved due to the increasing B . This was proved in a sim-
31 " 15) 

pie model in 196S, and confirmed by numerical calculations in 1975. 

Analytical calculations, up to the second order in the inverse aspect 

ratio, thus including elliptic!ty, have also been performed , see Ap

pendix D. 

An approximate scaling gives A <* a2/R for a screw pinch instead 

of b2/R for a tokamak. Since a small scrape-off region near the wall 

hardly influences the equilibrium position , the equilibrium of screw-

pinch plasmas can be maintained for times comparable to or somewhat 

longer than the resistive decay time of the force-free currents. 

The mechanism of pitch conservation ensures that no separatrix 

can move into the plasma. This means in principle that, as far as equi

librium is concerned, there is nc B-limit to the confinement of a screw-

pinch plasma. At high 0 these equilibrium situations are only possible 

if the pressure profile and the current density profile in the plasma 

column are highly asymmetric. Such profiles, as found in numerical cal-
1B 19) culations in Los Alamos and Oak Ridge ' , have not yet been examined 

as to their stability properties. 

MHD-stability calculations started with cylindrical geometry and 
3 5 6) 

a sharp skin model ' ' . This led to stable regions for q i 0.75 and 

q -> 1.5. Mode-coupling effects due to toroidal effects were shown not 
20) 

to affect the stability criterion ', at least in first order, but cal

culations including diffuse profiles showed that the q < 1 region is 
8 9) 

unstable due to higher m-modes . Recent numerical calculations show
ing the effect of force-free currents and non-circular cross-sections 
on the stability of a (fixed boundary) toroidal plasma column are re
viewed in Appendix B. The principal results are; 
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1. Introduction of force-free currents outside the central plasma core 

improves &mmx with • factor of 2-3, provided that 

2. the field configuration has a nearly uniform pitch. 

3. Another factor of 2-3 can be fained by choosing a non-circular cross-

section. 

4. the racetrack cross-section fives stability for higher values of 

than the elliptical cross-section. 

5. The D-shaped cross-section is sore stable than the racetrack cross-

section. 

4. ALTERNATIVE APPROACHES AMD CONSTRAINTS 

A number of options to proceed with the Dutch high-Ê progress» 

have been evaluated during the last two years. In particular the follow

ing lines have been considered in son» detail: 

a) The installment of a vertical-field system. 

b) The design of a very fast screw pinch, if necessary combined with a). 

c) An extension of the SPICA bank with an active crowbar circuit. 

d) An alternative high-6 approach, in particular the reversed-field 

pinch. 

e) A non-circular cross-section of vacuus: chamber and shell. 

f) A combination of b), c), and e). 

Option a) was inspired by experimental results in other laboratories 

(Japan and Germany) and by observations during the first time of opera

tion of SPICA. A fast drift of the plasma column towards the outside 

quartz wall was observed immediately after the implosion phase. Since 

this movement introduces steep gradients in the density at a short dis

tance from the wall, considerable loss of energy by heat conduction and 

particle diffusion results. A pulsed vertical field can decelerate the 

rapid outward movement and damp the oscillation around the equilibrium 

position. Por SPICA a system of four shaped conductors, positioned in

side the copper and connected to a 5 kJ, SO kV capacitor bank, would be 

sufficient to guide the plasma column smoothly to its equilibrium posi

tion. This would, however, require a complete new design of the shell. 

Besides, the introduction of vertical fields may completely destroy the 

ideal magnetic-field configuration for which SPICA has been so carefully 

designed. Improved operation of SPICA shows that the outward movement 

presents no particular difficulties, the overshoot of the plasma posi

tion being very small. The precise magnetic-field configuration appears 

to be a much more important parameter. 
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Since one of SPICA's original objectives was a temperature of 

300 eV, tine has been spent to explain why the actual temperature is 

restricted to about 60 eV (for stable discharges) and to design an ex

periment with improved shock heating (option b). The explanation, not 

yet available in 1970, is discussed in section 6. A design study of a 

screw pinch with fast implosion resulted in an A* 3 torus (R * 0.3 m) 

in which a temperature of 330 eV (B * 0.2) can be produced in a 

deuterium plasma with an initial pressure of 20 mtorr. The rise time of 

the fields is 0.33 us (200 kV); adiabatic compression follows during 

5 ys (ISO kJ, 50 kV). The experiment was planned as a preparatory study 

for option f) and would have to operate simultaneously with SPICA and 

SP IV. This option has been abandoned for the time being because of man

power requirements, and because of the merits of option e). 

A study of power clamping for SPICA (option c) shows that it is 

possible to couple a crowbar bank of 2 or 4 F directly or by means of 

transformers in series with the load. The current can then be kept con

stant for more than lms. It was felt that the plasma temperature of 

SPICA is too low to justify such a modification, the logical order being 

first to increase the temperature and then to increase the confinement 

time. This becomes possible in SPICA II. 

Option d), the reversed-field pinch mode, can be realized in 

SPICA with relative ease. This option is still open and some time will 

possibly be spent in the near future to achieve experience with this 

mode of operation. One way to produce the reversed-field pinch config

uration in SPICA is the programmed mode. By short-circuiting a part of 

the bank for the toroidal field, the frequency of this field is increas

ed and a very small flux reservoir outside the vessel is assured. If 

the discharge is started as a screw pinch and the toroidal field and 

current are crowbarred at their maximum values (the toroidal fields in 

reversed direction), the reversed-field configuration can be set up. A 

disadvantage is that a large part of the available toroidal field ener

gy is not used. The ratio of the bank energy for both field components 

is more favourable in the design of option e). Also the self-reversal 

mode can be studied in SPICA. 

In view of the present financial limitations of the Institute 

and because of the necessary man-power foreseen, option f) has been 

abandoned for the time being. Successful operation of SPICA II in its 

crowbarred version may lead to a reconsider."tion in due time. 

Taking into account the same serious limitations as described 

in thj last paragraph, option e), which is the subject of this proposal, 

meets tne following primary constraints. 
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A. The cost of the modification must be low. 

B. The Institute must be capable to perform the modification without 

serious interference with the other lines of research. 

These constraints have led us to the design of a torus with the 

same volume as SPICA and with a capacitor bank consisting of the same 

elements as SPICA. A smaller volume would have offered the advantage of 

a higher energy density of the magnetic field. However» the smaller di

mensions imply a more difficult accessibility, greater influence of gaps 

and holes in the shell on the magnetic-field configuration, and an in

creased diffusion rate. In order to compare the results of SPICA II with 

those of SPICA, the size of the bank should be comparable. Because the 

ratio of the field components changes, an addition of 150 kJ to the bank 

for the toroidal field has been considered. Such an addition makes the 

toroidal field strengths in both experiments equal instead of the total 

energy. The gain in temperature, however, appears to be too small to 

justify the extra cost. 

A second consequence of the constraints is, that existinq well-

tried technology will be applied whenever possible, that is, cabling, 

collector systems, and connections will be copied or simply taken over 

from the SPICA device. A copper shell will be the single-turn primary 

for the plasma current and the toroidal field will be created by single-

poloidal windings, if this does not conflict with physics requirements. 

Apart from the constraints described here, other constraints 

follow from physics considerations. From the theoretical sections it is 

deduced that the desired ellipticity of the plasma is e * 4 at a com

pression ratio K * 10 (as it is in SPICA), which implies an ellipticity 

of the discharge vessel of e * 2 - 2.5. This ellipticity is in between 

those of SPICA and SP IV, which allows a comparison of stability 

results over a wide range of elongations. The projected ellipticity of 

SPICA II should give an improvement in $ of a factor 2 to 3, especially 

if also the cross-section is slightly D-shaped. Another constraint fol

lows from the requirement that q > 1.5 for stability and a ,, (t) = 

constant. This means that the rise times of both field components must 

be equal and that a realistic value of the plasma inductance must be in

cluded in the design. Electrotechnical and electromechanical constraints 

then follow from the primary circuit parameters. 

5. DESIGN PARAMETERS 

The derivation of the relations used in this section is given in 

Appendix C. They have been derived for a vacuum vessel and shield with 
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a racetrack cross-section, but numerical analysis of a s l ight ly D-shaped 
cross-section reveals that such a modification does not lead to essen
t ia l ly different conclusions. 

For the model of Fig. 5.1 we define 

2Ttb+4h 
2irb 1 + 5 (e-l) , 

J^L 

vw 

where the ellipticity e » (h+b)/b. 

Equalizing the frequencies u and u^ of the 

poloidal (current) circuit and the toroidal 

circuit (plasma present), we find 

n pV P 

where n„. and n. 

(5.1) 

are the number of turns of the 

poloidal and toroidal coils« N and N^ are the 

numbers of capacitor units of 1.5x10"** F each, 

L is the inductance of a single-turn coil 

around the torus (creating B.) and A is the 

Fig. 5.1. equivalent single-turn inductance of shield and 

plasma. 

Using the values for A and a as defined in the appendix, formu

la (5.1) can be expressed as follows: 

(5.2) 

where V. and V are the bank voltages, a is the value of q at the wall, 

and k is a quantity that matches the calculated idealized inductance 

values to the actual ones as measured in SFICA and SP IV. The value of 

this quantity is close to 0.8. Since the desired value of a is about 

1,5, a convenient choice for the number of turns is n. * n. 1, which 
$ -p 

then allows a variation of a between 0.6 and 2 at bank voltages vary

ing from 28 to 45 kv. 
Inserting the relation n 

<J> 
n in Eq. (5.1) we also find 

A (5.3) 

In the Appendix C it is explained that the ratio of bank units 

which guarantees the most flexible design is given by N^/N * 2/3. 

Using this, we find a relation between the aspect ratio and the 
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quantity x. Combining this with the constraint that the volume should 

be equal to fiat of SPICA, we can calculate the dimensions of the torus 

as a function of the aspect ratio. A choice of the ellipticity then 

determines completely the size of the machine, which is given by the 

following parameters. Note that these figures may be altered slightly 

by the choice of a D-shaped cross-section. Another possible modification 

consists of inserting a variable external inductance in the toroidal 

current lead and disconnecting part of the toroidal bank to increase 

the range of q to higher values. Table 5 summarizes preliminary design 

parameters as derived from Appendix C. 

TABLE 5 

DESIGN PARAMETERS OF SPICA II 

R • 0.435 m I^tvac.) s 1 . ,5 MA 

b = 0 .15 m T l / e - 1 . ,2 RIS 

h = 0 .19 m fié = 1, .3 T 

A * 2 .9 L * i - 262 nH 

e = 2.26 C P < V 
3 459 VF 

d s h e l l - 0 .03 m LeP 
« 20 nH 

V s 0 . 5 m3 
H a 85 nH 

Shell 
* 2000 kg VP 

s 45 kV 

V V m 306 \iF *P = 3 MA 

Le<fr 
s 30 nH \ 

3 10. .6 ys 

"she l l = 245 nH Po " 2-10 mtorr 

v* m 45 kV q > 1 .3 
<p 
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6. EXPECTED PLASMA PARKMETERS 

The temperature and the density which can be reached in SPICA II 

depend on the rise time of the confining fields, on the initial filling 

den-siti , on the geometry of the discharge vessel and on the loss processes. 

The magnetic fields and the geometry have been described in section 5 

and the associated appendix. 

The initial filling density is crucial not only for 3; it has a 

lower limit below which ionization becomes extremely difficult, and a 

different lower limit below which shock implosion becomes ineffective. 

In SPICA ionization is still possible at 1 mtorr D-. Using the criterion 

p b » const.» where b represents the smallest dimension of the dis

charge vessel (in a circular torus the tube radius), we find that in the 

proposed non-circular torus the minimum pressure for proper ionization 

is in the order of 1 - 2 mtorr D,. Since this is less restrictive than 

the criterion for a good implosion, we shall not discuss this limit in 

more detail. 

For efficient implosion heating, the thickness of the sheath 

A, in which the plasma is swept up during the implosion, has to remain 

small compared to the tube radius. Sheath broadening is due to two 

effects. The first is that the bias field is swept up together with the 

plasma; this effect is described in Ref. 12 for pinches at intermediate 

S-values, some results are used also in Appendix D. The second source 

of sheath broadening is turbulence resulting from microinstabilities 

in the sheath. Usually, this is taken into account by requiring that 

c/w A < b, where c is the velocity of light and u . is tl.e ion plasma 

frequency in the sheath. 

In Appendix D the total sheath broadening is calculated from the 

broadening due to the initial bias field combined with that due to the 

ion-acoustic limitation (vQ * c g ) . It is then required that the 

resulting sheath is smaller than a critical sheath which follows from 

the requirement that a disturbance travels through the sheath in a tine 

short compared to the implosion time: 

vm.a. > *'* ' (6'1} 

where t is the time that the sheath front is halfway the tube radius. 

Table 6.1 gives the result for SPICA (b * 0.2 ra) and SPICA II 

(b - 0.15 m ) . 
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TABLE 6.1 

Si?ICA SPICA I I 

& « 0 .15 p = 12.0 p 0 = 2 1 . 6 
0 . 2 4 .6 8 . 2 

0 . 3 2 .1 3 . 7 

0 .4 1.4 2 . 4 

0 . 5 1.0 1 .8 

In SPICA good implosions are produced for p > 6 mtorr, which 

corresponds to an average 8 in the column of 18%. Assuming 30% for 

SPICA II ( 0 — ^ * 40%) good implosions may be expected for filling 

pressures around 3 mtorr D,* It should be noted, that the outcome is 

sensitive to the exact requirement as expressed in Eq. (6.1) and it 

should therefore only be used to estimate scaling from known exper

iments. This scaling has the same general form if one for instance re

quires that A * Ab + Afc < b/4, where A. is broadening due to turbulence 

according to c/u> * < b. 

The expected low-density regime leads to (see Appendix D) a pro* 

jected plasma temperature of 250 eV at B • 30% or to higher values for 

higher 0. Even for more pessimistic estimates of the critical filling 

density, temperatures in the order of 150 eV can easily be obtained. 

At 3 mtorr the implosion model predicts a volume compression of 10.5, 

which corresponds to an average column density n - 2*1021 m~3 . 

The higher temperature expected (compared to SPICA) is of special 

importance for the fast loss of energy due to line radiation. Recent 

computer calculations, performed in Los Alamos for SPICA parameters, 

show that only 10% of the energy is lost during 250 ys if 0.5% 0, pol

lutes the plasma with an initial temperature exceeding 100 eV. For 

50 eV this impurity concentration leads to a rapid temperature drop 

within 35 ys. 

A fast decay of the toroidal current due to finite resistivity 

has been observed in earlier (smaller) screw-pinch experiments and also 

in some SPICA discharges, where it led to loss of equilibrium in about 

40 \is. In the improved operation of SPICA the toroidal current decreases 

very slowly (?./. up to 1 ms), and the same behaviour may be expected 

in SPICA II, especially because the equilibrium there is less dependent 

on the force-free currents. 

Although the current density in the outside region may be slight

ly higher than in SPICA, strong turbulence is not expected since for 

only n • 7*10*9 m~3 and T * 50 eV in the outside region, the ratio of 

drift velocity over thermal electron velocity is about 0.06. 
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A summary of the plasma parameters for SPICA and SPICA II is 

given in Table 6.II. 

TABLE 6.II 

Po(«in) { m t o r r > 

JtT (ev) 

volume compression K 

eccentricity (cm) 

elliptic!ty 

VD / Vthe * o u t e r region) 

(can) 

'peak 

I 

8, 

*pl (MA) 

(T) 

SPICA SPICA I I 

6 <v 3 

60 a 150-300 

-v 5 x l 0 2 1 *\, 2 - lOxlO 2 1 

10 10 

5 * 3 

1.5 4 

•v 0 . 1 •V 0 . 1 

7 4 

0 . 2 0 . 3 - 0 . 5 

* 1 .5 

0 . 4 

> 1 .3 
(» 1.3 a t V »4SkV) 
1 p 

1.5 1 .3 

The equilibrium calculations (see Appendix D) predict slightly 

D-shaped racetrack cross-sections of which the ellipticity ranges from 

4.5 to 5.1 and the eccentricity from 1,8 to 4.6 cm between the extreme 

cases 0 - 0.2, q * 1 and 6 • 0.5, q = 1.7. Some further axial contrac

tion may be expected from the thin vacuum layer near the wall. 

7. MAN-POWER, PLANNING 

A. Man-power 

Apart from the theoretical preparation and the design work, the 

modification of SPICA consists of 

a) a rearrangement of the capacitor bank units, 

b) the installment of a new vacuum vessel, 

c) the installment of a new metal shell, 

d) a new support for the torus and new supports for the poloidal colls. 
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e) an enlargement of the experimental area, 

f) previsions for new diagnostics and adaptation of control and data 

acquisition, 

g) a possible addition of an external inductance in the primary toroidal 

current circuit, 

't) in a later phase, the addition of a power crowbar circuit. 

Not counting the group leader, two persons committed to the ex

periment SP IV, and two theoreticians, the group consists of four exper

imental physicists and six enqineers, which is adequate for the exper

imental programme of SPICA II as it is for that of SPICA. For the mod

ification itself the group will obtain support from the technological 

division, the design group (electronics division), and the high-voltage 

group. The modification of SPICA will not interfere with similar 

projects in other experimental lines. Problems may be foreseen only if 

the JET-project recruits too many out of the group concerned with 

SPICA II. 

B. Planning 

A complete time-schedule of the modification, as given in 

Appendix I, has been worked out in cooperation with the technological 

division on the basis of times of delivery for the components and the 

time needed for the drawing department and the workshop. The critical 

path is determined by the copper shield which requires a long time of 

manufacturing after delivery. An abstract of the time-schedule is 

given in table 7. 

TABLE 7 

TIME SCHEDULE FOP THE MODIFICATION OF SPICA (phase 1) 

(times are given in weeks from the date of approval) 

Delivery shell and vacuum vessel 28 

Manufacturing shell 60 

Installment completed 80 

Test period completed 85 

To provide room for SPICA II, SPICA has to be dismantled after 

50 to 60 weeks, which means that experiments in SPICA will have to be 

interrupted for about six months. 
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A P P E N D I X A 

EXPERIMENTAL RESULTS 

by 

E.J.M. vcn Heesch and A.A.N. Oomens 

1. Introduction 

The first screw-pinch discharges in SPICA were produced in 

January 1974. In the following years several publications have appeared, 

in which the experimental results obtained in the nearly 4000 dis

charges were reported ~ . The majority of these papers contributed to 

conferences and, hence, were very concise. Some parts were outdated and 

sometimes repetitions could not be avoided. It seems therefore useful 

to give a review of the experimental results obtained so far. This is 

done in the first section. 

The second section gives results of the SP IV device, which re-

cently came into operation . In the third section the plans for the 

near future are discussed, i.e. the measurements which have to be done 

and which are possible in the period that SPICA remains in operation. 

In the fourth and final section a review is given of other existing or 

projected experiments. First, however, a short updated description of 

SPICA is given. Extensive descriptions of the apparatus and circuits 

can be found in Refs. 9 and 10. Descriptions of the diagnostics and the 

data-acquisition system are given in appendices 6 and H. 

SPICA has been designed to test whether it is possible in larger 

machines to build up and maintain screw-pinch discharges surrounded by 

a force-free field region with an approximately constant pitch. The 

size and the construction of the machine is such as to minimize irregu

larities in the magnetic-field configuration. The main parameters are: 

Main radius R (quartz torus) 0.50 m 

Minor inside radius b (quartz torus) 0,20 m 

Minor inside radius (shield) 0.207 m 

Plasma radius a 0.07 m 

Line density N • n ib2 6.2X101' ions/m 

Primary toroidal current (max) I_ 1,25 MA 

Azimuthal current Ie (max) 5 MA 

Total inductance IQ-circuit LQ 67 nH 

Total inductance I -circuit 657 nH 
z 
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Decay time l , n r i „ 

External inductance L„ „ 
W e 

Capacity 9-bank (50 kV) CQ 

Capacity z-bank (50 kV) C2 lAt period I„ and I 

Toroidal field B 

Decay time B 

z 
(max) 

Capacity predischarge (50 kV) C , 

opacity bias f i e l d (5 kV) CB 

2 msec 

21 nH 

611 UF 

127 UF 

10 psec 

1. 6 T 

1. 2 msec 

12. 6 UF 

7200 UF 

iT i 

JUUULJ 

Fig. 1. a_ View of feed flange for Iz. 
b Cross-section of the torus and of a toroidal field coil. 

1. Transmission line 2. Field correction bridges 3. Copper shield 
4. Feed flange 5. Quartz torus 6. Position monitor coil for error 
field 7. Cable collectors 8, Wooden coil clamp 9. Bz-coil 
10. Copper ridge reducing stray inductance and screening diagnostics 
cables 11. Epoxy insulation. 
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The clear quartz torus (wall thickness 3 ssU consists of four *0°-*«c-

tions joined by polyurethane rings, which axe screened fro» the plass* 

by neans of ceraadc rings having an inside radius of 0.199 m. The torus 

is evacuated by two turbo-aolecular pwsps, having an effect*"» pueping 

speed at the torus of 190 1/sec. The base pressure is roughly *10~' 

torr, whereas the usual filling pressure is around •xlO"3 torr. .s. 

schematic view of the feed flange for I and a cross-section of the 

torus are given in Fig. 1. The lay-out of the torus and the positions 

of the diagnostics are given in Fig. 2. The equivalent electric circuits 

are given in Figs. 3 and 4. 

l to pumps I 

Fig, 2. Lay-out of SPICK torus, shield and coils. The Ig-feed flange is at A. Pick -up 
coils for Be •»* sz arc installed at several points (e.g. H, L, J «M V). The 
Rogowski coil and m • 1 coils are at K, laser interferosetry at Pf, laser scat
tering at S, probes and spectroscopy at W, streak windows at G and U, window 
for X-ray observation at T, pueping ports at H, I, K and L. Sose of the 
wooden clamps holding the 0-coils in position on the copper shield are shown 
in the region A-F. 
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^L twitch Lcebit» • * t 'Oy 

Fig. 3 . 9-cireuit and bias f ie ld c ircuit with variable 
(n = 1, 2, 8) inductance and capacity. 

start 

pia»me 

Fig. 4. Z-circuit with predischai^a (pd). The value for Lpiasma 
is obtained by assuming an inductance of 100 nH/m within 
the copper. In reality this value is slightly higher. 

2. SPICA 

The first, discn-rges in the SPICA device were done under some 

severe experimental constraints: 

- a contaminated discharge vessel, 

- not minimized vertical fields at the feeding flange of the primary 

z-curren t, 

- a limited peak value of the bias field BQ(^ 0.05 T) compared to the 

value of the main toroidal field (1.2 T for most of the discharges). 

The first of these constraints made it necessary to limit the applica

tion of the predischarge current to one quarter period to avoid dis

astrous wall contact. In this way a degree of pre-ionization of roughly 
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1% was obtained (as measured by a 4 mm interferometer). The second one 
meant a distortion of the outer flux surfaces, causing a scraping-off 
of the force-free currents in that region. The third one limited the 
obtainable 0-values to 501 or more. The observations can be summarized 
as follows: 
- the majority of the discharges s..owed catastrophic instabilities be

tween 10 and 20 ps, 
- only a very restricted number did show no wall contact but a loss of 
equilibrium within 40 us, 

- the value of the extrapolated e-folding time of the plasma current 
(Xj ) was between 100 and 200 us, 

- the electron temperature, T_, at 7 us after firing of the cain 
discharge was mostly around 16 eV, with a few exceptions reaching 
40 eV at peak electron densities of 2xio22 m"3, 

- from the frequency of the m = 1, k = 0 oscillations on the streak pic
tures iL was deduced that only 75% of the initial density was confined 
in the plasma column, 

- from inductance measurements it was concluded that the region with 
force-free currents did extend to an average radius of 17.5 cm, 

- the applied pitch at the wall (so also q) was constant in time. 

The last two features are illustrated in Figs. 5 and 6. 

< 
2 

z 
c 

Fig. S, The currents, the safety factor at the wall and the plasma 
Inductance as seen by the circuit for an undamped screw 
pinch in 12 m_orr D2 at bank voltages VQ • 40 kV and 
Vz - 29 kV. The effect of the radial motion of the plasma 
can be clearly seen. 
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to 

0 8 

06 

0.4 

0.2 

O 

Fig. 6. The currents and the safety factor for a clamped screw pinch 
in 11 mtorr D2 at bank voltages V. = 29 kV and V = 27 kV. 

The above-mentioned constraints were partly eliminated at the end 

of 1974 by doubling the capacitor bank for the initial bias field and 

minimizing the vertical fields by the method described in Ref. 2. The 

discharge vessel had been replaced, which caused a decrease in the im

purity content. Breakdown problems with a magnetic probe and a 4-mm 

microwave reflection probe did, however, give rise to a not negligible 

amount of impurities. 

The results obtained during 1975 can be summarized as follows: 

- at filling pressures of 10 Titorr D2 the value of S can be varied down 

to 0.2 without spoiling the shock-heating effect of the implosion. At 

lower filling pressures the snow-plough implosion does not develop 

well; 

- the degree of pre-ionization is low and not very reproducible; 

- gross stability is observed during 50 to 100 us; 

- the average radius of the region with force-free currents as deduced 

from the inductance measurement does agree with magnetic probe mea

surements in the outer region; 

- as long as gross stability is maintained, the vertical stray fields 

can be kept well below 0,01 T as shown in Fig. 7, where the output of 

monitor coils in the gap is given. The variation of the signal is 

mainly due to horizontal movement of the column. These coils are very 

sensitive to macroscopic instabilities. Horizontal stray fields are 

negligible (less than 0.001 T); 

- density measurements by means of a HeNe-interferonteter and Thomson 

scattering give a linear compression ratio of 3.3. An example of a 

Thomson-scattering measurement is given in Fig, 8; 

- hard X-ray emission was observed by looking at a part of the quartz 

wall. The emission is absent in z- and 8-discharges since in such 

discharges no force-free currents are induced. In the screw pinch the 

X-ray emission strongly depends on the initial conditions. It is con

siderably reduced by increasing the time between preheat discharge and 

<2 
? o 4 -
~ 9 
7 3 

_ 
1 1— r •t T 1 1 

- v« --

^ j » J -

-

1 • 1 

'zp 

_ L „ X. .„ — L ' 
O 
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main discharge, hut it also depends ot the polarity of the preheat 

field at the start of the main discharge. The x-rays occur 2 to 4 us 

after the start of the main discharge, last for about 10 ys, and have 

energies between 70 and 150 keV. Every attempt to oorrelate the (irrepro-

ducible) fine structure of the emission toother events during the 

discharge has failed. An example of the emission is given in Fig. 9. 

> 
<• 3 

CM 
O 
d 

• i — » — i — • — i — • — i — • — i 

Mil iiTiaUUIUUUgg «*vert 
CQ.90*) 

(0.270*) 

Fig. 7. Vertical fields in the poloidal gap of the copper shield. 

Fig. 8. Thomson-scattering measurement for a discharge in 10 mtorr D at a 11 ~ 1.6 
at t =• 10 ps. •* ^ a l i 

a. photomultiplier signals for plasma and plasma plus Thomson light 
separately, 

b. corrected Thomson signals and gaussian fit. 

Horizontal scale: wavelength in nra from ruby laser line. 
Vertical scale: signals in pC. 
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Figv 9. X-ray emission as a function of time for a discharge 
in 10 mtorr D_. 

b) X-ray energies > 18 keV 
c) X-ray energies > 70 keV 
d) X-ray energies > 150 keV 

a shows the plasma current. 

After this period of more or less random investigations, the 
regime of discharges was narrowed down to what, at that time, seemed to 
be the most promising with respect to theoretical and experimental in
dications. This resulted in the study of discharges in which the most 
important external parameters were not changed, i.e. B * 1.2 T, 
Izp * 250 kA' initiaI D2-pressure p Q * 10 ratorr, initial bias field 
B0 * 0.12 tesla. Under these identical initial conditions stable (up to 
100 ps) and clearly unstable discharges were observed with, unfortunate
ly, the majority being unstable. An example of each kind is given in 
Fig. 10. 

It should be noted that the stable discharges now have a i. 
ranging from 500-700 us. This is a clear indication of the improved 
quality of the force-f >3 current region outside the column. An exact 
correlation between current decay rate and temperature is complicated. 
The decay time depends not only on the resistance of the plasma, but on 
the exact resistivity profile, on the decay time of the external *..>rcuit 
and also on the horizontal movement of the column which causes field 
lines to move into the quartz wall. Taking into account the non-ideal 
crowbarring of the external circuits and assuming a uniform resistivity 
profile, a temperature exceeding 20 eV can be attributed to the outside 
region11 ] . 
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Fig. 10, a) Characteristics of a stable screw-pinch discharge. The currents are not 
corrected for the time constant of the integrator (1.5 ms). 
Prom top to bottom: plasma current, primary poloidal current, safety 
factor at the wall, internal inductance, l ine density, streak photographs. 

b) Characteristics of an unstable discharge (same conditions as (a) ) . 

Given t h i s difference in behaviour of the plasmas, i t seemed very 
appropriate to study the values and the reproducib i l i ty of the plasma 
parameters resu l t ing from the predischarge phase. For four types of pre-
discharge the density pro f i l e s in the outer half of the torus were 
measured by means of Thomson scat ter ing at the s t a r t of the main d i s 
charge. The r e s u l t s are given i n Fig . 11 for p * 10 mtorr and 
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p = 5 mtorr. Type H has an approximately Homogeneous density profile, 

a good reproducibility and a high degree of ionization. Type E also 

shows good reproducibility, but a very Eccentric density profile. Type 

L is not reproducible and has a Low degree of ionization. Type S is like 

E, but does not have so much plasma-wall contact in the early phase of 

the predischarge. The main discharges following the L, H, E and S pre-

discharges have been compared at pQ * 8 mtorr and BQ ranging from 0.1 -

0.15 T. Most of the discharges were done with type H. some with E and 

only a few with both L and S. 

Fig. 11. ne-profiles in the outer half of the torus obtained in three types of pre-
discharge. The dashed line represents a 100% ionized homogeneous plasm*. 
a) p =10 mtorr, b) p « 5 mtorr. 

The time behaviour of the electron temperature and local 6 are shown in 

Fig. 12. Up till 26 us there seems to be no difference in time behaviour 

for the four types: T remains constant and there is a slight decrease 

in the measured value of B. This decrease may be due to energy loss but 

can be explained as well by a broadening or shift of the profiles. An

other common feature is the large D-shaped deformation of the plasma 

column at times early in the discharge as seen on the streak pictures 

(b/a ̂ 1.5) and as derived from poloidal field measurements. 

IYBÊ-Ê Most of these main discharges show a gradual loss of equilibrium 

at times varying from 20 to 50 ys. Sometimes (the discharges are not 

very reproducible) there is a mild wall contact during the implosion. 

The frequency of the m » 1, k • 0 oscillations as observed on the streak 

pictures, indicates that the mass in the column equals the total mass of 

the filling gas. 

ÏYEÊ-Ö Main discharges of this type are not reproducible and are always 

unstable. At low values of B this often leads to violent wall contact, 

visible on the streak pictures and giving rise to greatly increased im

purity radiation in the visible region (mainly Si). There is always an 
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abrupt, loss of compression at tines varying from 10 to 50 us. A stabi

lizing effect on the plasma is obtained by an increase of BQ or q ^ n * 

Fig. 12. Values of Te and & measured at 
various times in the main dis
charge for the four types of pre-
discharge. 

Tŷ pe S The conditions for this type have not been optimized until now. 

The main discharges are not reproducible, but some are stable 

{100 - 200 us). However, they show a loss of compression and/or density 

during the equilibrium oscillations. 

Tyge_L The main discharges of this type are not reproducible either. 

Stable and unstable discharges are observed. As for type H, an increase 

of B seems to have a stabilizing effect. The stable discharges can be 

characterized as follows: 

- the plasma resulting from the predischarge phase does have a homoge

neous density profile and an ionization degree of 40%, 

- the applied q ^ u * 1.5, 

- the peak value of 8 * 0.2 and is slightly decreasing during the first 

25 us, 
- no gross instabilities are observed during 200 us, 
- the equilibrium shift is 5 cm outwards, 

- electron temperature Te * 50 eV and is roughly constant during the 

first 25 us, 
- peak density ne * 4*10

21 m~3, 

- force-free currents flow in a region with a radius equal to 18 cm and 

the extrapolated decay rate of the plasma current is almost equal to 

the decay rate of the external circuit. 

The parameters of such a discharge are presented in Fig. 13, 
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Fig. 13. 
Toroidal plasma current, plasma inductance and 
/ned£ measured in the equatorial plane as functions 
cf time for a stable discharge. pQ = 7.9 mtorr D2, 
B. = 1.2 T, B = 0.15 T, q _ = 1.5. 
$ o ^wall 

*• t (|IS) 

3. SP IV 

The SP IV device has been built to test the possibility of produc

ing and maintaining force-free currents in a screw-pinch discharge with 

an elongated minor cross-section and to see if equilibrium and stability 

can be achieved at higher 0-values compared to circular minor cross-

sections . 

A sketch of the SP IV device is given in Fig. 14. The quartz va

cuum vessel (thickness 4 mm, one piece) fits closely in the copper shell, 

thus allowing force-free currents to be induced. The copper shell and the 

vacuum vessel have a minor cross-section shaped like a reacetrack with 

ellipticity e = b/a = 4. The primary windings, wound helically around the 

copper shell, are connected to a 40 kv, 120 kJ capacitor bank. Since the 

plasma current I. and the toroidal magnetic field are generated simul

taneously, the q-value at the wall is approximately constant in tiine. The 

experimental results given here are obtained in oscillatinq discharges 

with filling pressures p = 30-50 mtorr H~. Pre-ionization is accom

plished by high-frequency pulses, followed by a toroidal predischarge. 

A toroidal bias field can be trapped in the plasma to control 3. The 

parameters of the four capacitor banks and circuits used for this ma

chine are given in the table. 

200 
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Fig. 14. The geometry of SP IV. 

TABLE 

Parameters of the four circuits of SP IV 

Capacitor 
bank bias pre-ic 

primary 
mization 
secondary 

pre-
discharge 

main 
discharge 

capacity (pF) 1200 0.5 lxio-5 25 150 

voltage (kV) 4 20 50 40 40 

energy (kJ) 9.6 0.1 12.5xl0"6 20 120 

total load 
inductance (nH) 
(vacuum) 

11.5*103 - - 146 340 

external 
inductance (nH) 

11.1*103 - - 105 38 

period (us) 
(vacuum) 730 2.3 0.033 12 44 

1/e time (ys) 
(oscillating) 2200 4,7 0.069 15 58 

peak current 
(kA) 30 24 0.085 430 690 
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The following set of diagnostics has been used: 

- image-converter camera to make stereoscopic streak pictures 

- a magnetic probe to measure the magnetic field and current profile in 

the horizontal midplane 

- Rogowski coils to measure the currents 

- a diamagnetic loop to measure the average 8 

- a large number of magnetic pick-up coils to measure B and B. at the 

wall 

- a monochromator to study the visible light emission and to get an es

timate of the temperature 

- an electrostatic probe to measure n_//T~ 

- a HeNe-interferometer to measure the line density in the horizontal 

midplane. 

The results presented are obtained at I. up to 220 - 260 kA, 
B £2 W 

q* = , \^°i • 1.8 - 2.0 and B. up to 0.73 T. At a filling pressure of 
Moi*px'(|i * 

30 mtorr the electron density varies from 1 to 2xl022 m~3 and T from 

10 to 60 eV. The first quarter period of the main discharge is charac

terized by a formation 3tage including implosion and compression <6 us) 

followed by a more stationary period which terminates in a fast decay 

after 10 - 12 us. Two major types of plasma can be distinguished; both 

of them are reproducible. 

The first one, type A, is characterized by: 

- very high elongation/ obtained after a weak vertical compression which 

reaches 2b * 27 cm after 7 ys 

- weak implosion 

- radial compression slowly reaching 2a * 3 cm after 4 us 

- low 0-values during the quasi-stationary phase. 

The second type, called type B, is characterized by: 

- comparatively low elongation caused by a strong vertical compression 

which stops after 6 us at 2b * 15 cm 

- strong implosion 

- radial dimensions relax to 2a * 3-4 cm 

- high-8 values during the quasi-stationary phase. 

Streak pictures and diamagwetic signals of both types are presented in 

Fig. 15. 

It should be noted that during an efficient implosion the dia

magnetic signal A<f shows strong oscillations due to inertia effects. 

From the frequencies of the radial m » 0, k * 0 oscillations 

following the implosion,the total mass swept up into the column can be 

estimated. According to a simple model, the period of the oscillation 

is given by T - vc(po/e)°*
5/B, where c - 1.89*10"7 for SP IV, and v is 
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[10.5cm) ( B ) 1 r 
top 
view 

side 
view 

t (us) 

the fraction of the mass 

that is swept up if a 

weak dependence on the 

density profile is 

neglected. For type-B 

discharges measurements 

yielded v = 0.9. 
The vertical compression 

is clearly visible on the 

streak pictures and also 

influences the measured 

values of 
L i* E 2 l T / V d r / I » P - The 

values of AL.,/Ab# 
i<P 

measured during the 
compression phase, are in 

good agreement with a 

simple model (-4.3nH/cm). 

The following observa

tions are perhaps the 

most important results 

in SP IV until now. 

Fig. 15. Streak photograph and dianiagnetic 
signals of two plasma types. 

- From the diamagnetic signal volume averaged P-values are determined 

during the quasi-stationary phase. Type-A discharges have B-values of 

roughly 6%, whereas in type-B discharges 6 ranges from 15% + 2% at 

p„ = 30 mtorr, B_ = 0 to 11% + 2% at p = 5 0 mtorr, B = 0.032 T. ro o — ro o 
These values indicate that in B-type plasmas 8 in the plasma column 

must be very close to unity. 

The second important observation is the existence of force-free currents 

in the outside region. 

- For type A the result of probe measurements is summarized in Fig. 16. 

Comparison of streak photograph and current profile shows that some 

50% of the total toroidal plasma current flows in the region outside 

the dense central column. For type B the current profile is much more 

homogeneous, as is shown in Fig. 17. 

The conditions that led to the reported different discharge 

types have been investigated. The properties of the initial plasma at 

t • 0, especially the initial degree of ionization y and the homoge
neity have, like in SPICA, a dominating influence. Type-A discharges 
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are produced after a weak preheating (low y), while type B is preceded 

by a very effective preheating (high y). 

~ 0.4 

o > 

25 30 
major radius (cm) 

Fig . 16. Results of magnetic probe measurements at 9 Us in 
a type-A discharge. 
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O 20 Q25 0 3 0 0.35 

rodius cm) 

Fig . 17. Current-profi le Measurements i n a type-B discharge a t 
various t i a e s -

4. Future plan» 

Although the Min objectives of the SPICA experiment have been 

fulfilled and the overall behaviour has been understood, there remains 

of course a lot of detailed information to be obtained. The most impor

tant is the long time behaviour of electron temperature and density, not 

only the peak values, but also the radial profiles. Therefore, a new de

tection system, using an Optical Multichannel Analyzer <0HA), which will 

enable measurements at different radial positions, is being installed. 

As pointed out in section 3 of the main proposal a possible ex

planation for the irreproducibility of the discharges could be the very 

critical amount of impurities present. To study this, a spectrometer for 

the vacuum ultraviolet spectral region is required. Installation of such 
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a spectrometer will follow in the near future, unfortunately oily for a 

limited period of time. A spectrometer for the visible light spectral 

region will not only be used for calibration of the VUV-spectrometer, 

but also to study the adsorption/desorption of the monolayers on the 

quartz wall by changing the filling gas from D2 to H2 and monitoring the 

HQ- and Da-lines. 

Probe measurements in the outer region (magnetic multiprobe as 

well as electrostatic) v/ill be done again in the final operational 

period of SPICA, because breakdown problems seem to be overcome, at 

least partially. 

Study of the maintenance of the force-free currents and time be

haviour of T and 3 in SP IV are possible in the near future, since the 

installation of a crowbar circuit, for which the e-folding time of the 

primary current is in the order of 300 ys, has been completed. 

5. Relation to other experiments 

A detailed comparison with other existing and projected experi

ments seems not very useful because the Jutphaas experiments are unique 

in the sense that they rely completely on the force-free currents. In 

the table taken from Ref. 12, all experimental toroidal pinch devices, 

except reversed-field pinches, are summarized. 
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TABLE 

Machine 

SPICA 

(Jutphaas) 

TEE 

(Jülich) 

STP-2 

(Nagoya) 

THOR 

(Maryland) 

BP-I 

(Garching) 

BP-II 

(Garching) 

BP-IIA 

(Garching) 

TENQ 

(Jülich) 

Beltpinch 

(Lausanne) 

TORUS I 

(Coluabia) 

TORUS II 

(Columbia) 

TERP 

(Maryland) 

SP IV 

(Jutphaas) 

Cross- Major 
section radius R 

I B„ 
Densi 

60 cm 300 kA 1.6 T 10 us 5*I021 

1.8 " 6*10n 25 " 0.5 

60 " 0.9 

1 

200 

200 

0.7 

0.15 

circle 

a-20 cm 

circle 25 " 

a-9.5 cm 

circle 25 " 

a»10 cm 

circle 50 " 

a-20 cm 

rectangle 23 " 

17*140 cm2 

rectangle 53 " 

45x260 cm2 

rectangle 53 " 

45x260 cm2 

rectangle 46 " 
35*108 cm2 

rectangle 16 " 

10^70 cm2 

rectangle 22.5 " 160 " 

15*45 cm2 

rectangle 22.5 " 80 " 

15x30 cm2 

rectangle 15 " 15" 0.05 

16x32 cm2 

racetrack 24 

12x48 cm2 

200 " 0. 15 

200 " 0.7 

200 " 1.7 

1 

1 

250 " 0.7 

3.5 " 4x|02! 

5 

1 

1.7 " 

10 ?.o 

10' 

5x|0 2 0 

3 x l 0 2 0 

10' 

10' 

10 

10 

2x10 

10 

22 

21 

20 

22 

Temperature 6 1 Times in ys 

T ^ 40 eV 0.2 1.5 T , ^ 200 
e plasma 

(wail) T -\- 25 
temp 

T ^ 40 " 0.05 2.3 TT -\. 100 
e IP 

T. ̂  130 " (wall) TT ^ 6; T£ ^ 10 

T 'v- 20 " 3 ^0.8 - TT ^ 60 
e P IP 
T. ^ 200 " -1 .0 T % 10 
l P 

T. ̂  3.5 keV 1 - T ^ 2 
l exp 

T -v. 2T. 
e i 
2 - 5 eV 0.05 T ^ 10 - 100 

Tg - 10 

25 " 0.5 2.7 Te -v. 70 

(surface) xE -v. 3S 

T +T. ̂ 100 " 0.6 4.5 T ^50 
e l exp 

TE -v-60 
T ^ 30 eV 0.3 _ T -\- 60 
e exp 
T. ̂  180 " 
l 

TT % 30; Tj>10 

T ^ 55 " 0.3 - T- ̂  15 
e T 

T ^20 
exp 

10 0.4 4.0 

(surface) 

T ^ 10 
exp 

? ? - not operational 

5 0.1 - T ^35 
exp 

10-60 0.1-0,15 not yet crowban 
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A P P E N D I X B 

STABILIZATION OF HIGH-BETA TOROIDAL 

PLASMAS BY FORCE-FREE CURRENTS* 

by 

D.A. D'Ippolito , J.P. Freidberg" 

J.P. Goedbloed, and J. Ren 

1. Introduction 

A screw-pinch plasma is in many respects similar to that of a 

tokamak. The plasma is embedded in a strong toroidal magnetic field and 

carries a toroidal current that roust be below the Kruskal-Shafranov 

limit (q>l) for stability. The difference lies in the manner in which 

the plasma is formed and the resulting different current distributions. 

A tokamak plasma is heated ohmically by the toroidal current. Since the 

plasma must be heated everywhere, it must exist long enough for the mag

netic fields to diffuse into the plasma. This results in a plasma with 

an approximately parabolic current distribution that is confined by the 

poloidal magnetic field alone (B < 1) and thus in a low-beta plasma 

te £ 2 P / B 2 - e p e 2 /q 2 >-
In a screw pinch the plasma i s heated by the processes of shock 

heating and adiabatic compression. For these processes to be e f f e c t i v e 
i t i s e s s e n t i a l that the formation stage i s short , i . e . the magnetic 
f i e l d s may not d i f fuse in to the plasma. This leads t o a plasma that i s 
mostly confined by the toroidal magnetic f i e l d . The conductivity in the 
low density region surrounding the plasma i s s u f f i c i e n t l y h igh , so that 
large currents are induced in i t . Since the pressure gradients in t h i s 
region are small , these currents are force - free , i . e . 2*Ë " °« Conse
quently, the resu l t ing current d i s tr ibut ion i s en t i re ly d i f f erent from 
that in a tokamak. The current flows mainly on the plasma surface and 
in the region around i t . 

In a tokamak and a screw pinch the plasma experiences a large ra
dia l force that drives the plasma to a larger major radius . In the screw 
pinch th i s force can only be compensated by enclosing the plasma with a 

Present address: University of California, Los Angeles, U,S,A. 

Also published in the Proc. of the "High-beta Workshop", Varenna, Sept. '11. 

'Present address: Los Alamos Scientific Laboratory, Los Alamos, U.S.A. 
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well-conducting shell, on account of the short times involved. As the 

current in a tokamak plasma is built up relatively slowly, the plasma 

can, in this case, be positioned by a programmed vertical field, i.e. 

a good conducting shell is not required. 

The favourable effect of force-free currents on the equilibrium 

and the stability of a toroidal plasma has been proven experimentally 
1 2) 

as well as theoretically ' . They give rise to a decrease in the toroi
dal shift - the distance between the centre of the conducting shell and 
the plasma centre - and allow a higher beta before gross MHD-instabili-
ties destroy the plasma 

A model that describes the characteristic features of a screw-

pinch plasma quite well is the surface current model surrounded by force-

free currents in the high-beta ordering approximation. This model has 

the advantage that the plasma state can be described by a few parameters 

so that the effect of each of these can be studied separately. It is 

limited in that it can only yield information concerning gross tlHD-modes. 

Since these have been shown to be the most dangerous, the model should 

yield valuable information concerning the stability of a screw-pinch 

plasma. 

The above-mentioned model of a high-beta toroidal plasma has been 

studied extensively both in Jutphaas and in Los Alamos. These studies 

were aimed at determining the influence of the force-free currents and 

the shape of the plasma cross-section on the stability of the plasma. 

Both effects can lead to an appreciable increase in stability, i.e. in 

the maximum beta at which stability is possible. In the following two 

sections we shall present a summary of the theory underlying this work 

and a survey of the results; the stabilizing effect of a shell has been 

disregarded throughout. For a complete treatment of the theory and a 

full presentation of the results the reader is referred to Ref. 4. In 

the last section the results of the model are compared with the exper

imental results of SPICA. 

2 . Equilibrium and stability of the surface current model 

The geometry of the plasma surface is fixed by giving the major 

radius R , the halfwidth of the cross-section "a" and the shape of the 

cross-section C, e.g. Z as a function of (R-R-) (see Fig. 1). The equi

librium quantities describing the plasma are: 

p * constant, B * B.8., B. = R0B-/R , (1) 
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where p, BA and B denote the pressure, the 
r 

toroidal magnetic field and the toroidal 

magnetic field at R respectively. The sur-

I j K face currents in C produce a jump in the 

R0 »< magnetic field components, so that the ores-

* i sure balance is assured: 

B l % H 
Fig. I. The geometry. p + -f- - -*- + -f- , (2) 

where hats refer to quantities on the outside of C, and B is the poloi-

dal component of the magnetic field. In the region surrounding the plas

ma the conductivity is assumed to be sufficiently large for currents to 

flow. However, the pressure of this tenuous plasma is so low that it can 

be neglected (e.g. in Eq. (2)), so that the currents must be force-free: 

V_ * B - aB « = constant. (3) 

During the formation stage of the pinch the magnetic fluxes in the toroi

dal and poloidal directions are frozen in simultaneously, resulting in a 

uniform q-profile. In the case of a cylindrical plasma column a uniform 

q, or the constant pitch case, gives rise to difficulties in the stabil

ity analysis of the force-free field region. Since a uniform a can approx

imate a uniform q quite well and avoids these difficulties, it is useful 

to restrict ourselves to such a case. The other, perhaps even more com

pelling, reason for the introduction of a uniform a-field is that it 

leads to tractable equations. 

In the high-beta ordering the various quantities are ordered as 

follows: 

e - a/R0 « 1 , B^/B0 * B^B 0 -v 1 

êp/Bo * e ' e S 2P/Bo ^ e , aa ^ e . (4) 

The magnitude of the force-free parameter a has been chosen as large as 

possible without coming into conflict with the requirement that B. 

should be approximately constant in the force-free field region. Appli

cation of the ordering to Eq. (2) leads to the following distributions 

of the fields on the surface C: 

B A B 0 « | mi [1 - ̂  U-x)]* 

V Bo * V Bc ' <l+«>"1 ' 
(5) 
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where x - (R-R }/a. The parameter k2 represents the freedom we have to 

choose the toroidal current or the safety factor q- This parameter can 

take on values between zero and unity; k2 » 0 corresponds to the low-

beta limit (S = 0 (e 2)), whereas k2 = 1 yields the equilibrium limit, i.e. 

the state in which the separatrix touches the surface (at x » -1). 

The physical parameters describing the equilibrium - besides the 

geometry - would seem to be t/c, the safety factor q, and a R . However, 

there is a. serious objection against the use of q. This quantity varies 

strongly when the separatrix approaches the plasma surface while the 

quantity that is really held fixed in an experiment - the current -

varies only little. This led us to introduce a new quantity q* -

replacing q - that is related to the current: 

q* = lir.cEB^ - E B0/<Bp> . (6) 

where £ is a measure for the elongation of the cross-section with res

pect to the circle: £ - L/2Tra and <B > is B averaged over C; L is the 

length of the circumference = $-dl. It is now logical to replace B/e 

by a parameter that measures the pressure in units of q* , resulting 

in the usual definition of beta poloidal: 

eB = 2ep/^B >2 = (6/e) q*2 . (7) 

Similarly, the force-free field is measured by: 

r = aRQq* . (8) 

Substitution of Eqs. (S) and (6) into Eq. (7) shows that the parameter k2 

represents merely a simple way of fixing cS : 

cSp = jk
2<[l - ik2(l-x)l > . (9) 

The most suitable parameters for describing the equilibrium are thus: 

ee_ (or k 2 ) , q* and r. It must be pointed out here that the approach of 

prescribing the plasma cross-section and not considering the entire prob

lem of a plasma surrounded by force-free currents and a conducting shell, 

results in the somewhat contradictory statement that the parameter r does 

not influence the equilibrium. In an experiment where the shell or the 

outermost magnetic surface is prescribed, V influences the shape of the 

plasma and, thus, the equilibrium. Our way of treating the problem of 

equilibrium and stability disregards this coupling only because we neg

lect the effect of the wall on the latter. 
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From the equation above it is clear that the maximum eB is 

reached at the equilibrium limit lk2=l): 

£ B p»cr i t o.s/</ra>* (10) 

and that this limit depends on the shape of the cross-section. Although 

the equilibrium is described by t6_ and q*, we shall present the stab

ility results in diagrams where eB is replaced by B/e because it is 

the more physical of the two parameters; B/e is simply related to EB 

through Eq. (7). For a specific cross-section the equilibrium is then 

described by a point in a (B/e-q*) diagram (Fig. 2 ) . 

2.0 

1.5 

no Equilibrium 

1.0 

*K'%*"h 

The available parameter space is 

limited to the area under the 

curve fixed by eB crit*
 Ifc is 

readily seen from Eq. (10) that 

this area increases, i.e. eB c r i t 

is larger for a cross- sectional 

shape that has its "centre of 

gravity" on a smaller R. This 

dependence of e8 crit
 o n t h e 

shape is shown in Table 1. 

The simplicity of the equilibrium 

0-5|- Nv -I state of our plasma model and the 

importance of the choice of pa

rameters describing it, led us 

to a rather detailed treatment 

05 1.0 15 of the equilibrium. A descrip-

m. q* tion of the theory underlying 

the stability calculations is 

not possible in the context of 

this paper; for a full treatment 

the reader is referred to Ref. 4. 

Here we must restrict ourselves to a few remarks. 

The stability analysis is based on the ideal magnetohydrodymamic 

energy principle and has been applied to our model with a variety of 

cross-sections, including the circle, the ellipse, the racetrack and the 

D-shape. The stability of each configuration is investigated by means of 

normal modes £{R,2,$)exp(-iut) of the displacement vector giving rise to 

the well-known variational expression for the growth-rate w2 of the in

stabilities 

J_ _L 

Fig. 2. The equilibrium limit. 
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,2 _ ff, 
= (vr + ir + sr J/K , (ii) 

where W^f VI
s, W represent the contributions to the potential energy 

due to the perturbation of the plasma, the surface and the force-free 

field, respectively; K is related to the kinetic energy of the pertur

bation. The necessity for introducing the high-beta ordering origi

nates in the evaluation of Wc . Without the ordering this evaluation is 

not feasible. The resulting W is formulated in terms of the perturbed 

magnetic field and not in terms of £. This implies that our stability 

results include modes that need a smal1 resistivity at a rational sur

face to change the field line topology. 

TABLE 1 

t:0 . . for different cross-sections 
p,crit 

b/a = 0 
(£ = 0 637) 

£:1 
r 

b/a-1 b/a,£ + c 

* 2 / i 6 0 617 0 6 1 7 

0 563 0 617 0.617 0 6 7 3 

2b 
^ b/a>i ' v £ - i * 4 4/rt 

0617 0.617 

w, *w 3n£ / 3 • 3 b/a \' _ f 3iit x 
^ 4 . 3 b/a / " \ 3 it £ • 2 > 

0.563 0.6S1 0 .735 

t 2 < - 2 ,2 / 3 b / o > 3 y ( b / b ) ^ 4 \ 2 _ / 3it'£* \ ' 
^ 6 b / a . 4 v / ( b / a ) z . 4 ' ' ^ 5 n ? £ 2 - 4 ' 

0 .563 0 426 0 422 0.360 

9/16 O 563 0.563 0 . 5 6 3 0 563 

2b 
/ 3b /aOyfb /a ) 2 . 4 J / 3nz£2 J 

* 4 / ( D / 0 ) 2 . 4 ' ' ^2Ji3£3*6^ 
0 563 1.14 1.18 2 .25 

The most important destabilizing term arises from the surface 

contribution. This term is proportional to; 

W' dAf'n(b
P*p

 + f-Vt> (12) 

-46-



where d\ is an angle related to the arc length along the circumference 

of the cross-section, £ is the normal component of the surface pertur

bation, b » q*B /eBQ * ** /<B >,
 Kr> a n^ Kt a r e t n e P ° l o i d a l a n d toroidal 

surface curvatures, respectively. The toroidal symmetry of the plasma 

leads naturally to a Fourier decomposition of all perturbed quantities 

in the ^-coordinate: 

i = UR,Z)ein,t> , (13) 

so that modes with different toroidal mode numbers are uncoupled. The 

stability analysis shows that the results for different toroidal modes 

are identical if we use as axis for the stability plots not B/c and q* 

but replace these by 8/en2 and nq*. 

3. Results 

Based on the model described in the previous section we have in

vestigated the influence of force-free currents and the shape of the 

cross-section on the stability of a toroidal plasma. In this section we 

discuss consecutively the results for the circle, the ellipse, the race

track and the D-shape to the extent necessary to understand the present-

day results of SPICA and in so far that they provide insight for a new 

experiment in which it might be possible to create plasmas with still 

better stability properties. 

The circle 

A typical set of diagrams is illustrated in Fig. 3. Marginal 

stability curves are plotted here for four values of I". In each stabil

ity diagram the curve labeled "equilibrium boundary" corresponds to 

Eq. (10), eB crit s 7t2/16, and is independent of r. From these 

diagrams it is evident that the stability depends strongly on r. 

Consider first the case r = 0, a circular plasma surrounded by 

vacuum. This case will serve as a reference with respect to which the 

effect of the force-free currents and the effect of shaping the cross-

section will be compared. For this value of r there is only one stable 

region so that it is clear that n - 1 is the most unstable mode. There 

is a clear optimum in the permissible g/en2, viz. at the intersection 

of the marginal stability curve with the equilibrium boundary: 

r = 0, nq* • 1.7 , B/en2 • 0.21 . (14) 
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Fiq. 3- Stability diagrams for the circle for (a) T = 0, (b) P = 1,0, 
(c) T = 2.0 and (d) V = 3.0; Inset shows T = 1.90 and V =• 2.02 
on enlarged scale. Stable regions are shaded. 
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Above this value of nq*, the value of 6/en2 is restricted by the equi

librium boundary while below it the stability imposes a limit. Is r en

larged, e.g. to 1, then we observe two effects: the stability boundary 

moves to smaller values of nq*, i.e. larger currents are permitted and 

a new stability region appears near nq* = 0. Upon further increase of 

r to 2 the two regions touch and beyond this value the first region 

shrinks again and the boundary of the new region remains stationary at 

nq* £ 1. Since there is always an unstable region between the two stab

ility regions except when r = 2 and at nq* • 1, the stability region at 

small values of nq* can usually become unstable for a toroidal mode 

number n larger than unity. Although there will be stability windows in 

this region we shall disregard those on the ground that they would be 

sensitive to a different current distribution. Now it is clear what we 

mean by the optimum g/en2 at any Fr viz. the 6/en
2 at the intersection 

of the marginal stability curve with the equilibrium limit. Figure 4 

depicts this behaviour and shows that the maximum possible B/en2 for the 

circle is: 

r = 2, nq* * 1.0 , e/enz = 0.62 (15) 

Fig. 4. 

Optimum 6/en2 versus F for the 
c irc le . 

The ellipse 

Figure 5 contains the stability results for ellipses with elon

gations b/a - 2,3,4 and 5. These results look qualitatively very much 

like those for the circle with the difference that the two stability 

regions do not touch each other for any value of V. Defining the optimum 

g/en2 in the same way we can plot this value versus r for the four dif

ferent elongations (Fig. 6). This figure shows that the optimum value 

of 6/en2 at a fixed value of b/a first increases with increasing b/a, 

but decreases again later. Hence, there is an optimum value of b/a (Fig. 7) . 
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Fig . 6 . OptüBua B/en2 versus T fox 
verious e l l i p s e s . 

»• b/o 

Fig . 7 . Optimized values of B/en2 

versus b/a for the e l l i p s e 
and the racetrtefc. 

The reason for t h i s o p t i 

b/a « 3 . 8 , F = 1 . 3 , no.» » 0 .75 , S/en2 « 1.2 (16) 

must be ascribed to the effect of the poloidal curvature with increasing 

b/a. As is apparent from Eq. (12., the poloidal curvature gives rise to 

a destabilizing contribution of the surface tern. Since this curvature 

at the top and botton of the cross-section increases with b/a, it is 

not surprising to find that above a certain value of b/a the favourable 

effect of elongating the cross-section is lost by the increase in poloi

dal curvature. This effect is confirmed by the corresponding surface 

perturbations; they show that the nore elongated the cross-section is, 

the more localized the perturbations will become at the top and bottos 

of the cross-section. 

The racetrack 

From the results of the elliptical cross-sections we deduce that 

the stability results should improve if the destabilizing effect of 

the poloidal curvature with increasing b/a were removed. This is indeed 

confirmed by the results of four different cross-sections with a race

track shape, i.e. the free parameters in an analytic form were adjust

ed in such a manner that the poloidal curvature at the top and bottom 

of the cross-section was as small as possible (Figs. 8 and 9). 

-51 



I 

® ; b/aO.90 
(3) b/a*2.7l 
© b/a=229 
© b/a*l 79 

O 

When these results are compared with 

those for an elliptical cross-section, 

we observe: 

1. the equilibrium boundary is higher 

and independent of b/a, 

2. the stability results are improved, 

3. the two stability regions merge in a 

range of F 's. 

The last point confronts us with the 

problem of defining an optimal value of 

;,/t.n? in this range of F. In principle, 

any value of I'/LII2 is possible here. 

Since there is always an unstable 

region in the neighbourhoud of the 

equilibrium limit, we can retain our for

mer definition for the optimum, viz.: 

the intersection point of the marginal 

stability curve with the equilibrium 

limit. This pessimistic view is taken 

because in the real situation of a 

plasma with a current distribution the small q* region should be in

accessible due to the occurrence of internal modes. For each of the 

cross-sections the so defined optimum values of 3/̂ rr have been plotted 

versus F in Pig. 10. We can now define an optimal 3/en2 for each elon

gation, like with the elliptical cross-section. The results of this 

are compared with those for the ellipse in Fig. 7. The destabili?ing 

effect with increasing b/a, present in the elliptical cross-section 

due to the increase in poloidal curvature, has now disappeared. The 

results show a continuing increase in $/cn2 with increasing b/a. An 

increase in fVcn2 over the circular cross-section by a factor 12 seems 

possible. 

-m- X 

Fig. 8. Racetrack cross-secticns 
corresponding to results 
in Fig. 9. 

The D-shape 

n,i •.. r^s-sectional shapes, whose results were presented above, 

were £' <\\ chosen for the purpose of increasing the attainable 8/cn2. 

Since this value continues to increase with b/a it is now appropriate 

to ask whether for a fixed v«iue of b/a the optimum fi/en2 can be raised 

by further shaping. We have restricted this question to cross-sections 

with b/a <_ 2, as SPICA plasmas cannot have large elongations due to the 

circular conducting shell. 
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The equilibrium studies 

have shown that a plasma with a 

cross-sectional shape like a D 

with the flat side directed in

ward has a high equilibrium 

limit. Since in an experiment 

like SPICA the plasma is likely 

to take on such a shape, we 

have investigated the stability 

of such a plasma. An analytical 

form that can describe a D-shape 

as well as a racetrack shape of 

the cross-section is: 

Kig.H). Optimum b/f.rr versus r for 
various racetracks. (17) x = cos (i + c sina + d sin2a) 

y = b/a sina. 

When d=0 the coefficient c leads to various D-shapes, with c = 0 , 

d enables one to find a racetrack shape, and having d = c = 0 we recover 

the ellipse; the elongation depends only on b/a. 

The stability of the following D-shapes {see Fig. 11) was in

vestigated: 

b/a =1.5 c = 0.3 and c = 0.5 

b/a - 2 c = 0.3 c = 0.5 and c = 0.7 . 

The results are portrayed in Figs. 12 and 13, where for the sake of 

comparison we have also plotted the results for the corresponding el

liptical cross-sections. The influences of changing the cross-section 

from an ellipse to a more pronounced 

D can be roughly summarized by: 

1. at low i?/>;n2 the marginal stabil

ity curve moves to large values 

of nq# (smaller currents), 

2. at high fi/en2 the stability im

proves, 

3. the equilibrium boundary moves 

to higher values of f.3 _ • * • 

Defining the optimum fi/tn2 at one 

value of r in the same way as for 

the racetrack, we have sketched in 

Figs. 14 and 15 how the shape affects 
E'iq. 11. D-shapes with b/a = 1 .r> and 2, 

the dependence on t'. a m i for two values of the param
eter c; c = '). i and c = 0,7. 
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Pig. 14. Optimum B/en2 versus £T for the ellipse: 
(a) c = 0.0, and D-shapes: (b) c = 0.3, 
(c) c = 0.5, with an elongation b/a = 1.5. 
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Fig. 15. Optimum 3/en2 versus üi for the e l l i p s e : 
(a) c = 0 . 0 , and D-shapes: (b) c = 0 . 3 , 
(c) c = 0 . 5 , (d) c = 0 .7 , with an e lon
gation b/a * 2 . 

The f i r s t figure makes clear that at b/a * 1.5 a D with a value of 
c = 0.3 yields s l igh t ly bet ter resul t s than a D with c = 0 .5 . For 
b/a = 2, on the other hand, i t makes sense to go to a larger value of c, 
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The bad effect of the increasing poloidal curvature starts to dominate 

at larger values of c. Although at b/a = 1.5 the possible gain is only 

a factor 1.3» at b/a = 2 this factor has increased to 1.8. The optimum 

6/en2 for the D-shape is thus higher than the optimum for the racetrack 

at the same b/a. 

The stability diagrams show a somewhat unexpected behaviour: 

the stability improves when at a fixed value of F and q* the (3 is in

creased (see b/a = 2, c = 0.7, F = 0, at low B/tp:). The reason for 

this must be sought in the dependence of the surface term on beta and 

on the D-shape parameter c. For an elliptical cross-section (c = 0), the 

largest curvature occurs at the top and bottom of the cross-section. 

With increasing c the region of maxima1, poloidal curvature moves to 

smaller R. This results into two stabilizing effects in Ws when beta 

increases. The toroidal curvature in this region now has a stabilizing 

influence and at low betas the destabilizing effect of the poloidal 

curvature decreases with increasing beta because b decreases in the 
P 

region with a large poloidal curvature. 

4. SPICA results 

Stable plasmas with peak betas of 20% have been confined in the 

SPICA experiment for 200 us. How does this result correspond with the 

result of our model? The answer to this question is not straightforward. 

The difficulties we encounter here are related to our approach of fix-. 

ing the plasma shape. In reality the plasma shape depends on the shape 

of the conducting wall and the force-free currents. This introduces an 

effect that we have disregarded: the effect of the wall on the stabili

ty of the plasma. In the case of a low-beta plasma with a circular 

cross-section this has been investigated; the wall is then circular. An 

analytical treatment shows that the effect of a wall can be translated 

into an effective F for the case with the wall at infinity. 

Since an increase of beta will mean an increase of the shift of 

the plasma with respect to the wall» the plasma shape will be influ

enced by beta. Or, if the plasma shape is held fixed, the wall shape 

must vary. Based on our knowledge of the equilibrium - force-free cur

rents yield a well-centred plasma - we make the assumption that at an 

arbitrary beta the wall is still circular. With this assumption the 

numerical data for a circular plasma show the same influence of the 

wall as at low beta: the effect of the wall is to introduce an effec

tive F. This implies that the optimum value of beta is not affected by 

the wall position. 

In order to proceed we assume that the effect of the wall on a 
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circular plasma can be extended to a non-circular plasma, i.e. the ef

fect of the wall can be translated into an effective force-free param

eter. Should calculations show this not to be true, we can be certain 

that it is a pessimistic assumption. Having assumed that the optimum 

value of beta is not influenced by the presence of a wall, we return to 

the original question about the correspondence between the experiment 

and the theoretical model. 

To compare beta values of our model with those of SPICA we have 

to transform the peak beta of the latter into some average. Here we en

counter another difficulty: the uncertainty in the cross-sectional 

shape of the plasma. Assuming the pressure distribution to be parabolic 

and the shape to be circular, we find 6 = 0.5 fs , . With e = 0.100 

(a = 7 cm, R = 65 cm), the value of f A n 2 is then: 

SPICA: 6/Ein2 = 0.93 . {18) 

The effect of the shape of the cross-section on this value can be quite 

large. A factor 0.7 to 0.5 can easily be explained in this manner. 

The uncertainty in the shape of the cross-section does not only 

enter the experimental value of 8/en2: it also implies a similar un

certainty in the theoretical value. Since the plasma is created in a 

toroid with a circular cross-section, we expect it to have an elonga

tion of two at the most. Furthermore, it is likely that such a plasma 

takes on a shape similar to a D-shape. The optimal ft/en2 of plasmas 

with this shape that could be stably confined according to the model 

were: 

b/a = 1.5 , B/en2 ^ 1 } 
> (19) 

b/a = 2 , S/en2 ^ 1.7 . ' 

The assumptions that were necessary to arrive at the two beta 

values (18), (19), are of such a nature that a comparison is hardly 

justified. The only conclusion we can make at this point is that the 

results of the model do not contradict the experimental results. 
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A P P E N D I X C 

DERIVATION OF THE DESIGN PARAMETERS OF SPICA II 

by 

C. Bobeldijk 

1. Introduct.on 

Design parameters for a modified SPICA torus are derived under 

the following constraints: 

1. The existing capacitor bank of SPICA has to be used. Addition of 

150 kJ may be considered. 

2. Existing external circuitry should be incorporated, tl.at is the in

ductance and resistance of cables, transmission lines, and switches are 

those of SPICA. 

3. The ellipticity of the vessel is chosen between that of SP IV (4/1) 

and SPICA (1/1), in accordance with physics requirements (see section 4 

of the proposal). 

4. The volume of the vessel equals that of SPICA. 

I r^ 
J^L 

k_y 

Figure 1 defines the geometrical quantities, 

d is the thickness of the copper shell. The 

ellipticity e = (h+b)/b can be replaced by: 

2TTb+4h _ . . 2f , _ o . 
X = " 2 Ï Ï Ï Ï " " 1 + — ' f " e " r (1) 

Fig. 1 

2. Current circuits 

Simplified schemes of the poloidal and toroidal current circuits 

are given in Fig. 2. 
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L . p L.« 

y P P Fig. 2. 

Here L is the inductance of a single-turn coil in poloidal direction. 
P 

The inductance of the plasma current can be written as follows: 

S P i = M + Si ' (2) 

where M is the magnetizing inductance of the copper shell (one turn) and 

L,. is the inductance inside the copper. 

Using 

ĉ  + S» ̂  + »S M -a£ + S M -^ - ° (3) 

and 

d l d l 

S p l TJIF1 + ». " ^ - "• (4) 

we g e t 

<P v 

ML. . 
2 £ 
4» M+L $ • u 

(5) 

and 

L * P 1 
—£— I , 
M + Si • 

(6) 

for which an equivalent scheme can be represented as in Fig. 3. 

•• 
2. 

- _ '• T I 3 2 •p i Fig. 3. 

We now d e f i n e 

ML 
A = 

M+L 
ii-
4>i 

(7) 
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1 ep p p ep p 

L2 ' Le* + n|A " L e » ( 1 + V ' 

(8) 

(9) 

where A is the equivalent single-turn inductance of shell and plasma, 

L, is the total poloidal inductance, as experienced by the bank, and 

1*2 is the total toroidal inductance. Formula (6) then becomes: 

n.A 
(10) 

We now introduce the parameters of the SPICA bank, which consists of N 

capacitor units of 153 uF each, providing I , and N. capacitor units of 

153 pF each, providing I 
• ' 

For the external inductance per unit the value of 60 nH is found as an 

approximation* . We thus have: 

L e p = 6xlO-VHp 

L ^ = 6xlO-8/N^ 

C - 1.53X10-1* N 

C. = 1.53xl0~4 N, 

(11) 

The basis requirement for the production of a screw-pinch configuration 

reads: 

2 _ 1 
P L,C 

w? = . - , which gives 
l~p * L2C4 

n*N_L_ = n^N.A , 
P P P <P <J> 

(12) 

and 

A = A. = A . 
P $ (13) 

The rise time of both circuits is given by 

T 
3 

iB = 4.76/T+T = 4 . 7 6 / 1+4 x l o 7 n p L
p

N p (us) . (14) 

*) Note. A more precise evaluation of the expected external inductances gives 
slightly different values. The eventual results, however, are hardly 
modified. 
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Note: Practical values of X are determined by the requirements that 

a) most of the magnetic energy should be deposited in the torus 

volume, and b) the total inductance should be kept small in order 

to obtain a short rise time. This leads to 

I < A < 5, equivalent to 

6.7 us < T < 11.7 ys . 
U5) 

Calculation of the inductances 

The inductance L is roughly the vacuum inductance for the poloi-

dal current: 

L
P

= r V s / I
P
 = sx (2x ~ u ' (^H) (16) 

where A is the aspect ratio A = R/b. 

The magnetizing inductance has been calculated with the help of the in

ductance formula for a cylindrical coil with inner radius = R - b - d 

and half height h + b + d. The prefactor 2TT2/10 has been reduced by 10% 

to adapt the value of the inductance to values measured in existing ex

periments. He thus find: 

M = 1.8 

where 

bs2g 
(MH) 

„ - i 4 s . 1 (S\: 

9 - l ~ it t + 1 y-v 

s = A - 1 - d/b 

t = e + d/b 

(17) 

Por SP IV (R = 24 cm, h = 18 cm, b = 6.8 cm, d = 1.5 cm) formula (17) 

gives the value M = 134 nH, the measured value is 140 nH. Even for 

SPICA (R = 60 cm, h = 0 cm, b = 20.7 cm, d = 3 cm), the calculated 

value (644 nH) is close to the measured one (* 600 nH) . 

The value of L,, is largely dependent on the model one intro

duces for the current-density distribution in the torus. Two models 

have been used to estimate the plasma inductance: 

A. Toroidal geometry is neglected, the length of the cylindrical is 

2ÏÏR. The distance of each magnetic surface (also the plasma surface) to 
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the metal wall is constant as a function of the poloidal angle. B. is 

only slightly independent. This model is net completely self-consistent 

with a force-free field pattern, but it provides a reasonable approxi

mation if the plasma is not strongly compressed axially. 

On a magnetic surface we M y then approximate q by: 

(4h+2*r)B 

2i?RB_ 
i (18) 

Furthermore. 

S i ^ p i * 2*R Bpdr (19) 

and 

^o^pl " 2 l t b J V b > (20) 

For constant q the combination of these three equations g ives 

bxB, 
q(b) 4> 

» *Ab(2x-a> j j 

* 5x*k 

(21) 

where k has been introduced to account for extra vacuum inductance 

(k < 1). 

B. Again toroidal geometry being neglected, now the elliptic!ty of 

the magnetic surface is chosen constant. This model corresponds to 

stronger axial compression. 

In Fig. 4 the cross-section of one magnetic 

surface has been drawn. If the poloidal field in 

the straight section (at the right-hand side of 

the diagonal) is denoted by B _ . the field in 

the curved section can be approximated by: 

B_ B /(l + fsine). (22) 

Fig. 4. 

-65-



f V " ,« B$ V Now a = —•*• ^ 4fr -* •*• + ' 
J P P r 

Furthermore, 

* - Sl^pl - 2ïïR 

0 

Tib2(2x-1)B 

1 + fsina de = __& 
rB (2x-l) 

B pr 

B dr (straight section) 

RB_ 
(23) 

124) 

and V*Pi - <£Vb,d* 

= 4bB p r(b)H, 

2arctg 4 E f 
= f + • ••• f c r f < 1 . 

/Ï=ÏT 

(25) 

From these equations we derive: 

b(2x-l)B, 

*3 ( b ) = RB p r(b) 

L A . = 7r2Ab/10Hk 
«1 

(MH), 

[26) 

k having the same significance as in (21). 

For a value k = 0.838, both formulas (21) and (26) give an induc

tance of 450 nH for SPICA, which is the measured value. For SP IV, for

mula (21) gives a 15% higher value than the measured one, (26) a 10% 

lower value. Using the equilibrium code as described in Appendix D for 

torus dimensions close to those foreseen, we find an inductance value 

exactly midway the values given by (21) and (26) and differing only 4% 

from these values. Therefore, we feel justified to use the simpler 

value (21) to proceed with the calculations. 

4. Turns ratio, distribution of bank energy 

Inserting (20) in (18) we find 
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2*b 2x 2B 

*(b) * -or i 
" o R % p l 

(27) 

S i n c e B, = 

and I . p i 

2irR 

ruA 

J * i 
L = 

° P P P P 
2TTR 

n J u . C V, 
4> $ <fr <p 

$ i 

(28) 

(27) can be w r i t t e n a s : 

2 n N V 
a = * 1 P P P A2 n*V* A 

where also (11) and the relation w = to. 
P 9 

have been used. 

With the help of (12), (16) and (21) we now readily find: 

(29) 

-1 = kc - i 
n. 

kq (30) 
T> P 

Note that this relation is also found when model B is used. 

For k * 0.8 and q * 1.5, Eq. (30) gives: n./n * 1.2 V /V , 

which suggests the choice n = n, . In practice the value of q can then 

be determined from 

VP 'VP 
kVA kN IA ' (31) 

N 
and the value of ^- follows from (12) 

P 

_£ = _E 
N A * 
P 

(32) 

For k - 0.838 the value of L /A has been plotted as a function of the 

aspect ratio with x as a parameter (see Fig. 5). 

For convenience the value of d has been coupled to that of b: 

& = d/b = 0.2. The influence of a change in thickness (Ó =0.1 and 

6 = 0.3) has been indicated. Within the range of realistic values of 

d (2 to 4 cm) and A (2 to 5) the choice <5 = constant instead of d = 

constant does not change the final results. 

As can be seen from Fig. 5, the ratio N./N is not uniquely 

determined by the choice of the elliptic!ty. Possible values for 
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L /A 
P 

- * - A 

- Pig. 5 . <5 = d/b = 0.2, k = 0.838. 

fL/N are 1/4, 2 / 3 , and with an extra bank u n i t , 2/4 or even 3 / 3 . If 
0 P 

one uses the existing 5 bank units, the value 2/3 appears to be more 

attractive than 1/4, because of equilibrium and stability limits, which 

favour the smallest possible A (see Appendix B). On the other hand, ex

cessive forces on the copper shield due to the high toroidal currents 

may force us eventually to choose the value 1/4. For the choice 

N./N = 2/3, Fig. 5 gives the dependence of geometrical quantities on 

the aspect ratio, as determined by Eq. (32), the volume of the vessel 

being constant. 

Note; 

using the more realistic definition of q*, as is done in Appendix B, 

2Tib2xBJ 

we find directly q*(b) = ± 
uoRI0.pl 

, independent of the model. This leads 

to n^/Hr, * kq*(b)xV,/V . At the plasma boundary 

2ira2xB(. (a) 
q* is defined as q*(a) = — ^ = — 9 , . , which for model A reduces to 

yoRI<frplta' 

q*(a) = q(a)/x(a). This means rather low values of q*(a) for highly 

elongated plasma columns. In model B,q*(a) equals q*(b). 
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5. Design parameters 

The third constraint (see Introduction), leads to a plasma el-

lipticity e - 4 - 5, which may be obtained by a vessel elliptic!ty 

e = 2 - 3. Expressed in the circumference of the vessel a value 

x = 1.8 has been chosen. This corresponds to A = 2.9. The fourth con

straint of the introduction then fixes the vessel radius at the value 

b - 0.15 m. The fields can be calculated from Eqs. (28) and (21): 

Ba = 

B_ = 

0.0481 
n N V 
P P P 
AbTg 

-5^- ° .0481 
P P P 

Aq A2bqi 

(T) 

(T), 

(33) 

where V is expressed in kV and T in ys. 

The value of n is still to be fixed. A value n * n. = 1/2, 

which is technically possible, leads to shorter rise times of the 

fields, but to lower field values. Temperature calculations (see Appen

dix D), indicate that the temperature then drops by about 10%, so the 

choice n = n, = 1 is preferable. Equations (14) and (33) now reduce 

to: 

tg - 4.76/1 + 50 L (ps) 

B. • 6.49/Abx 
Y 9 

B = 6.49x/A2bqt p ' s 

(T) 

(T) , 

(34) 

L being expressed in yH and x in ys, and V being fixed at 45 kV. 

For q = 1.7, Eq. (34) leads to the following set of parameters: 
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TABLE 

Tube r a d i u s b = 0 .150 ;n 
e = 2 . 2 6 . x = 1.8 

Half h e i g h t h+b = 0 . 3 4 m 
A = 2 .9 

Main r a d i u s R = 0 .435 m 

Copper t h i c k n e s s d = 0 . 0 3 m 

n„ = n . = 1 
P <t> 

C = 459 vF 

C. = 306 uF 

L = 8 4 . 5 nH 

L . . = 262 nH 
<J>i 

A = 127 nH 
M = 246 nH 
L = 20 nH ep 

L . = 3 0 nH 
etp 

i s = 10 .9 ys 

u = 1.44*10 5 r a d / s 

B A = 1.37 T 

B p (b) = 0 .566 T 

I = 1.39 MA (31 .6 kV) 

I = 2 .97 MA (45 kV) 

^ p l « 0 . 7 2 HA 

t,/_ = 1.18 ms (plasma present) 

Since the characteristic decay times of the plasma are in the 

range of the experimental time, a power clamp circuit is being de

signed to keep the primary currents at constant value during approx

imately 1 ms. 
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A P P E N D I X D 

HEATING, EQUILIBRIUM AND CURRENT DECAY 

by 

J.A. Hoekzema and W. Schuurman 

1. Heating 

Introduction 

The rapid formation of the screw-pinch configuration has, apart 

from the most important feature that a current, profile can be programmed, 

as an additional advantage that the plasma is heated in the formation 

stage. If a well-conducting plasma is initially present in the tube, 

this plasma excludes flux changes. Therefore, the fast increasing mag

netic-field pressure outside the plasma will drive the plasma inward: 

the plasma is swept up in a sheath. After the inside of the sheath 

reaches the axis, the plasma is collected in a column. Due to the iner

tia of the ions, the radius of this column will oscillate for some time, 

but on average decreases as long as the external magnetic field contin

ues to rise. In a screw pinch the final 3-value of the pinch is control

led by means of an initial magnetic field in the plasma. During the im

plosion this magnetic field is swept up together with the plasma. 

If the thickness of the imploding sheath is not too large, dis

turbances travel through the sheath in a time that is short compared 

with the implosion time (which is the time when the sheath reaches the 

axis). As a result the magnetic field and the density inside the sheath 

are almost homogeneous and at the inside boundary of the sheath a shock-

front is formed. Mainly the ions art; heated by the inelastic sweeping-

up process at this front and later by damping of their directed motion. 

Shock-heating becomes ineffective when the thickness of the 

sheath during the implosion becomes comparable with the tube radius; in 

that case no shock-front is formed. Broadening of the imploding sheath 

is due to the magnetic pressure of the swept-up bias field, the kinetic 

pressure of the collected plasma and to turbulence. 

First a simple model is given to describe the implosion and to 

calculate the temperature of a cylindrical pinch. Next, the model is 

extended for a racetrack geometry and the expected temperature in 

SPICA II is presented. Finally, the sheath broadening and consequently 

the limit of the validity of the model will be discussed. 
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Heating of a cylindrical pinch 

A simple model to describe the heating of a cyclindrical pinch 

is obtained with the help of the following assumptions: 

- at a time t = Ü, when the main discharge is triggered, a fully ionized 

homogeneous plasma with built-in toroidal magnetic field is present in 

the tube; 

- the toroidal magnetic field at the boundary of the plasma is much 

higher than the poloidal magnetic field (q > 1); 

- turbulence can be neglected; 

- the sheath broadening is small enough to obtain a homogeneous magnetic 

field and density inside the sheath; 

- the final g-value of the pinch is in the range 3 * 0.1 - 0.5; 

- in the final equilibrium state the plasma has a homogeneous pressure. 

At intermediate 3-values the kinetic pressure in the sheath is 

small compared with the magnetic pressure of the trapped bias field 

since most of the final kinetic pressure is only built up when the di

rected motion is damped. Therefore, this kinetic pressure can be neg

lected in describing the motion of the sheath. As 

the magnetic pressure of the toroidal magnetic field 

B \ B \ u,, is very much higher than the poloidal magnetic-field 

pressure, the poloidal magnetic field can be neglect

ed in the calculation for the heating. 

Fig. I. Imploding sheath. 

The mass density in the sheath follows from mass conservation: 

i-y? 

where y, and y are the normalized inner and outer radius of the sheath i e 
respectively. Similarly, the magnetic field in the sheath follows from 

flux conservation and equals the external magnetic field as the kinetic 

pressure in the sheath is neglected. 

l-Ti 
B. = Brt i- = Bo . 2 

ye yi 

The equation of motion for the sheath is obtained by integration of the 
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momentum equation. 

dv 
p 5t (3) 

where v is the velocity of the plasma, over the plasma volume. 

After substitution of Eqs. (1) and (2) and the continuity equation. 

|£ + l £ U p v ) - • • (4) 

Eq. (3) becomes 

ay 
l 
1 "o* r ar ' ; 

i (ye+y±) 

fJSL B e] (5) 

where b is the radius of the tube. 

Together with an equation for the external magnetic field (cir

cuit equation) Eqs. (2) and (5) can readily be solved numerically. Af

ter the sheath reaches the axis (y. = 0 ) the equation of motion is dif-
1) ferent but the procedure remains the same 

Figure 2 gives the result of a calculation for SPICA parameters. 

The motion of the plasma agrees well with the behaviour as observed on 

a streak photograph of a discharge in SPICA <Pig. 3). 

1.0 

£ 0.5 

0 
< 

Fig. 2. Calculated external magnetic field, inner and 
outer sheath radius as a function of time for 
SPICA parameters; filling pressure 8.6 mtorr D_, 
B = 0.11 T, B = IT. 
o eq 
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Fig. 3. Visible light emission as a function of 
place and time for a discharge in SPICA 
(side view) filling pressure 8.6 mtorr D~, 
B = 0.11 T, B = 1 T. 
o eq 

The final plasma temperature can be calculated in the following 
way: 
Up to the time of crowbar <t ) the amount of work done by the external 

c 
magnetic field, 

We <V = J I F 2*bye*bdye , (6) 
ye(tc) ° 

where •- is the axial length of the tube, can be calculated. After 
ideal crowbar the flux outside the plasma remains constant which means 
that the external magnetic field will vary with the plasma redius: 

l+A(l-y?{t )) 
B = B ( t ) s - r £ ~ > . <7> 

e e c i+Mi-y e) 

where X is the ratio between the empty tube inductance and the external 
inductance. The amount of work done in the final equilibrium state is 
therefore 

y (t ) 

We (eg) = We(tc) + J ^ 2,byeibdye = We (tc) + 

^eq 

+ e c _ ïïb
2Myi(tc)-y

2
eJ S-C— . - (8) 

2vo e c eq- 1 + m _ y 2 , 
eq 

The final temperature (kT ) and the final plasma radius (ye£J) can now 
be calculated from the pressure- and energy-balance equations for the 
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final equilibrium s tate : 

B^ 

2p„ 
e c I+A(l-yJ(tc))' 

Li+Mi-y|q) J 
= 2 Q kT«„ + 

eq 

B l 
2u Y** 

(9) 

and 

We (eq) = 1rb^{2n0 | k T e q + jJL L i - - l]} . (10) 

eq 

To obtain an indication of the influence of the different parameters on 

the final temperature of the pinch, a more simple time behaviour of the 

external magnetic field is helpful. If the external field rises linear

ly with time up to the time of crowbar and remains constant thereafter. 

B ö = Brt + (B - B 1 t/T (t < T) e o o 
(11) 

B e = B it > T ) , 

the heating efficiency x* which i s defined as the ratio between the 
plasma kinetic energy and the total energy inside the tube, depends 
only on the final B-value and on the parameter 

2rp2 B^T 
a -

2 ^ o b 2 

(12) 

In Fig. 4 this heating 

efficiency is plotted as a 

function of a and @. 

Fig. 4. 

Heating efficiency as a function 
of @eq with a as a parameter. 
The external magnetic field rises 
linearly with time and remains 
constant after crowbar. 
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For the g-values that are of interest to us the results can be approxi

mated by the empirical formula: 

X * 0.3 Sr-
a 

(13) 

k T * XB2 
eq 6uonQ -

Heating in SPICA II 

For a sheet pinch, or a belt pinch with high elongation where 

top and bottom are not important for the overall heating, a similar 

model as was described for the cylindrical pinch can be used. The 

equations are even more simple because the configuration is straight. 

SPICA II, however, is between a circular and a sheet pinch, as almost 

40% of the initial plasma is present in the circular part of the tube. 

Especially the first stage of the formation of the pinch is im

portant for the heating. After the imploding sheath reaches the axis, 

the heating can approximately be described by the adiabatic compression 

law. In this first stage the motion of the plasma in top and bottom is 

approximately the same as it is in a cylindrical pinch, while the no

tion of the plasma in the straight section of the tube can well be ap

proximated by the motion of a sheet pinch. This led us to consider a 

mixed cylindrical-sheet model where the plasma motion in top and bottom 

and in the straight section are independent except that they are cou

pled by a circuit equation for the external magnetic field. 

Results for the SPICA II geometry are given in Fig. 5, where the 

expected final tempera

ture is plotted as a 

function of the initial 

filling density for two 

values of 6• 

Fig. 5. 

Expected temperature in 
SPICA II as a function of 
the initial filling pres
sure (deuterium). 

0 2 4 6 8 10 

»• filling pressure ( mTorr ) 

> 
o 

B U U 

600 

o-

* 400 

200 

e„„=30t 

1 

SPICA 

i 

II 

C * 450 MF 

«•t ' 20 nK 

h - 20 .3 cm 

r = 14.5 cm 

R » 4 3 . 5 cm 

B - 1.2 T 
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For this calculation it was still assumed that the poloidal magnetic 

field is not important for the heating. As the poloidal magnetic field 

in SPICA II can be up to 40% of the toroidal magnetic field, this as

sumption is not as good as it was for SPICA. Since the poloidal field 

increases the external magnetic pressure, the final temperature will be 

somewhat higher (̂  10%). 

Primarily because the expected 6-value in SPICA II is higher 

than in SPICA, the temperature can be higher even at the same filling 

pressure (a typical temperature in SPICA at 10 mtorr filling pressure 

is 60 eV). 

Sheath broadening 

At intermediate S-values the broadening of the imploding sheath 

is mainly due to the swept-up bias field and to turbulence. Turbulence 

occurs mainly at the inside boundary of the sheath when the current 

density exceeds a stability limit. 

The motion of a straight sheath (sheet pinch) for an external 

magnetic field that rises linearly with time (Eq. (11)) can be evaluated 

analytically from the equation of motion and from flux conservation 

(the analogues of Eqs. (2) and (S) for a sheet pinch): 

B +(B-B l£ 2 V l B " ö o J f fi 1 - \ 
( 1 " y i } = * Z p \lBo+T2 <B-BQ)t/T} t 

2 

v o b^ HoKo 

(14) 

(B-B ) | 
i-ye _ 2 _ _ ^ (1_y , . U5) 

B0+(B-B0)| 

During the first part of the implosion these equations are also correct 

for a cylindrical pinch. The initial bias field can be substituted with 

the help of the empirical Eq. (13) and the pressure balance equation; 

B„ = 0.2 hSa~'r, where S = /^P- . (16) 
o p 

We analyse the sheath broadening at a time t., when the inner boundary 

of the sheath is halfway: y, =• ». For the case of interest, where the 

rise time of the magnetic field is much longer than the implosion time, 

the time t. is approximately 

tj * S~*(2a)~* T , (17) 

at which time the external magnetic field has the value: 
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B, = B (1+4.2 S" /2) . (18) 
i o 

I. Sheath broadening by bias field, A. 

The sheath broadening by the swept-up bias field follows from flux con

servation: 

B^Cl-y.ttj)) - BjAb - ^ . (19, 
1+4.2 S~ h 

2. Sheath broadening by turbulence, A 

Turbulence occurs when the electron drift velocity exceeds an instabil

ity limit. As a result the current sheath broadens till the drift veloc

ity is reduced to approximately this instability limit. For ion-

acoustic turbulence the drift velocity is limited to: 

/k"T~ 
e 

i 

VD * CS * V - ï ? . <2C> 

The turbulent sheath broadening is found from 

B —B 
P0j = V x B * ,QneevD * - L - 2 . (21) 

An estimate for the electron temperature in the sheath can be obtained 

from the consideration that the dissipated energy in the sheath equals 

the magnetic energy that penetrates in the turbulent sheath. For a mag

netic field that rises linearly in the turbulent sheath from B„ at the 
•* o 

Inside to B. at the outside, we find: 

-> O O 1 l O 
ne k Te * 2u ' — ' (22} 

o 

Combining Eqs. (18), (20), (21), (22) and assuming that the mean elec

tron density in the turbulent sheath is halfway between the initial 

filling density and the density in +hc compressed outer sheath, we 

find for the turbulent sheath broadening: 

&t = . Pf?x10 (po in mtorr) . (23) 

1^/(1+2.1 S_3/2) (1 + 0.71 S/2) 

3. Critical sheath broadening for shock formation, A 

In order to get a well-developed shock, disturbances should travel 

through the sheath in a time that is short compared with the implosion 

time. As an approximate limit we can take: 
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£«*'' 
where v is the magneto-acoustic velocity, v * 

{24} 

After substitution of Eqs. (12), (16), (17) and (18) the critical 

sheath broadening becomes: 

l.12b S* /l*4.2 S"^ (25) 

4. Critical filling pressure, p 
oc fc The tctal sheath broadening is approxinately given by A * 'ib+,bit+/it' 

Afte^ substitution of Eqs. (19) and (23), and by setting .\ eqcal to Ar 

(Eq. (25)) we find the critical filling pressure as a function of the 

final e-value and the tube radius. 

In Fig. 6 this critical filling pressure is plotted as a func

tion of S for two values of b: 

b » 0.2 (SPICA) and b » 0.15 (SPICA II) 

Fig. 6 

Critical filling pressure for shock forma
tion as a function of 3 for SPICA (b-0.2) 
and SPICA II (b*0.15). Filling gas is 
deuterium. 

b 
U 
O 
*• 
E 

o a. 

In SPICA it is experimentally found that at 8-values 0.15-0.2 

the temperature hardly increases when the filling pressure is reduced 

below 10 mtorr, which is in agreement with Fig. 6. Although in SPICA II 

the critical filling pressure is unfavourably influenced by a smaller 

value of b, the effect of an expected increase in 8 is much more impor

tant. It is therefore expected that the filling pressure in SPICA II 

can be reduced to about 3 mtorr. The expected increase in S not only 

makes the implosion heating more efficient but also makes it possible 

to decrease the filling pressure resulting in a temperature of *- 300 eV. 

However, it is possible that the filling pressure will be limited for 

another reason; the necessity to obtain a well-conducting outside 
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region. If this is the case, the temperature will be somewhat lower but 

still 2 to 3 times higher than in SPICA. 

2- Equilibrium 

Introduction 

A model that is very well suited to investigate the equilibrium 

properties of the screw pinch is the sharp boundary model: see Fig. 7. 

j.n the plasma the kinetic pressure, p, is constant and the magnetic 
c' 

field has only a toroidal component, B.. = — . In the region between 

the main plasma column and the surrounding ideally conducting wall a 

low-density plasma is assumed which has a high conductivity but negli

gible pressure. In this region force-free currents may be present. The 

pitch at the wall is often programmed to be approximately constant in 

time in screw pinches, which has as a consequence that the q-profile in 

the outside region is nearly flat. For q > l a flat q-profile can be 

approximated by a constant ratio between the current density and the 

magnetic field: 

V > B -- aB a = constant (26) 

This approximation can be used for the numerical calculation of equilib

rium configurations with constant q. For a = 0 the plasma is surrounded 

by vacuum, as it is in tokamaks. 

c p < 
ÜSL.JL-

Geometry for the equilibrium calculations, 

"i 

On the surface of the main plasma column a jump in the magnetic field is 

produced by surface currents. Everywhere on this surface the condition 

for pressure balance must b^ satisfied: 

2yo 2^o o 
(27) 
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First the case where the surrounding metal wall has a circular 

cross-section, as it has in SPICA, will be considered. For this case 

both analytical and numerical calculations are available. We conclude 

with the numerically calculated expected equilibrium configuration in 

SPICA II. 

Analytical results for the circular cross-section 

Analytical calculations for the sharp-boundary model c ;r. fcest be 

performed by the use of a series expansion in the inverse aŝ y •. t ratio 

c = A_1 = b/R. Until recently, fully explicit results were kinown for the 

first order only, and applied to a plasma column surrounded by either a 

vacuum cr a force-free magnetic field configuration. The theory has now 

been extended to second order } (terms of e 2). The algebra is much sim

plified by the use of Kadomtsev-Pogutse coordinates, originally devised 

for first-order analysis, but accessible to generalization to higher or

ders. Briefly, the results are as follows. 

The first-order toroidal shift A., which is correct up till sec

ond order, and the elliptic!ty of the elliptical cross-section of the 

plasma column, e , depend on three parameters: the inverse aspect ratio 

E = b/R, the compression ratio K = b/a, and B . The analytical results 

are: 

Vacuum (exact) : y » j £ jlog K + (B - £) (1 - — ) J 

e -1 =e 2 = ™ ^ - |log
2K+i(4e p+l)logic+^~(126j-8B p-l)j. (28) 

Constant-pitch configuration (approximation): 

Al 1 l --i-
K2 

46-1 
— E — + i 

K2 

e = __£Ülilü_ /(K 1 ++K 2+4) (46 -l) 2 - 2K2(K2-3)(46 -1) + 
2 32K-(3K-+1) ' P P 

+ < 2(12K 4 - 7K 2 - 7)1 . (29) 

Al 

In Fig. 8 the two functions j—• are plotted versus < for a number of val
ues of S . Those points are realistic that lie well below the curve re

presenting the situation where the plasma column just touches the metal 

wall (this curve is drawn in the figure for the case t * •*) . The well-
known improvement of the equilibrium when a constant-pitch configuration 
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Fig. 8. Equilibrium shift as a function of the compression 
ratio for different values of B . 

P 

-82-



1 1 1 1 1  

e2 

plasna wal l contact ( e * l / 3 ) 

_* . . ._* . »•*«. n i f o f c 
^^^••^^^^^^^ ^ U l l d W a l l W C ^ ^ * ^ # * 

10 

:. 1 \ 
" 1 • 
: 1 Ï 
• 1 • 
\l '• 

,-. 1 
• • r. 
; : 1: 

8 -1 W \ \ •. 1 • 

! M \ \ 
i M \ \ 
i y \ \ 

i • 
i h '•• \ 

l i\ \ \ 
i i\ \ 
\ ' \ \ 

6 - f \ • \ 
1 ': •• \ 
1 i 
1 v • 
f • \ 
1 •. 

A --. \ \ 
• i \ \ 

• . i - • • * ; : 9 ; 
! i 1 • \ \ \ 
1 • 1 : 

4 1ii '\ \ \ \ 
J f; \ •. '* "•• ""• / 
'•V\\ '•• '"•. \ '' 
•1:1 \ •- - •- y 
: l : i \ \ -.. ••-. s vacuum 

'\h \ \ \ \ X l : \ -. •. •••. * 
Vf\ •": \ % •• • S 

2 | , \ \ V P - ••-, >.r 5.6'6--. 
| \ \ > < ' 4 - . . . . 

£f \ \ V-... x 3... 
m <V x \ x ' W _ ^ \ \ . J ^ 2 
Ey 3V>N/S>t^5s'»^r,,,""*".-^_  
1 / -•v**^!Zlft*-^****"'^^ n ™—1 '̂—-—-- constant 

0 LïiiSÉS;^i-^?-»""^:a^a«iililp*IIBËI(ËB| p | 

Fig. 9. Elliptic deformation of the plasma column as a function 
of the compression ratio for different values of 8 . 
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replaces the vacuum in the outer region of the screw pinch, is striking

ly demonstrated in this figure. 

figure 9 shows e5/t
2 as a function of t for the same values of K 

as used in Fig. 8. Here, all points should be compatible with the con

dition that the tops of the plasma ellipse are well away from the upper 

and lower parts of the metal wall (boundary curve drawn in Fig. 9, again 

for t = -K) . From Fig. 9 it might be argued that a constant-pitch config

uration has the effect of diminishing the ellipticity of the cross-

section of the plasma column. Such a conclusion would be erroneous since 

e2 strongly depends on the toroidal shift A., and in Fig. 9 comparison 

between the two functions e_ is not made at the same A.. Figure 10 com

pares values of e2 for the two models with Aj as a parameter. It turns 

out that at a small compression ratio the plasma column in vacuum has the 

largest elliptical defomation, whereas at arge compression ratios the 

column surrounded by -—ss *re1.f:ss plasma has the largest ellipticity. 

The functî .iS A. and e 2 .lotted versus K with Q instead of 8 

as a parameter (sef curves in lias. 8 and 9 drawn for q(a) = 1.5 and 

z = -v) have no maximum, they ir .e?se «lonotonically witu K. 

e2(a) 

.1 

Fig. 10. Elliptic deformation of the plasma coluiun as a function of the compression 
ratio for different values of the toroidal equilibrium shift. 
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Numerical calculations 

For constant a the magnetic-field configuration in the outside 

region can be found by solving the poloidal flux equation: 

i!i + ait - i | i + a<a* + c) = o, 
3z 2 3r 2 r o r 

(30) 

where the poloidal flux function <l> is defined by 

r 

Mr,z) - | Bz(r
,,z)r,dr' , (3D 

0 

and the magnetic-field components in terms of ij< are given by: 

Br r 3z 

B = ± 2 i (32' 

B^ = \ (a* + c) . 

The constant c follows from the boundary conditions: the values of ^ 

and B, at the metal wall. Both the metal wall and the plasma surface 

are f?»ix surfaces (̂  = constant surfaces): the plasma is the ty = 0 sur

face. If 0 is introduced as the ratio between the kinetic pressure in 

the main plasma column and the external magnetic pressure at the inner

most point of the plasma, B?/2u , the pressure balance equation be

comes : 

B2 = 0B2 + c,?/rz . 

Starting with a guessed plasma surface, the flu. equation for the 

outside region is solved numerically on a rectangular grid by means of 

the usual method of over-relaxation. After the iteration has converged, 

•-.he pressure balance equation on the plasma surface is checked in 90 

venly spaced points or. that surface. The position of the plasma surface 

is itarauod until the pressure balance is satisfied in all check-points 

(after each displacement of the plasma surface the flux equation is 

solved again). 

Figure 11 gives the result of an equilibrium calculation for the 

SPICA geometry. Other examples can be found in Ref. 3. 
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Equilibrium configuratior in the SPICA 
geometry. 
The plasma region (v = 0, homogeneous 
pressure) is shaded. The outer flux sur
face represents the metal wall. In this 
case the 3-value is 0.2 and the q-profile 
in the outride region is approximately 
flat at q * 1.5. 

From the calculations in circular geometry it is concluded that the 

plasma cross-section becomes D-shaped, especially at high values of B. 

This is probably the reason for the observed gross stability in SPICA 

at 3-values up to 15-20%. (See Appendix B.) 

Comparison with the analytical results shows good agreement for 

the elliptic!ty, although the shape of the cross-süction in the numeri

cal results is far from elliptic, t ;-ecially at high values of 13 (near 

the limit of validity) the analytically calculated toroidal shift is 

too pessimistic, i.e. too large. 

The numerical equilibrium calculations can just as well be done 

for other cross-sections of the surrounding metal wall. In the racetrack 

geometry it is also found that the force-free currents reduce the toroi

dal equilibrium shift of the plasma, but the improvement is not as spec

tacular as it is in the circular geometry where the p-value can be an 

order of magnitude higher if the plasma column is surrounded by a force-

free field region instead of vacuum. In a highly elongated configuration 

the'equilibrium displacement is small, even if the plasma is surrounded 

by vacuum. Also in this case, however, the force-free currents are very 

important for the equilibrium: if the plasma is surrounded by vacuum, 

the equilibrium «llipticity is rather small, especially for high com

pression ratios, while a plasma surrounded by force-free fields has a 

high ellipticity. 

Equilibrium in SPICA II 

A result of an equilibrium calcu1ation in the SPICA II geometry ' 

is given in Fig. 12. The plasma appears to have a racetrack shape with 
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a slight D-deformation which is probably about the optimal shape for 

stability. The ellipticity of the plasma, e • 5, does not depend 

strongly on the compression ratio but a vacuum layer near the wall will 

reduce the ellipticity to e * 4. 

0 .35 -

e) 

Fig . 12. Equilibrium configuration i n the SPICA I I geometry. 
B " 0 . 5 ; q * 1 . 7 , approximately constant in region between plasma 
and metal wal l ; plasma e l l i p t i c i t y e » 5; volume compression 
r a t i o K * 9 . 3 . p 

Current decay 

Introduction 

The applied q-value at the wal l i s usually programmed to be con
stant in time in a screw pinch. As a r e s u l t the q-prof i l e in the outside 
region between the main plasma column and the waj.1 i s f l a t , a t l e a s t for 
times short enough to neglect r e s i s t i v e e f f e c t s . The constant-pitch con-
figura* . -*n i s a very favourable one for equilibrium and s t a b i l i t y of the 
pinch, «ith high-6 s t a b i l i t y at q > 1 and a l s o s t a b i l i t y windows a t 
q-va.'.ues < l „ However, i t i s questionable whether t h i s configuration can 
be maintained on a longer t imescale , when r e s i s t i v e e f f e c t s become im
portant. 

The toroidal current-den. ty d i s t r ibut ion in a torus with 
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circular cress-section is, for a constant-pitch configuration and ne

glecting toroidal effects, given by: 

j.a fl + -E^-l . (33) 

For reasonable values of the aspect ratio and q-values around 1, this 

means that j. is almost homogeneous. Therefore it is necessary for a 

constant-pitch configuration to have a large current density in the vi

cinity of the wall. The current decays due to an effective resistivity 

which, in the ideal case, is only the classical resistivity. This resis

tivity may, however, be enhanced by turbulence, particle influx from the 

wall and toroidal effects like scraping off of currents at the quartz 

wall during the equilibrium oscillation. It is likely that the current 

will first disappear in a region near the wall . An important question 

is how a change in the current profile will affect the stability and 

equilibrium properties of the pinch. 

Current decay and the toroidal current distribution 

Even if the resistivity profile is flat, the toroidal currents 

will first decay in a region near the wall. This is illustrated by a 

numerical computation: the basic equations governing the behaviour of 

the currents in the outside region are (inertia and pressure gradients 

are neglected): 

E + v x B = nj 

u j = V x B 
(34) 

|S = -V x E 
at 
j * B = 0. 

As an example of a numerical solution of these equations in cylindrical 

geometry the time dependence of the toroidal current-density profile is 

given in Fig. 13. In this case it was assumed that the initially induced 

current is homogeneous, that the resistivity is uniform and constant in 

time, and that the external circuits are ideally crowbarred. 

The numerical calculations also show that the fast decay of the 

current density i.ext to the wall is even more enhanced if the resistiv

ity increases towards the wall. In that case, in addition to current 

loss, a transfer of current takes place to the less resistive regions 

and a temporary increase of the current density there, and therefore a 

decrease of the q-value, is possible. A change of the current distribu

tion also results in a different decay of the plasma current and the 
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Fig . 13 . Hes i j t ive decay on an i n i t i a l l y homogeneous toroidal current dens i ty 
a t n * 3 * 1 0 - 5 fim. The primary c i r c u i t s are i d e a l l y crowbarred. The 
t o t a l toroidal plassw: current, I $ p , anc the polo idal magnetic f l u x , v» 
as a function of time, are a l s o g iven . The i n i t i a l q-value at the wall 
i s 1 .6. 

poloidal f lux and therefore in a change of the internal inductance, 

b 

^oAIBpa r 

L - - É - = °. (35) 

A fast decay of the plasma current and a hich value of L,. «rere experi

mentally foundtin the small screw-pine, experiments and also in SPICA in 

the early phase The timescale for the diffusion process scales qua

dra tically with the minor radius of the tube. For n-values in the 10"5 

ranger which was normal for the early screw-pincn experiments, this dif

fusion is therefore in the small experiments already important during 

the formation phase of the pinch. This is illustrated in Pig. 14 where 

the experimental current profiles as a function of time are given for 

a discharge in the small SP II device (R/b = 0.16/0.04). In the region 

near the wall currents are induced but disappear on a rather short 

timescale. The experiment was equipped with power crowbar systems that 

kept the plasma current and the toroidal magnetic field constant for 

about 25 ps. The current profile did not become moxe peaked during 

this period. 

In the improved operation of SPICA it was shown that a high 

quality outside region can be formed and maintained during at least 

200 us with only a very slow loss of current near the wall (Appendix A). 

Nevertheless, a small loss of current near the wall cannot be prevented. 
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Fig. 14. 

Experimental profiles of the toroi
dal current density at different 
tines in SP II. In this case 8 is 
very low and toroidal effects are 
negligible. After t = 10 us the 
current profile hardly changes for 
about 20 ps. 

0 0.02 0.04 

— »• r 'm' 

Influence cm stability and equilibrium 

A loss of current in the region near the wail has as a result 

that the stability windows above the Kruskal-Shafranov limit (q < 1) 

shrink in size (m = 1 instabilities). Probably operation in the tokamak 

regime, at q-values above 1, is necessary to obtain long-time stability 

in screw pinches. In the experiments a more stable behaviour was indeed 

found when operating below the Kruskal-Shafranov limit. Stability 

against modes with iu > 2 is very sensitive to the detailed profiles in 

the outside region. It is possible that the decay leads to a configura

tion that is unstable in this respect, but enhanced local MKD activity 

may keep the configuration near marginal stability. Obviously, a strong

ly increasing resistivity towards the wall must be avoided as this can 

lead to a decrease of q in the inner regions which may lead to m = 1 

instability. The experiments indicate that this decrease of q can be 

avoided. 

The decay of currents near the wall may also lead to a gradual 

loss of equilibrium by a scrape-off of currents that continues because 

the equilibrium position becomes more eccentric during this process. A 

gradual loss of equilibrium was sometimes seen in SPICA discharges (es

pecially when an E-type predischarge was used) but in the improved op

eration of SPICA the equilibrium is maintained. The equilibrium position 

is not much affected by the absence of outer current layers as is seen 

in Fig. 15 (result of a first-order equilibrium calculation) . 

In an elongated pinch the equilibrium shift is even less depen

dent on the outer force-free current layers. Therefore, it is not 
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expected that a gradual loss of equilibrium will occur in SPICA II-

Hovever, a decay of force-free currents near the wall may lead to a 

gradual loss of ellipticity. 

5 

4 
A l 

I 

3 

2 

1 

0 
0 4 8 12 16 20 

r: 

Fig . 15. The equil ibrium s h i f t Aj as a function of 
the width b-rj of a vacuum region around 
the constant-pitch region (a < r < r j ) . 
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A P P E N D I X E 

FORCES ON VACUÜM VESSEL. COPPER SHELL AND COILS 

by 

P. Hellingman, P. Manintveld 

1. Introduction 

After a rough estimate of the mechanical stresses in SPICA II 

some parts are considered in more detail. 

For the quartz vacuum vessel (see Pig. 1) such an estimate can be 

obtained by conceiving it as two concentric cylinders with vacuum in 

between. The inner cylinder experiences a hoop force due to the external 

atmospheric pressure, the outer one is compressed. The tensile stress in 

the inner cylinder is calculated to be 73 kg/cm2, whereas the compres

sive stress in the outer one is 145 kg/cm2. At top and bottom a combi

nation of tension, compression and bending appears, which is not easi

ly determined anelytically. The same holds for the concentration of 

stresses around openings. For quartz the rupture strength is 

300-700 kg/cm2, but a practical safety factor is not known. 

The copper shield, see Fig. 10, with its high-voltage insulated 

flange connection, has to take several loading conditions. First the 

possibility exists that only a current flows through the shield: the 

Z-current. This current of 3 MA causes a magnetic pressure of 20 kg/cm2 

at the inside of the shield. Besides, it can occur that only the coils 

around the shield carry a current. This induces an average inward pres

sure of 6 kg/cm2 at the outside of the shield. A combination of both 

these loading cases is the normal working situation. The problem can 

again oe simplified to two concentric cylinders, which leads to a ten

sile stress in the inner cylinder of 232 kg/cm?, and a compressive 

stress in the outer cylinder of 300 kg/cm?. 

The weak part in the shield structure is the bonding of epoxy to 

the copper flanges. For such a bonding the permissible tensile stress 

is 50 kg/cm2 (700 kg/cm? for copper). It is not feasible to release the 

bonding. The shield will bend outwards over a distance of 2 cm. 

The coils around the shield experience a force due to the toroi

dal magnetic field. This causes a tensile stress of 1500 kg/cm2 in a 

2.2 by 0.3S cm strip, if it has to be taken by the col' alone. The dis

tribution of forces among the :'res arm" wooden coil supports, the shield, 

the support rings, and the table (see Fig. 1) is complicated. 

Up to now the forces are assumed to be stationary, in reality 

93-



they grow to their maximum values in about 10 ;;s and decay in one ms. 

The stresses can double, depending on the eigenfrequency of the loaded 

part. 

A number of models is used to look at the details ot the stress 

patterns. They have been calculated on a CDC6500 of SARA, Amsterdam and 

on a COC6600 of ECN, Petten. Two finite element programs are used. 

The bulk-data input is provided by mesh generators. Seme of it has been 

written especially for the problems mentioned. The results of the finite 

element programs have been plotted. Routines have been written to plot 

the shape, the deformed shape, and the stress pattern of the part under 

consideration. 

2. The quart2 vacuum vessel 

The calculation of the quartz vacuum vessel has been carried out 

with two different finite element programs, NIFE and NASTRAN. The 

results of both calculations have been compared, the agreement is good. 

Various shapes have been studied to find a better stress distribution. 

A bending moment appears at the transition of the straight cylinders to 

the round top. This bending moment can be reduced by giving the cylinder 

a more or less spherical shape. The compressive strength of quartz is 

higher than the tensile strength. A spherical shape at the inside, how

ever, diminishes the tensile stress (see Figs. 2, 3, 4, and 5). 

The stress pattern around the holes is complicated. With the 

help of NASTRAN, the weakest cross-section, nnmely the one through the 

laser diagnostic openings, has been examined in more detail. Roughly the 

maximum stress triples with respect to the original local stress (see 

Fig. 7). 

To get an impression of the permissible pressure in relation to 

buckling, the vessel is simplified to a cylinder with plane end plates 

(see Ref. 2). Buckling occurs at a pressure of 536 kg/cm2. The finite 

element calculations are summarized in table I. The material properties 

are given in table II. 

3- The copper shield 

The calculations for the shield have been carried out mainly 

with NASTRAN. The shield has been loaded in two ways, once by a Z-cur-

rent in the shield, and once, indirectly, by a current through the 

coils. 

The distribution of the Z-current in the shield and the local 

magnetic pressure have been calculated according to the method described 
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TABLE I 

Quartz v*cuu* vessel calculations 

calculations according to figure 2a 3« *a 5* 6 6 

mesh generator program 2 2 2 2 it 

wavefront program 2 2 2 

f in i te element program 2 2 2 1 1 

mesh plot program 2 2 2 1 1 

stress plot program 2 2 2 1 1 

mesh according to figure 2a 3« ka 5a 7a 8a 

material quartz quartz quartz quartz quartz quartz 

maximum tensile stress kg/cm2 31 31 31 25 61 205 

maximum compressive stress kg/cm2 66 60 53 60 12S 262 

stress plot 2b. 2c 
2d.2e 

3b.3e 
3d.3e 

fcb,*c 
td,4e 

5b,5c 
5d,5e 

7c 8c-8h 

deformation plot 2a 3a k* 5a 7b 8b 

Mesh generator programs 

HSGHESH 1 

NUMBER 2 

GRID 3 

GRID HOLE 4 

GRID FLANGE 5 

GRID EPOXY 6 

Wavefront programs Finite element programs 
WAVEFRONT 

NIFE 

1 

2 

NASTRAN 

NIFE 

1 

2 

Programs for mesh and 
deformed mesh plotting Programs for stress plotting 

NASPLOT 

MESH (disspla) 

1 

2 

NASPLOT 

EPLOTT (disspla) 

HSG5TRESS 

1 

2 

3 
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TABLE II 

Properties of materials 

quartz epoxy copper 

Modulus of elasticity kg/cm2 7*105 4*105 1.2*106 

Poissons ratio 0.17 0.33 0.33 

Modulus of shear kg/cm2 2.99xl05 1.5*105 4.5*105 

Tensile strength kg/cm2 300 50* 700 

Coefficient of expansion oc-i 5.4xl0"7 6.6*10~5 1.72*10~5 

Specific weight kg/dm2 2.2 1.2 8.9 

determined by the bonding copper-epoxy. 

in reference 1. An axisymmetric model of the shield without a Z-gap 

gives a maximum tensile stress of 190 kg/cm2, which exceeds the permit

ted value for a copper-epoxy bonding (see Fig. 11). A model in which the 

Z-gap is released, produces too big a bending outwards, 2 cm, and too 

high a stress in the copper, 4600 kg/cm2 (sec Fig. 12) . 

A model, which takes into account the influence of the epoxy 

layer between the flanges, still gives too high a tensile stress for the 

copper-epoxy bonding (see Fig. 13) . To avoid very long calculation times 

and to gain insight into the stress distribution around the Z-flanges, 

a simplified model is used for further calculations. This consists of a 

cross-section of an epoxy layer, the flanges and a piece of the shield. 

It appears that the stress in the shield does not easily spread over the 

epoxy layer. Making the flanges thicker improves it a little, but does 

not give the desired result (see Figs. 14, 15, and 16). 

A model, using cover shields (see Fig. 17), conforms to the re

quirements of permissible stresses. The epoxy layer is subject to shear. 

This bonding can be made only with the help of special tools. To prevent 

this, calculations are also being made for a saw-shaped gap (see 

Fig. 18). The epoxy layer is loaded similarly, A survey of the computa

tions is given in table III. 
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TABLE III 

Copper shield calculation! 

calculation according to figure 10 10 10 14a 15a 16a 17a IBa 

mesh generator programme 3 5 6 1 1 1 1 1 

wavefront programme 1 1 1 1 1 1 1 1 

finite element programme 1 1 1 1 1 1 1 1 

mesh plot programme 1 1 1 1 1 1 1 1 

stress plot programme 1 1 1 1 1 1 I 1 

mesh according to figure lla 12a 13a,13b 14a 15a 16a 17a 18a 

loaded according to figure 9 9 9 14b 15a 16a 17a 18a 

maximum stress copper kg/cm2 186 -4607 478 281 275 276 308 359 

maximum stress epoxy kg/cm2 453 264 217 181 67 160 

maximum deformation mm 0.2 18.1 0,5 0.11 0.08 0.06 0.11 0.08 

stress plot lie 12c 13d 14c 15c 16c 17c,17d I8d,l8h 

deformation plot lib 12b 13b,13c 14b 15b 16b 17b 18c 



4- Forces on the poloidal coil» due to the toroidal Magnetic field 

For the calculation of the toroidal Magnetic field of non-

circular coils a numerical computer program was developed. 

Each conductor of a racetrack coil set was divided into a number 

of current-carrying line elements» and Biot Savarts' Law was then used 

to calculate the contribution of each line element to the magnetic field 

in a certain point. By making these points coincide with the centre 

points of the coil elements the magnetic field in each coil element and 

the Lor ent i force acting on it could be calculated. Summation of the 

components of the force in the direction of the major radius gave the 

total centripetal force on each coil. 

Results of these calculations are given in Fig. 19 for a total 

poloidal current of 3.5 Ma. The coil set consists of 18 single-turn 

coils with a width of 44 mm and a thickness of 3.5 mm. The calculated 

values do not vary much if the strip width is divided by a factor of 2. 

The centripetal force for each coil is 9.7xio"* N. 

The computer program will be extended to calculate the forces 

between the coils in the following cases: 

a. unequal spacing between the coils; 

b. different currents in the coils. 

These cases or a combination of both cover the normal or fault 

conditions that may appear in the poloidal coil system. The program can 

easily be used f or D-shaped coils which was not done until now but we ex

pect the maximum value of the expansion force not to change substantial

ly. 

5. Forces on the poloidal coils due to the poloidal field 

The poloidal field is generated by a current of 1.5 MA along the 

surface of the copper shell. The current density is a function of posi

tion on the racetrack circumference. This function is determined with 

the aid of an electrolytic tank and a digital computer program . The 

result cf the computer calculation is given in Fig. 20. 

The current distribution found is used to calculate stresses in 

the copper shell (see section 3) and to calculate the local magnetic 

field in the poloidal coils. It appears that the shape of the poloidal 

coils nearly coincides with the flux contours around the copper shell. 

This means that only small twisting forces will act on the poloidal 

coils. However, the connections between the actual coils and the co

axial cable collector blocks cross the poloidal flux contours. First 

results indicate that these connections will be subject to a force of 
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about 2.5x10** N/m into th« positive «ad negative «-direction. 

6. Conclusions 

Stress calculations for the copper shield of SPICA IX show that 

tha construction is feasible, gone parts of the shield require special 

constructive approaches. These are» for example, the epoxy-copper 

bonding at the X-flange and the flange itself. 

The loading of the shield by the poloidal coils provides no 

problem* it is less than or about equal to that of the X-current, and 

in reverse direction. The forces on the coils themselves are known and 

fault conditions will be investigated with KASTRAN. 

The maximum stress in the quarts vessel* localised around the 

ports* is 200 kg/cm2, too close to the critical tensile strength of 

300-700 kg/en2 as stated by the Manufacturer. A decrease of this stress 

can be achieved by increasing the quarts thickness locally or by Meld

ing nozzles into the openings. 
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Fig. 1. 1. Z-flange 6. support ring 
2. resarm wooden holders 7. cable collector 
3. copper shield 3. cable 
4. quartz vacuum vessel 9. table. 
5. copper strip of toroidal coil 
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Pig. 2a. SPICA II, quartz vacuum vessel . 
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Fig, 2b. SPICA II, quartz vacuum vessel. 
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LINES ALONG ThE TORUS OUTSIDE AND INSIDE 

Fig, 2c. SPZCA II, quarts vacuus vessel. 
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Pig, 2d. SPICA II , quartz vacuum vessel . 
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Fig. 2e, SPICA I I , quartz vacuum vessel . 
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Fig. 3a. 5PICA II, quartz vacuum vessel. 
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LINES ALONG ThE TORUS OUTSIDE AND INSIDE 
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Fig. 3b. SPICA II, quartz vacuum vessel. 
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Fig . 3c. SP1CA I I , qtiartz vacuum v e s s e l . 
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Fig. 3d. SPICA II , quartz vacuum vessel . 

- 1 0 9 -
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Fig. 3e, SP1CA II, quartz vacuum vessel . 
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Pig. 4a. SPICA II , quartz VACUUM vessel. 
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0-0 10-0 20-0 3O-0 40-0 50-0 60-0 70-0 

LINES ALONG THE TORUS OUTSIDE RND INSIOE 
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Fig. 4b. SPICA II, quartz vacuum vessel. 
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LINES ALONG THE TORUS OUTSIDE AND 
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Pig . 4c. SP1CA 11, quartz vacuum v e s s e l . 
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Fig. 4d. SP1CA 11, quartz vacuum vessel . 
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0-0 10-0 20-0 30-0 40-0 50-0 60-0 70-0 

LINES ALONG THE TORUS OUTSIDE FIND INSIDE 
80-0 90-0 100-0 

Fig. 4e. SPICA 11, quartz vacuum vessel. 
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Fig. 5a- SPICA II, quartz vacuum vessel. 
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Fig. 5b. SPICA II , quartz vacuus vessel . 
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Fig. 5c. SPÏCA II, quartz vacuus vessel. 
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Fig. 5d. SPICA II, quartz vacuum vessel. 
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Fig. Se. SPICA II, quartz vacuum vessel. 
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Fig. 6. Racetrack torus. 
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Pig. 7a. SPICA torus, undeforroed shape. 
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Fig. 7b. SPICA torus, static deformation. 
Maximum deformation 0.09 mm. 
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Pig. 7c. SPICA torus, static stress. 

Major principle stress kg/in 
1 -5.16 + 05 
2 -3.90 + 05 
3 -2.64 + 05 
4 -1.38 + 05 
5 -1.22 + 04 
6 1.13 + 05 
7 2.39 + 05 
8 3.66 + 05 
9 4.92 + 05 
10 6.18+05 
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Fig. 8a, SPICK torus, wideforned shape. 
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Fig. 8b. SPICA torus, static deformation. 
Maximum deformation 0,13 mm. 
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Fig. 8c. SPICA torus. 

Major principle stress kg/ro2 

1 -7 .95 + 05 
2 -4 .78 + 05 
3 -1 .61 + 05 
4 1.54 + 05 
5 4.71 + 05 
6 7.87 + 05 
7 1 . 1 0 + 0 6 
8 1.42 + 06 
9 1.73 + 06 

10 2 . 0 5 + 0 6 

- 1 2 7 -



Fig. 8d. SPICA torus, inside opening. 

Major principle stress kg/m2 

1 3.30 + 05 
2 5.22 + 05 
3 7.14+05 
4 9.05 + 05 
5 1.09+06 
6 1.28 + 06 
7 1.48 +06 
8 1.67 +06 
9 1.86 + 06 
10 2.05 + 06 

Fig. 8«. SPICA torus, top opening 1. 

Major principle stress kg/m 
1 -2.43 + 05 
2 -1.90 + 05 
3 -1.37 + 05 
4 -8.42 + 04 
5 -3.10 + 04 
6 2.21 + 04 
7 7.53 + 04 
8 1.28 + 05 
9 1.81 + 05 
10 2.34 + 05 
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Fig. Bf. 

SPICA torus, top opening 2. 

Major principle stress kg/in2 

I -1.79 + OS 
2 -1.17 + 05 
3 -5.66 + 04 
4 4.59 + 03 
5 6.58 + 04 
6 1.27 + 05 
7 1.88 + 05 
a 2.49 + 05 
9 3.11 + 05 
10 3.72 + 05 

Tig, 8g. 

SPICA torus, top opening 3. 

Major principle stress kg/m2 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

-7.38 
-6.08 
-4.79 
-3.49 
-2.19 
-8.91 

.07 
,70 

3.00 
4.30 

05 
05 
05 
05 
05 
04 
04 
05 
05 
05 

Pig. 8h. 

SPICA torus, outside opening. 

Major principle stress kg/m2 

1 -3.77 + 05 
2 -3.24 + 05 
3 -2.71 + 05 
4 -2.18 + 05 
5 -1.65 . 05 
6 -1.12 + 05 
7 -5.98 + 04 
8 -6.96 + 03 
9 4.59 + 04 
10 9.88 + 04 
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100 

relative length 

Fig . 9 . Loading of the s h i e l d . 
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Pig, 10. Racetrack shield. 

131 



Fig. II*. SV1CA shield, undefomed 
shape. 

; i 

i I 
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Fig. l i b . SPICA shield, s tat ic de
formation. Maximsn deform
ation 0.208 ran. 
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Fig. lie, SPICA shield, static stress. 

Major principle stress N/m2 

1 - 1 . 2 3 + 06 
2 - 9 . 2 7 + 05 
3 -6 .15 + 05 
4 - 3 . 0 3 + 0 5 
5 -8.47 + 03 
6 3.20 + 05 
7 6 .32 + 05 
8 9 .44 + 05 
9 1 . 2 5 + 0 6 

10 1 . 5 6 + 0 6 

- 1 3 3 
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Fig. 12a. Racetrack shield, undeformed shape. 

Fig. 12b. Racetrack shield, static deformation. Maximum deformation 19 mm, 
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Fig. 12c. Racetrack shield. 

Major principle stress kg/cm2 

1 -1.17 + 03 
2 -0.71 + 03 
3 -0.24 + 03 
4 0.22 + 03 
5 0.64 + 03 
6 1.15 + 03 
7 1.62 + 03 
8 2.08 + 03 
9 2.55 + 03 
10 3.01 + 03 
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Fig, 13a. Racetrack shield, undeformed shape. 
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Fig. 13b. Epoxy layer, undeformed shape. 

Pig, 13c. Racetrack shield, static deformation. 
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Pig. 13d. Racetrack shield. 

Major print: iple stress kg/m 
1 -1.95 + 06 

2 -1.20 + 06 
3 -4.5 V -f 05 
4 2.91 + OS 
5 1.04 + 06 

6 1.78 + 06 
7 2.53 + 06 
8 3.28 + 06 
9 4.03 + 06 
10 4.78 + 06 
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Fig. 13e. Epoxy layer, static deformation. 
Kaximun deformation 0.5 mm. 
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• « * * * * 

^ ^ ^ 

Fig. 14a. Detail shield, flange 15 mm, undeformed shape. 

Fig. 14b. Detail shield, flange 15 mm, static deformation. 
Maximum deformation 0.01 mm. 
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Fig. 14c. Detail s h i e l d , flange IS mm. 

Major pr inc ip le s t r e s s kg/cm 
-2.99 • * • 00 
2.86 + 01 
6.02 + 01 
9.19 + 01 
1.23 + 02 

6 1.55 + 02 
7 1,86 + 02 

a 2.18 + 02 
9 2.50 + 02 
10 2,81 + 02 
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F i g . 15a. De t a i l s h i e l d , f lange 30 mm, undeformed shape. 

F i g . 15b. De ta i l s h i e l d , f lange 30 mm, s t a t i c deformation. 
Maximum deformation 0.0O9 mm. 

- 1 4 2 



Fig. 15c. Detail shield, flange 30 mm. 

Major principle stress kg/cm2 

1 -2.39 + 00 
2 2.84 + 01 
3 6.93 + 01 
4 9.02 + 01 
5 1.21 + 02 
6 1.52 + 02 
7 1.82 + 02 
8 2.13 + 02 
9 2.44 + 02 
10 2.75 + 02 
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F i g . 16a. D e t a i l s h i e l d , f lange 45 mm, undeformed siiape. 

P i g . 16b. De ta i l s h i e l d , f lange 30 mm, s t a t i c deformation. 
Maximum deformation 0.006 mm. 
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Fig. 16c. Detail shield, flange 45 nm. 

Major principle stress kg/cm2 

1 -4.61 • 00 
2 2.65 + 01 
3 5.77 + 01 
4 8.89 • 01 
5 1.20 + 02 
6 1,51 • 02 
7 1.82 + 02 
8 2.13 + 02 
9 2.44 + 02 
10 2.76 + 02 
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'*v%. 

Fig. 1?»- Detail shield, flange with cover shields, 
unde£arMKi shape. 

Fig. i?b. Detail shield, flange with cover shield, 
stat ic deformation. Haxinuro defora*tion 0.01. 
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Fig. 17c. Detail shield, flange with cover shield. 

Major principle stress kg/cm' 
1 -2.20 + 01 
2 3.40 + 01 
3 6.83 + 01 
4 1.02 + 02 
5 1.36 + 02 
6 1.71 + 02 
7 2.05 + 02 
8 2.39 + 02 
9 2.73 + 02 
10 3.08 + 02 

Fig. 17d, Detail shield, flange with cover shield. 

iear stress kg/cm 
1 -3.66 + 01 
2 -2.83 + 01 
3 -1.99 + 01 
4 -1.16 + 01 
5 -3,28 + 00 
6 5.07 + 00 
7 1.34 + 01 
8 2.17 + 01 
9 3.01 + 01 
10 3.84 + 01 
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Fig. 18a. Detail shield, saw gap, undeformed shape. 

Fig. 13b. Epoxy layer in saw gap, undeformed shape, 
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Fig. 18c. Deformation saw gap. Maximum deformation 0.009 am. 

Pig. 18d. Saw gap. 

Major principle stress kg/cm2 

1 1.23 + 02 
2 1.52 + 02 
3 1.82 + 02 
4 2.11 + 02 
5 2.40 + 02 
6 2.70 + 02 
7 2.99 + 02 
fl 3.29 + 02 
9 1.58 + 02 
10 3.87 + 02 
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Saw gap. Shear kg/cm2 

1 -7, .88 + 01 
2 -6, .24 + 01 
3 -4, .61 + 01 
4 -2, .98 + 01 
5 -1, .35 + 01 
6 2. .80 + 00 
7 1. .91 + 01 
8 3. .54 + 01 
9 5, ,17 + 01 
10 6. ,80 + 01 

Fig. 18f. Epoxy in saw gap, static deformation. 
Maximum deformation 0.008. 
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Fig. 18g. Epoxy in saw gap. 

Major principle stress . Symbol value k g/cm 
1 4.16 + 01 
2 7.70 + 01 
3 1.12 + 02 
4 1.47 + 02 
5 1.83 + 02 
6 2.18 + 02 
7 2.54 + 02 
8 2.89 + 02 
9 3.24 + 02 
10 3.60 + 02 

Fig. 18h. Epoxy in saw gap. Shear kg/cm : 

1 -1.94 + 01 
2 -1.14 + 01 
3 -3.42 + 00 
4 4.57 + 00 
5 1.25 + 01 
6 2.05 + 01 
7 2.85 + 01 
8 3.65 + 01 
9 4,46 + 01 
10 5.26 + 01 
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Fig. 19. Distribution of expansion forces on a racetrack coil. 

J (MA/m) 

2.0 

1.5 

1.0" 

0.5 -

K 0 Hm) 

Fig. 20. Surface current density of the copper shell 
(total current 1.49 MA). 
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A P P E N D I X F 

SYSTEM STUDIES OW SCREW-PINCH REACTORS 

by 

H. Schuurman 

Introduction 

In this appendix we present work done on system studies of pulsed 

high-3 reactors that began early in 1975. The screw pinch SPICA showed 
1) 2) 

good experimental results and theoretical expectations . As the extra

polation to the reactor regime was lagging behind other devices like the 

Reference Theta Pinch Reactor at Los Alamos and the Reversed Field Pinch 

Reactor at Culham, an investigation in that direction teemed appropriate. 

A study group was formed with members from FOM Jutphaas, ECN Petten and 

KEMA Arnhem. 

As a first step towards the goal of a Conceptual Screw-Pinch 

Reactor a parameter study including some global technological design 

considerations, was performed . As in SPICA, the heating method of the 

plasma is fast implosion of a plasma sheath followed by adiabatic com

pression. It can guarantee the pitch conservation of the magnetic field 

lines in the period of low plasma temperature. This does not mean that 

other or auxiliary methods of heating should be rejected. At the begin

ning of the parameter study of the SPR two types of design were envis

aged, both with resistive coils. The first, as yet most detailed design, 

which is the subject of part A of this appendix, has a circular cross-

section (Fig. 1). A variant of this type, a sustained-field reactor em

ploying superconducting coils, was briefly studied because it avoids 

the large ohmic losses in the compression coils. However, it was aban

doned because of its numerous constructional and technological diffi

culties. The second design utilizes a reactor vessel of rectangular 

cross-section (Fig. 2) and aims at the advantages of a higher maximum B. 

Some preliminary results and problems of such a belt screw-pinch reac

tor are the subject of part B of this appendix. 
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R = Major radius 

a = Plasma radius 

b = Minor radius 

dfa = Blanket thickness 

d. = Separation distance 

dt =• Thickness toroidal 
field compression 
coiic 

O = Poloidal field coils 

Fig. 1. Screw pinch with circular cross-section 

R = Major radius 

a = Plasma radius 

b = 2̂ width vacuum 
chamber 

h = 2̂ height vacuum 
chamber 

d. = Blanket thickness 

d, ~ separation distance 

d = Thickness compression 
coils 

/ 

rr-7 

A 

L 
s 

wwjloiioo coit 
AJISL 

Fig . 2. Belt screw pinch 
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A. SCREW-PINCH REACTOR WITH CIRCULAR CROSS-SECTION 

1. Physical and technological model 

The toroidal field has been assumed to be homogeneous inside the 

torus (cylindrical 9-pinch). As the pitch of the magnetic field lines 

is so large that the poloidal magnetic field energy inside the torus is 

only a few per cent of the total magnetic energy, the magnetic pressure 

of the poloidal magnetic field has been neglected in the description of 

implosion and compression. However, the ohmic losses in a poloidal field 

coil are not to be neglected. The aspect ratio of 3, corresponding to a 

rather fat torus, had to be chosen so small because for a reasonably 

well-centred plasma column in a screw-pinch configuration the quantity 

BA should not exceed 0.75. 

The time history of the magnetic field strength, the value of 8, 

and the temperature are shown in Fig. 3. At a time t = 0 a pre-ionized 

50-50% D-T plasma in a bias field B is assumed to be present. A fast 

rising magnetic field is applied which makes the plasma implode. A num

ber of models for the description of the implosion in a bias field 

exist varying in complexity from simple free-particle and snowplough 

models to a hybrid description, where electrons are treated as a fluid, 

and ions are treated as particles. We used the free-particle model 

modified to account for the presence of a bias field. It was verified 

that more accurate models alter the results only slightly. Although for 

a very fast rising external field the final state of the imploded plasma 

is determined by the pressure and energy balances only, the time-

dependent analysis is indispensable to find the maximum electric field 

strength at the thin insulating layer of the metallic first wall. This 

electric field is caused by the change of flux between the first wall 

and the inward moving plasma sheath. The value of this field strength 

should be kept below the technological limit which was taken to be 

3 x 105 V/m. 

After thermalization of the ions and electrons a slowly rising 

large magnetic field adiabatically compresses the plasma and heats it 

up to the ignition temperature for fusion. During the compression the 

value of 0 decreases. Then a-particles take over the heating of the 

plasma and raise (3 at the same time. 

At some instant during the burning phase the maximum & that is 

permissible for reasons of equilibrium and stability is reached. Here

after, 8 should be kept on this level, for example by adding impurities 

which, while increasing the plasma density, lowers the temperature and 

enhances the radiation losses. At the end of the burn time the ash is 
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Fig. 3. Time dependence of magnetic field strength, temperature, produced f vision energy, &, 
source impurities. 



removed and new fuel is introduced into the reactor chamber. For these 

operations a down time is needed, during which the magnetic field is 

switched off. In all calculations, the down time is taken to be 8 sec

onds. Five of these seconds are reserved for pumping time. About 600 

pumps of 10 m3/s each will be necessary, with a total power consumption 

of 60 MW. This does not affect the plant efficiency seriously. After 

the down time a new operation cycle begins. 

In the computations various loss processes like ohmic losses in 

the compression coil system, and radiation losses are taken into account 

in the over-all energy balance. 

The blanket thickness chosen in this study is 80 cm, which is 

close to the value for tokamak reactors. The attainment of a tritium 

breeding ratio well above one is supposed to be no problem. Helium gas 

is proposed as the coolant for the blanket. In spite of the high heat 

transfer rate at rather low static pressure, liquid lithium is not at

tractive as a coolant. Due to MHD-forces on the lithium flow one must 

expect a considerable reduction of the flow velocity during the burning 

phase. The thermal efficiency nth has been fixed at 40%. 

In accordance with the literature, a value of Q = 1.2 for the 

energy multiplication factor in the blanket has been assumed. A wall 

loading of P = 2 MW/m2 has been chosen consisting of 1.6 MW/m2 neutron w 
wall loading and 0.4 MW/m2 radiation load from a-particles. The value 

of 1.6 MW/m2 for neutron wall loading is near moderate values for a 

tokamak design. 

The blanket will have to be built up from many segments and mod

ules in order to provide easy replacement. Between segments (and mod

ules) slits in poloidal and toroidal direction will allow penetration 

of the magnetic field into the plasma volume during the very short im

plosion phase. 

The implosion and compression fields should be generated by com

pletely separated coil systems because of the large differences in 

timescale, maximum magnetic field strength and energy supply for the 

two fields. The helical fields can be generated by helical coils or by 

separate systems of toroidal field (TF) coils and poloidal field (PF) 

coils. While helical coils would be the best solution regarding ohmic 

losses, dimensions, and weight, the construction of these coils offers 

large problems. Therefore, the solution of separate TF- and PF-coils 

has been chosen, in view of the modular construction of the reactor. 

To energize the implosion coil a fast capacitive storage bank is 

suggested. The ohmic and eddy-current losses in the walls of the blanket 

segments are neglected in the calculations. The implosion coil system 

is considered as consisting of TF-coils only; the influence of helical 
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coils or additional PF-coils on losses, energy consumption and coil 

weight is not important in the over-all energy balance. 

The rise time, maximum field strength, and energy of the com

pression field are much larger than those of the implosion field. The 

compression field will penetrate into the blanket. For the supply of 
t 

the f i e l d energy of about 200 GJ for the re fe rence r e a c t o r a homopolar 
genera to r s t o r age system appears t o be the only s o l u t i o n . At t h e end 
of each burning cyc le the energy, diminished by ohmic and eddy-cur ren t 
l o s se s w i l l be regained in the s to rage system (assumed e f f i c i ency 98%). 

For the f i l l i n g fac to r of the c o i l s a f ixed va lue of 0.7 has 
been chosen. At f u l l t ape r ing of the c o i l s no space would be a v a i l a b l e 
for coo l ing ducts for the b lanket and for the c u r r e n t connec t ions . At 
the chosen value of the degree of t a p e r i n g , f. = 0 . 5 , (half way t ape red) , 
t he re i s a good balance between a c c e s s i b i l i t y and reduc t ion of ohmic 
l o s s e s . 

2 . Ca l cu l a t i on of r e a c t o r parameters 

a . Implosion 

The implosion takes place in a p r e - i on i zed plasma in a b i a s f i e l d . 

The geometry and some c i r c u i t parameters a re shown in F i g . 4. A modified 

Fig. 4. Elect r ical c i r cu i t parameters of a screw pinch with circular cross-sect ion. 

I = Current in implosion c o i l , I = Current in compression co i l 

I = Plasma current , External self-inductance 
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A modified free-particle model has been used to calculate the speed of 

the inploding sheath and Ew, the azimuthal field strength at the first 

wall. The basic equations that have been used to describe the implosion 

phase are the conservation of fluxes in the plasma circuit, the implo

sion circuit and the compression circuit, and the equation of motion of 

the plasma sheath. After the implosion the electrons and ions thermalize 

to the same temperature. During the equilibrium the flux enclosed by the 

compression coil is kept constant. The final state is determined by the 

energy balance and the pressure balance. On a longer timescale, which 

is still short compared to the timescale for compression, equalization 

of the magnetic fields in the blanket and in the torus volume takes 

place. 

b. Adiabatic compression 

The parameter set corresponding to the standard reactor has been 

calculated with time-dependent equations. They comprise the particle 

balances for D- and T-ions, a-particles, protons, electrons, and heavy 

(impurity) ions, the pressure balance and the energy balance. In the 

latter, terms occur presenting the rate of energy production by D-T and 

D-D reactions, the work done per time unit by the external field, the 

rate of energy increase of the bias field, and the loss rates of brems-

strahlung, cyclotron radiation, line radiation, and recombinative radia

tion. The assumption has been made that the first wall does not reflect 

cyclotron radiation. The magnetic field increase has been taken linear 

with time: i^ = 50 T/s. 

c. Burning phase 

Here we distinguish three parts. In the first part the temper

ature increases because the energy production by a-particles exceeds the 

radiation loss. 6 increases with temperature and when it surpasses 0.20, 

impurities are injected in the plasma in such a way that when 3 reaches 

0.25 the energy increase by charged fusion particles and the energy lost 

by radiation are equal. The temperature is adjusted to the value corre

sponding to the lower (thermally unstable) equilibrium point. Due to the 

high plasma density the upper (stable) equilibrium temperature is in

conveniently high. 

Because at the end of the compression phase the plasma is rather 

overcompressed, the magnetic field decreases during the first part of 
o 

the burning phase. The negative parameter B is optimized with respect 

to the reactor efficiency. 
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During the second part of the burning phase the piasra is kept 

in the lower equilibrium point by nagnetic field control. Burnup and 

the increasing impurity (He) level make the equilibrium temperature 

shift upward with time. Since - remains 0.25, the magnetic field in

creases in this second part of the burning phase. This part ends when 

the extrapolated amount of fusion energy produced in one cycle equals 

the prescribed amount of thermal output powj- multiplied by the cycle 

time {which is also calculated by extrapolation). 

In the third part of the burning phase the magnetic field is 

kept constant. The plasma is therefore allowed to cool down. The cal

culation ends when T has fallen below 500 eV. At that point it is as

sumed that injection of 0-gas prevents plasma-wall contact and the mag

netic field is switched off. 

d. Computer programme 

The mathematical relations mentioned in sections a-c have been 

collected and translated into the computer programme SPREAK. The com

plete set of equations is numerically solved, starting with a number of 

input parameters that can be chosen arbitrarily; the major part of these 

parameters form the physical and technical constraints already discussed. 

In the calculational procedure some checks have been built in. The 

complete set of constraints does not fully determine the reactor param

eters. The freedom is used to perform an optimization process, for which 

the maximalization of the net efficiency of the reactor is chosen. 

3. Results 

Input and output parameters of the Reference Screw-Pinch Reactor 

are listed in the following table: 
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TABLE I 

Parameters of Reference Screw-Pinch Reactor 

Input parameters Output parameters 

aspect ratio A-3 small radius of the first wa 11 b- *t.6 m 

maximum B emax«0-25 large radius of the torus R-13.8 m 

thermal output power P t h-6GW minimum plasma radius by,-0.92 m 

wall loading P -2 MW/m2 

-W 
implosion energy U. -813 MJ 

1 

maximum E-field at the watt E « 3 * 1 0 5 V/m 
wm 

adiabatic compression energy Wa-232 GJ 

ETS-efficiency T,ETS«O.98 burn time t,-8.9s 

thermal conversion ef
ficiency 

down time t c - t b - 8 s 

bias field 

B after implosion 

B after compression 

Bo-0.27 T 

Beq-0.63T 

Ba-7.1 T 

blanket thickness d. - 0 . 8 m 
D 

T after implosion T - 1 keV 
eq 

T,- 10 keV 

0.05 

<Zeff»1.25) 

- 5.3*1019 m"3 

20Ï 

non-conducting part of the 
blanket 

energy multiplication 
factor of the blanket 

thickness of the TF com
pression coil 

0,-0.1 

dt-2.3 m 

mean T during the burn 

degree of ion impurities (C) 

fi11 ing density n • 
o 

burnup 

T - 1 keV 
eq 

T,- 10 keV 

0.05 

<Zeff»1.25) 

- 5.3*1019 m"3 

20Ï 

thickness of the PF com
pression coil d ' 0 , 5 m 

distance between blanket and 
compression coil d . - 0 . 3 m 

specific resistance of the 
compression coil p - 2 * 1 0 ~ 8 iiir. 

filling factor of the com
pression coil f « 0 . 7 

copper weight of TF-system 

copper weight of PF-system 

relative copper weight of 
TF-coiIs + PF-coils 

net electric output power 

r-1.7 

B--2 T/s 

GT-A.5><10
7 kg 

Gp-l.^xlO7 kg 

g-i*0 kg/kW 

? ^ - 1.1 GW 
net 

specific mass of copper Y-8900kg/m3 net efficiency nnp -18.5S! net 
safety factor at the wall 

ÏÏ 

2 

%'2 

/m -1.8 us 

4. Discussion 

The net efficiency of the RSPR design with normal conducting 

coils and a maximum 6-value of 0.25, is too low ('v, 19%) to be of eco

nomical interest. This low value, which is mainly due to the high ohmic 

losses in the coils, decreases even more when the rather optimistic 

value of the efficiency of the homopolar machine (98%) is reduced to a 

more realistic one. 
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The economics of the RSPR is badly influenced by the investments 

necessary for the large quantities of high-grade materials for the 

coils and the energy transfer system. Their total weight is over 

100,000 tons of which 59.000 tons of copper for tha coils and 24,000 

tons for the capacitor banks. These figures are one order of magnitude 

larger than those for a comparable reference tokamak and two orders of 

magnitude higher than for a fossile or nuclear fuelled steam supply 

system. 

Magnetic implosion and adiabatic compression of a plasma with B 

appreciably lower than one are inefficient heating methods since the 

major part of the work done by the external magnetic field is used to 

compress the bias field. It may be profitable to look for measures to 

improve the energy balance. One way to achieve this would be the 

ionization of injected pellets just outside the central plasma core, and 

subsequent heating of this newly created plasma by the thermonuclear 

inner plasma. This scheme has not yet been investigated. 

It was examined if by variation of some of the input parameters 

the net efficiency could be enhanced. The answer was negative, however 

with one important exception. Figure 5 shows clearly the benefit of an 

increase of S above the stability limit of 0.25. Recent theoretical con

siderations (see appendix B) on MHD-stability of a non-circular plasma 

in a screw pinch indicate that such a plasma can be stably confined at 

attractively high values of 6. A parameter study for a belt screw-pinch 

reactor is underway and some results and problems are discussed in sec

tion B. 

B. SCREW-PINCH REACTOR WITH ELONGATED CROSS-SECTION 

Table II gives a list of parameters for a belt-pinch reactor with 

ellipticity h/b = 3. This parameter set was derived with approximated 

burn phase (not yet time-dependent) which is a little pessimistic. 

These values have been taken as a starting-point for the investi

gation of a number of problems, that are of a constructional, electro-

technical and blanket-technological nature. We give a listing of these 

problems, of which clear-cut solutions are not yet available at the 

moment. 
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TABLE I I 

Input parameters Output parameters 

b = 2.88 m 

R = 8.6*t m = h 

U.(TF) * 300 MJ 

W.(PF) - 300 MJ 

Ê wm 3*1Q5 V/m 

n t h * Q.k 

^ E T S " 
0.98 

P th " 
6 GU 

P w 
2 MW/m2 

A 3 

dfa « 0.3 m 

% = 0.1 

Qm ' 
1.2 

W 8 s 

A. - 5 

A 
c 

s 3 

tapei ring = 50^ 

f 
c 

= 0.7 

d i c 
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1. Disassemblage of reactor modules 

Due to a large variation in wall loading some blanket modules 

will have to be replaced more often than others. Pipes and cooling ducts 

should penetrate the blanket preferably at places of low wall loading. 

Handling of blanket elements should take place in vertical direc

tion between the TF-coils (horizontal movements are blocked by the ad

jacent ETS-system). The dimensions of the modules are 30 * 50 x 80 cm, 

one of the determining factors is the high electric field strength at 

the wall (3 * 105 V/m). The voltage between two adjacent modules is 

^ 100 kV; this requires a vacuum separation of a few cm or an insulating 

layer between the modules. The total number of modules is about 10,000, 

each with a heat transport of about 0.5 MW. Many questions concerning 

the suspension of the nodules and their disassemblage are left open. 

Dismountable upper parts of the TF-coils could make it easier to 

dismantle the reactor. 

2. Positioning of power supplies and their electrical connections 

To avoid large ohmic losses in current leads, the distance be

tween the ETS-system and the coils should be as small as possible. 
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The ETS-system is placed in a ring around the reactor vessel, inside 

diameter 36 m, outside diameter 72 m, height 20 m. The capacitor banks 

{600 MJ, with a volume of 15,000 m3) are placed at a larger radius than 

the ETS-system. If the connecting leads from the homopolar machines to 

the coils have a length of 5 m, the ohmic losses are 200 kW/m, neces

sitating water cooling. The total ohmic loss power in the leads is 

174 MW and the copper weight becomes 5,400 tons. 

3. Non-uniform neutron bombardment of the first wall 

Starting with a plasma with ellipticity 7, toroidal shift *- = °*3 

and a volume compression of 20, one finds the following results: 

The outer wall (50% of total wall area) receives 63.5% of the 

neutron stream, the inner wall (25% of total) receives 18.6% of the 

neutron stream, the top and bottom walls (25% of total) each receive 9% 

of the neutron stream. The ratio of the neutron wall loading to its 

average value is highest (2.5) in the middle of the outer wall. This 

ratio is insensitive to changes in aspect ratio and elongation of the 

vessel. One consequence is that with a specific requirement on tritium 

breeding, a part of the blanket circumference may have energy conversion 

but no tritium breeding. 

4. Coil construction in relation to accessibility for pumping pipes 

and cooling ducts 

Blanket and plasma chamber are accessible only through the spaces 

between the 24 TF-coils. With two pumping holes of 1.5 m diameter per 

coil section one needs approximately 192 pumps of 25 m3/s. A first es

timate gave the need for one He cooling duct (<J> - 1 m) per section as a 

gas inlet and an identical one as an outlet. 

5» Electrical data of the coils 

For untapered TF-compression coils with rectangular cross-section 

the ohmic losses and the necessary copper weight have been calculated. 

At B = 4 T on axis, 174 MA windings are required, to be made by 174 coil 

modules of 1 MA each. With a duty cycle of 0.5 the effective ohmic los

ses are 720 MW, the total weight of the TF-coils is 13,400 tons. The los

ses and weight of the PF-coils at twice the current density are 300 MW 

and 6,500 tons respectively. Total ohmic losses are 1,000 MW, the total 

weight is 20,000 tons. For half-way tapered coils, the losses are re

duced a factor of two. 
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65 GJ energy content in TF-coils requires e.g. 174 homopolar 

machines of 375 HJ/1 MA each. 
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A P P E N D I X G 

DIAGNOSTICS 

by 

A.F.G. van der Meer, D. Oepts and A.A.M. Oomens 

i. Present situation 

The behaviour of the discharge and the properties of the plasma 

produced in SPICA are studied with a number of more or less standard 

diagnostic methods. 

Initial conditions 

First of all, the external parameters are checked and recorded. 

Charging voltages of capacitor banks are determined with digital volt

meters calibrated against an electrostatic voltmeter, and primary cur

rents are measured with the aid of pick-up coils. The correct function

ing and timing of the different spark gaps are monitored by feeding 

signals from separate pick-up coils into a coincidence unit gated by the 

digital programming clock. Gas-filling pressure is recorded by means of 

an ionization manometer. 

Macroscopic behaviour 

Overall behaviour of the discharge, such as formation and posi

tion of the column, radial oscillations, occurrence of wall contact, 

etc., is deduced from streak photographs. Two streak cameras, positioned 

120° apart around the torus, each produce top and front view images of 

a vertical plasma slice. For this purpose the copper shield is provided 

with two sets of "pepperbox" holes. The toroidal plasma current is de

termined with the aid of a Rogowski coil mounted between the copper 

shield and the quartz discharge tube. Horizontal and vertical movement 

of the current can be detected with sector coils equivalent to sine and 

cost) Rogowski loops. Calibration of these coils has been performed both 

in a separate test setup and in situ using a current-carrying cable 

positioned inside the torus. Sets of small pick-up coils to make local 

measurements of Bfl are fitted along both a minor and a major circumfer

ence of the quartz torus. These coils consist of 24 turns of 0.2 nan 
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copper wire on a "perspex" core measuring 4.5*4.0*3.5 mm3. The coils 

around the minor circumference serve to determine variations in shape 

and position of the current density distribution in order to identify 

MHD-instabilities. 

Plasma parameters 

Electron temperature and electron density are determined by 

means of 90° Thomson scattering. A Korad K1500 ruby laser system is 

used to fire a light pulse of about 2 J energy and 20 ns duration into 

the plasma along the equatorial plane. The scattered radiation is ob

served through one of two windows in the upper part of the torus. Stray 

light is minimized by using a i m long entrance tube for the laser beam 

and an exit tube closed with a Brewster angle window and followed by a 

blue glass beam dump. A lens and mirror system on top of the torus 

serves to image a selected point along the laser beam onto the entrance 

slit of a 1 m Jarrell-Ash spectrometer fitted with 2 mm wide fibre-optic 

exit channels corresponding to wavelength intervals of 1.6 nm (disre

garding the entrance slid width). A set of EMI 9658 photomultiplier 

tubes detects the signals from either 2 or 4 channels each. The photo-

multiplier signals are integrated by an LRS 2249 12-channel ADC over the 

120 ns duration of an external gate pulse. The contribution of plasma 

light to the signals is determined by a separate multi-ADC, gated imme

diately before arrival of the Thomson signal. Correction for stray 

light at the laser wavelength is made by means of a few shots without 

plasma. In addition to occasional basic calibration with a tungsten 

ribbon lamp, frequent calibration of the relative channel sensitivities 

is performed with a pulsed LED-source fitted in the monochromator. 

Dayly alignment and absolute calibration of the detection system 

for density measurements is obtained by means of Rayleigh scattering 

from neutral deuterium at about 10 torr pressure. (The stray-light 

signal is less than the Rayleigh scattering signal with 1 torr D_.) 

Variations in effective laser energy are taken into account with the aid 

of a monitor diode near the laser beam dump. 

A new detection system, using an Optical Multichannel Analyzer, 

which will enable measurements at different radial positions simulta

neously, is being installed. 

A heterodyne interferometer system is used to obtain the line 

integral (ƒ n dH) of the electron density along an equatorial cross-

section. A Spectra Physics 15 mW He-Ne CW-laser is applied in a modified 

Michelson configuration using an Isomet acousto-optic modulator in the 

reference beam to obtain a 40 MHz frequency shift. The 40 MHz component 
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of the signal detected with a silicon photodiode is amplified and a dig

ital phase comparator is employed to determine the phase shift. 

Microwave interferometers operating at 4 mm and at 8 mm wave

length are used to measure densities in the early phases of the dis

charge . 

Spectroscopic observations have been made in the visible region, 

employing either an Optical Multichannel Analyzer (OMA) or a McPherson 

1 m monochromator with fibre-optic multichannel detection facilities. 

The OMA was used to survey the long wavelength part of the visible spec

trum by means of an optical fibre bundle connection between the torus 

and the screened measuring room. The 1 m monochromator was used for fur

ther identification of the observed lines and is now being set up for 

ion-temperature measurements from Doppler broadening, using its fibre-

optic system to obtain signals from 10 channels, each of 0.04 run width. 

Measurements of X-ray emission in the energy range from 50 up to 

150 keV have been made, using a single Nal scintillator and photomulti-

plier detector combination and different metal filters. The interpreta

tion of these measurements is hindered by the irreproducible behaviour. 

In order to obtain more coherent information in a single shot, a five-

channel detection system is under development. 

A miniature magnetic multiprobe has been used for local field 

measurements in the outer plasma region, in order to determine the cur

rent distribution. Breakdown problems, however, have brought this diag

nostic to an early end. 

2. Future plans 

Most of the diagnostic methods applied at SPICA can be transfer

red to a modified SPICA experiment without major changes. Some improve

ment and expansion of the capabilities will, however, be necessary. The 

non-circular cross-section of the plasma will require more detailed 

measurements of position-dependent properties. 

The following changes and extensions are planned. 

Initial conditions 

No important modifications are necessary, but direct conversion 

of spark gap monitor slgnal/j into optical signals is recommended to re

duce insulation problems. 
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Streak cameras 

One of the streak cameras in present use is more than ten years 

old and does not function satisfactorily; replacement has to be consider

ed. The other streak camera works well, but its sensitivity is insuffi

cient to obtain valuable information under otherwise favourable plasma 

conditions where the luminosity level is low. This problem can be solved 

with a streak camera employing microchannel-plate intensification and 

fibre-optic coupling. 

As an addition to the photographic streak camera an electronic 

streak camera will be developed, which employs separate photodiodes 

fibre-optically coupled to the field of view at the torus. This method 

will enable simultaneous observation along the full major circumference 

and will have the advantage of digital data handling. 

Thomson scattering 

At the modified SPICA, Thomson scattering measurements will in 

principle be possible with the available instruments. The Optical Multi

channel Analyzer (OfIA) system, enabling direct measurement of density 

and temperature profiles, will be very valuable in this case. However, 

some problems are expected to arise. With the laser beam horizontal and 

observation from above, the ratio between scattering signal and plasma 

light will be poor due to the large volume of plasma in the line of 

sight. Observation along a horizontal line with the laser beam vertical 

avoids this problem but makes positioning of the laser beam with respect 

to the plasma (or conversely) very critical, and may require an addi

tional detection system to provide sufficient field of view while main

taining the necessary high collection efficiency. 

It is desirable to study the time development of the plasma in a 

single discharge. This is not possible with a single-shot laser, and 

modification for multiple pulse operation would be necessary. The time 

resolution capability of the OMA is limited to gated use and separate 

detection of multiple pulses will require addition of a streak tube to 

the detector. Alternatively, photomultiplier detection has to be used 

again, sacrificing space resolution. 

Interferometry 

In view of the non-circular cross-section of the plasma column, 

the interferometric line-density measurement will have to be extended 

to simultaneous measurement along both a horizontal and a vertical line. 
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A C02~laser interferometer will be used to determine the density in the 

outer plasma regions. 

Spectroscopy 

Study of the presence and influence of impurities in the plasma 

requires a spectrometer for the vacuum ultraviolet spectral region. In 

addition to obtaining an indication of the type and quantity of impurity 

atoms, VUV-spectroscopy can be used to study the time history of the 

plasma, using excitation and ionization rate equations. 

For surveying comparatively broad spectral regions, a fast multi

channel detection system is desirable. Combination of an OMA-tube with 

a streak unit, as already mentioned in the section on Thomson scatter

ing, could provide a solution. An appreciable difference between ion and 

electron temperatures is to be expected in SPICA II and a suitable 

method for ion temperature measurement will be needed. Doppler broaden

ing of spectral lines of added or already present impurities may be used 

for this purpose. 

X-rays 

A multichannel detection system will be installed to observe the 

occurrence and spectrum of moderately hard X-ray emission. The possibil

ity of using a nultichannel soft X-ray spectrometer for time-resolved 

measurement of the electron temperature will be examined. 

Additional 

Attention will be given to the measurement of properties related 

to the energy and particle balances, such as loop voltage, radiation and 

particle fluxes. Measurement of plasma diamagnetism will also be con

sidered. Magnetic field probes inside the tube but outside the main 

plasma column will be employed to determine the current density in the 

outer region. 
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A P P E N D I X H 

DATA ACQUISITION AND CONTROL 

by 

H. Kooijinan, A.A.M. Oomens and P.H.N. S n e e t s 

1. Introduction 

The SPICA II experiment will be analogous to the present device 

with respect to the requirements which it imposes on the data acquisi

tion and control system. Since that system operates quite satisfactori

ly at the moment, no major changes in the general setup are foreseen. 

Therefore, the appendix starts with updated versions of the descriptions 

of the data acquisition system and the control system . The descrip

tions are given in sections 2 and 3, respectively. The unavoidable in

terruption in the experimental programme will not only be used for the 

necessary adaptation to SPICA II, but it will also be used to improve the 

system on certain points, like for instance the installment of a multi

user system. These plans are described in section 4. 

2. The data acquisition of SPICA 

BêSüiESSÊQËS: SPICA is a pulsed experiment in which, as far as the plas

ma diagnostic measurements are concerned, two timescales can be distin

guished. The first one is given by the rise time of the fields (10 us) 

and is of interest mainly in oscillating discharges. The second one is 

given by the decay times of the primary circuits, which are in the order 

of 1 ins. This is important in crowbarred discharges. So, the frequencies 

of interest in the measured signals range from 1 kHz to 5 MHz. Besides, 

there are data without a real timescale, which only have to be recorded 

once per discharge, like the output of the interlocking unit, the ini

tial conditions, and the output of the spark gap monitor. Some other 

requirements follow from the wish to make an efficient use of the avail

able resources (e.g. experimental device, diagnostics, personnel, etc.) 

and from the fact that the discharges not always reproduce. These are: 

- The recording of a maximum amount of data per shot. 

- A reliable and reproducible way of recording. 

- The possibility of a fast interpretation of the data in order to de

cide on the conditions for the next shot. 

- Operation of the system should be as simple as possible. 
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Jhe_hardware_part_: The lay-out of the hardware part of the data acquisi

tion system is given in Fig. 1. The central computer of the laboratory, 

at the moment a PDP Unichannel-15, is used for storage and calculations 

with the data. The computer has a 32 k memory, two disks, four magnetic 

tape units, a line-printer, and a plotter. The terminal in the screened 

room consists of a keyboard, a display unit, and a hard-copy unit. Por 

the on-line work an optically decoupled cable of ninety metres length 

was developed in our laboratory. The whole system has been adapted to 

CAMAC standards. Right now, five CAHAC crates are in use in the screened 

room. Several methods are employed to get the data from the experiments 

into the computer. The choice of the method depends on the form in 

which the data are available, the amount and the timescale of the data. 

In the following the various methods are described in detail. 

- 12 transient recorders (Biomation 610 B). The sample frequency of 

these units is 10 MHz. The local memory consists of 256 words of 

6 bits. For an optimum use of the bandwidth and sensitivity, attenu

ators have been built which allow to change the amplitude of the tran

sient recorder input in steps of 101. The analog-digital converters 

have been modified in order to make it possible to use only one clock 

and also to store the settings of the recorders (offset, sensitivity, 

external attenuator and time base) in the last words of their memories. 

- 36 units with ADC and store (Culham 95/8/90). 

These units, built in CAHAC modules, have a sample frequency of 5 MHz 

and a memory of 1024 words cf 7 bits. It is possible to operate all 

units with one time-sequence generator. Interweaving of a maximum of 

5 ADCs can be done by means of the CAMAC pre-set delay unit (Culham 

95/8252). Thus, a sample frequency of 25 MHz can be obtained. To get 

the measured signals in the desired form (integrated, filtered) and 

of optimum amplitude, special units (Rijnhuizen EL 994) have been de

veloped in our laboratory. These units contain an amplifier, an atten

uator, a filter, an integrator, and a DC-balance. (See also Fig. 2.) 

In the first version of this unit the functions are selected by means 

of switches and thumb-wheels. In the versions developed later the 

units will be built in CAMAC modules, the functions and the choice of 

the input channel will be controlled by the computer. (The ADCs are 

also used for the SP IV experiment.) 

Both the transient recorders and the ADCs are used for plasma diag

nostic measurements. 

- Two 12-channel ADCs (Le Croy LRS 2249 A) . 

These two CAMAC modules with a single-word memory for each channel, 

are in use for the Thomson-scattering diagnostic. (See also appendix G.) 
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Fig. 2. Block scheme of the signal-processing units. 

The four following units are developed in our laboratory: 

The initial conditions interface. 

The initial conditions (the charging voltages of the capacitor banks, 

the type of gas, etc.) are monitored in the control room by nine dig

ital voltmeters and five 3-decimal thumb-wheels. The output of the 

14 channels is stored in the computer by means of a CAMAC interface 

in the screened room. Tha interface is optically coupled to the con

trol room. The initial conditions are continuously read into a 

14-word memory. The reading-in is stopped just before the shot. In 

this way it will be possible in the fucure to use the computer for 

controlling purposes during the charging phase. 

3?.-channel digital timer. 

The fast programming of the experiment is governed by a digital timer, 

based on a 10 MKz clock, which provides pulses with prefixed time de

lays ranging from 0.1 us to 10 ms in 32 channels, opticrl pulses as 

well as electrical. The clock is started from the control room. The 

settings of the channels are stored in the computer by means of a CAMAC 

interface. 

The interrupt unit. 

The 16 channels of this unit are connected to 16 channels of the dig

ital timer. At the time when a pulse from the timer is sent out (for 

example to fire the bias-field capacitor bank), a gate is opened in 

the interrupt unit. Within the gate time the corresponding channel of 

the interrupt unit should receive a pulse confirming that the bias 

bank has indeed been fired, otherwise the digital timer is interrupt

ed. The channels of the interrupt unit are pneumatically activated 

from the control room. The status of the channels (activated or not 
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activated and interrupt or no interrupt) is stored in the computer 

after each shot. The status is also displayed by means of two LEDs 

for each channel. 

- The spark-gap monitor. 

This unit stores the moments of firing of the 24 spark gaps of the 

main capacitor bank (CQ). The data are transferred to the computer. 

Whether the time of firing fell within a pre-set time interval is also 

made visible with LEDs. A few oscilloscopes are still in use for mon

itoring purposes and the recording of signals for which a better time 

resolution than 100 ns is required. 

The software part: The software system has been set up with the require

ment in mind, that every experimentalist should be able to use the data-

acquisition system, or, in other words, that the data can be handl-d 

without the need of a computer specialist. The system programs, which 

couple the display and the teletype to CAMAC, have been developed by 

T.C. van der Heiden . 

The two major parts of the software system are: 

a: The program which stores the data in the computer and also gives a 

data sheet, 

b: The program which provides the faciliticc to work interactively with 

the data. 

a. After identification of the experiment the program asks for the num

ber of the discharge. Changes (compared to the previous discharge) 

in the settings and functions of the ADCs and oscilloscopes can then 

be typed in. Next, all the data from the CAMAC units described in 

the hardware section are transferred to the memory of the central 

computer and to a disk or a magnetic tape. The information necessary 

for" an immediate check of the discharge is then written on a data 

sheet, together with the standard information used in the admini

stration of the discharges. To give an example of the kind of infor

mation of the first type: the number of points of the ADCs which are 

afflicted with underflow and overflow is given on the data sheet. An 

example of the second type is the listing of the charging voltages 

of the various capacitor banks. 

b. After the initial check and before the next discharge, often a fur

ther interpretation of at least some of the signals from the diag

nostics is desirable. To do this in an easy, flexible way, an inter

active progran INTRA, has been written. 3y means of very short in

structions the program provides actions like adding, subtracting, 

dividing, multiplying, plotting etc. With these instructions it is 

also possible to write small programs. After each discharge the 
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following parameters are plotted and/or calculated: primary currents, 

plasma current, plasma inductance, integral and local q-values, line-

density, electron temperature and density. A detailed description of 

the INTRA program will be given in the near future. 

3. The control system of SPICA 

The control system and the data-acquisition system are not com

pletely separated. Some of the units described in section 2 are part of 

both systems like, for example, the interrupt unit. The units described 

in the previous section, however, are in the screened room, while the 

control system is located outside the screened room. Another difference 

is that most of the control system operates on a much longer timescale 

(seconds and more). The control system also includes the precautions 

which have been taken to guarantee the safety of the personnel. The dis

sipation of 1 MJ of energy in e.g. a cable block can cause a lot of dam

age; the noise generated in firing the metal-to-metal switches can cause 

ear damage to a person standing nearby; the light from the giant-pulse 

laser is dangerous for the eyes. For these reasons, the experimental 

room must be closed during operation. 

The capacitor banks are charged in such a way that all banks are 

ready almost simultaneously, which reduces the premature rate. To pro

tect the charging units, these are disconnected from the banks during 

the firing. During the charging phase gas is let in by means of remote 

control (see below) . 

Pneumatic system t The slow programming is performed by a pneumatic sys

tem developed in the laboratory; a block scheme is shown in Fig. 3. 
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An arrow between two blocks in the left column indicates that the oper

ation of the higher block must be finished before the lower block can 

be started. The right column is executed automatically after the -itart 

of the firing procedure. "Choose setting* means that one can choose 

before the discharge whether one wants to fire, e.g., the ü-bank, the 

predisoharge or the laser. If the corresponding switch is turned to 

"on", the mains of its charging unit and trigger unit are turned on, 

the mastergap (if any) is charged and the associated channel in the in-

ter.""oi unit (see section 2) is activated. Details of the pneumatic 

control system with respect to the electrical circuits are shown in 

Figs. 4a, 4b, and 4c. Flushing of the spark gaps after each discharge 

is done by the circuit shown in Fig. 5. "Open cameras and reset* means 

that the mechanical shutters of the scope cameras and streak cameras 

are opened and that the fast part of the control system, e.g. the dig

ital timer of the spark gap monitor, is reset. 

compressed 
air 

air-
stop. J | r y e r stop-

valve 

r iygro -
m e t e r 

contr . -pa- . I 

manifold 

E jN outlet* 

Fig, J . F l a i l i n g c i r c u i t of the spark gaps. 

The_vacuam_r:ysLem (Cont ro l ) : A diagram of the vacuum system i s shown 

in F ig . 6. "he t o r u s , with a volume or 0.47 m3 i s pumped at 4 p o r t s 

by two turbc-molecular pumps tLeybold), backed up by a Roots pump 

(Pfe i f fe r ) and a ro t a ry pump (Da lze r s ) . The two turbo-molecular pumps 

have an e f f e c t i v e pumping speed of 0.3 m 3 / s . This r e s u l t s i n a t o t a l 

pulping spsed a t the four po r t s (diameter 0.05 m) of 0.19 tn3/s ( a i r ) . 
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The entrance port for the Thomson-scattering diagnostic {see section 6) 

consists of a tube with a length of 0.5 m and an inner diameter of 

0.07 m. This tube contains diaphragms like the one just at the entrance 

to the torus which has an opening of only 0.004 5 m. Since the pumping 

^ c5Ea—* L^^QvjjJj 

XJüT A '—' 8 

—C*J-»—-f ih -J 

I—I^C@>-I><H|(0)- -w-((Q);-A 

*i 
Dj 

Fig. 6. The vacuum system of the SPICA experiment. 

speed for the tube is very low (~ 7*10~3 m3 ) and the outgassing, be

cause of the large surface are-, is relatively high, it is pumped 

separately by a turbopump (Pfeiifer) 0.19 m3/s. The base pressure ob

tained in the torus is almost exclusively determined by the outgassing 

of the quartz wall (4.7 m2) and is in the order of 10~6 corr. As argued 

elsewhere, the magnetic shield should be virtually closed. Duimg the 

discharge the pumping ports are therefore closed by the valves F, F', 

F1' and F*'*. The closed valves also prevent flash-overs between the 

plasma and the copper shield. Filling of the torus with the working 

gas (D, or H,) is done automatically from the control room by means of 

a pneumatic programming unit, synchronized with the programming unit 

of the whole experiment (see Fig. 3). The time sequence and the set

ting of the valves is shown in the table. The filling pressure for a 

discharge :.s in the order of 1-10 mtorr D~ (or K-) and is measured 

just before the closing of the valves F and F', by means of an ioniza

tion manometer (T., Leybold IM-10), calibrated carefully against a 

McLeod manometer. The filling pressure for ftayleigh scattering 

(- 10 torr D2) is measured by a very accurate Bourdon manometer (M), 

Very frequently an analysis of the residual gas is done by means of a 

mass spectrometer (Leybold QP 200) which is also used for leak-testing. 
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TABLE 

valve £ G FF' F-'F'" j 

1 i 
A A' 

B 
B' 

r 

c 

stand by: C 0 0 0 0 0 0 0 0 

filling of buffer: 0 c 0 0 0 0 0 0 0 

filling of torus: C 0 0 c c 0 0 0 c 

discharge of torus: C 0 c c 0 0 0 0 c 

stand by: C 0 0 0 0 0 0 0 0 

EtSfiCS_EE2£ê£ti2Q_aQé_£E2ïïbar_SQQi£2l_aniÊ: Although the premature rate 

of a Mark-VB spark gap is very favourable (1:1000), there remains a 

chance of 3% for a spontaneous breakdown in one of the 30 spark gaps in 

the ö-bank. Immediately after such a breakdown in one spark gap the 

voltage across the other spark gaps rapidly decreases, then it increases 

again until these gaps will also break down spontaneously, due to the 

voltage reversal at the load side of these gaps. Then an oscillation de

velops betweer the capacitors, with the danger of large voltages across 

the prematurely switched capacitors. The risk of breakdown in the plate 

system or capacitors makes it desirable to limit these voltages. One of 

the ways in which this can be done is to switch all spark gaps in the 

circuit as poon as possible after spontaneous breakdown in one. 

The lifetime of the BICC capacitors in the SPICA banks is much 

reduced by a high-voltage reversal, if the charging voltage exceeds 40 kV. 

In this regime crowbarring is always required. On the other hand, crow-

barring must be prevented in the case of a prematurely switched bank 

with a charging voltage below 40 kV in order to reduce the consumption 

of metal inserts. An electronic device, called the prefire-crowbar con

trol unit, successfully performs all these functions. A simplified pic

ture of it is given in Fig. 7. 
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Fig. 7, Prefire protection and crowbar control in the 0-banJc. The functions 
within the broken lines are in one device, oec: conversion from optical 
to electric pulse; eoc: conversion from electric to optical pulse. 
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* Future plans 

The data-acquisition system as it operates now, has several con

straints. :.ie central computer (Unichannel-15) is a single-user comput

er, which limits severely the time available for data acquisition and 

interpretation. A new central computer (PDP-11/70) which can be used 

with a time-sharing operating system, is being installed. During the 

interruption between SPICA and SFICA II, the PDP-11/10 part of the 

Unichannel will be placed in the screened roon and will be provided 

with a multi-user operating system. The data gathering and control will 

then be done by the local computer, calculations by the central comput

er. About three terminals will be needed for data analysis ar.u alignment 

of diagnostics. A simplified scheme of the lay-out of the new system is 

given in Fig. 8. For the SPICA II device the data-acquisition system and 

the control system will be better integrated, in the sense that a more 

active control of, for exarcple the charging procedure, wil] be done by 

means of the compter. 
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t_i__Y 
decwnter 

display/ 
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Pig. 8. T.ay-ou'- of the new data-acquisition system. 
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A P P E N D I X I 

PLANNING 

by 

A.C. Griffioen 

1. Introduction 

In order to ensure an efficient use of the resources available 

and to keep the interruption in the experimental programme on screw 

pinches as short as possible, a continuously updated network analysis is 

used. The results of a first global analysis of phase I of the modifica

tion with respect to the time-schedule and the man-power are presented 

in the second section. In the third section the experimental area is 

discussed. The network analysis has been performed according to the pre

cedence method. This method is now shortly described. The various activ

ities are symbolized by arrows. In the precedence method three types of 

relation are distinguished: 

- the end-start relation: 

Activity B can start only when activity A has been finished, 

A B 

- the start-start relation: 

Activity B can be started as soon as activity A has been stai.ed. 

d B 

- the end-end relation: 

Activity B can only be finished when activity A has been finished 

A — B - i 

To indicate the various times involved with an activity, the following 

notation is used: 
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I 

description 

E 

B where A stands for the time of the earliest 

possible start of the activity» mostly given 

_ y <» in weeks from the beginning of the project; 

B stands for the earliest possible finish; 

C D C stands for the latest possible start 

(without causing a delay); D is the latest possible finish; I is the ac

tivity code; E is the duration of the activity and U is the (possible) 

delay in the relation. 

2. Time-schedule and man-power 

Phase 1 of the modification of SPICA consists, apart from the 

design work and the theoretical preparation, of the following major ac

tivities: 

- a re-arrangement of the capacitor bank units. The distribution of the 

5 units into 4 for the toroidal field circuit and 1 for the toroidal 

current circuit has to be changed into 3 and 2; 

- the installment of a new vacuum vessel and the adaptation of the 

vacuum system; 

- the installment or a new metal shell; 

- a new support for the torus and new supports for the poloidal coils; 

- an increase of the experimental exea (see also section 3); 

- provisions for new diagnostics and adaptation of data acquisition and 

control system; 

- a possible addition of an external inductance in the primary toroidal 

current circuit to enable frequency-matching. 

Splitting up of these activities into smaller ones and adding relations 

results in the planning given in Fig. 1. In cooperation with the tech

nological division estimates have been made of the duration of the va

rious activities on the basis of times of delivery for the components 

and the time needed for the drawing department and the workshop. They 

are given in the figure, although most of them are still rather uncer

tain. The critical path is determined by the metal shell, which requires 

a long time of manufacturing after delivery. The first sub-critical path 

is given by the vacuum vessel. In an abstract of the planning these two 

paths are given in Fig. 2. Times are added to the activities only in 

the manufacturing and construction phase, because those times are well 

estimated. As can be seen from Fig. 2, the tote 1 duration of the project 

(from the date of approval) will be 85 weeks. For the manufacture of the 

copper shield the large milling machine is required, which determines 

the duration of this activity, A new support for the torus is planned 

for two reasons; 
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- to improve the accessibility 

- to limit the interruption in the experimental programme. 

At the moment the interruption is planned to last about seven months. 

In planning the man-power, two major categories can be distin

guished. 

a) The Pinch Group. Host of the work in the construction phase has to be 

done by this group, with support from the maintenance service and the 

high-voltage group. Possible delays in this phase will be prevented 

by using external man-power. For the experimental programme of 

SPICA II a group of four experimental physicists and six engineers is 

considered to be adequate. It is possible that the group will be re

inforced by the two persons now committed to the SP IV experiment. 

Problems are foreseen only if the JET project recrutes too many out 

of thf group concerned with SPICA II. 

b) Technological division. In the design and manufacturing phase most of 

the work has to be done by the different groups in this division. The 

modification of SPICA will not coincide with similar projects in 

other experimental lines, so no problems are foreseen in this part. 

The results of the planning of the man-power are summarized in table I. 

2. Experimental area 

A much easier access to the torus than in the present setup of 

the experiment is required for the following two reasons: 

- to allow the vertical positioning of several diagnostics, which is 

desirable because of the non-circular cross-section, 

- to allow easier alignment of the diagnostics and the assembling of 

components. 

So, already for phase I of the modification, it is desirable to expand 

the experimental area in order to have more floor space between torus 

and capacitor bank units. As a consequence of this setup there is a 

need for new, longer, cables between the device and the capacitor bank 

units. To get more space underneath the torus, it will be built on a 

platforir with a size of about 25 m2. 

In phase II of the modification there must be room for the trans

formers and capacitor banks of the power crowbar circuit. Then an ex

pansion of the area is unavoidable. It seems appropriate to use the in

terruption in the experimental programme for the expansion for both 

phases. A schematic view of the planned lay-out of the experimental area 

is given in Pig, 3. 
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Explanation of the codes used in Fig. 1 

Activity code 

0010 

0020 

1010 

1020 

1030 

1040 

1050 

1060 

2010 

2020 

2030 

2040 

2050 

2060 

2070 

3010 

:oao 

3030 

3040 

3050 

3060 

4010 

4020 

4030 

4040 

4050 

4060 

5010 

5020 

Description of activity 

preliminary general plan 

listing of requirements 

diagnostic requirements 

design of diagnostics 

drawing of diagnostics 

manufacturing of diagnostics, 
which have to be built in 

manufacturing of movable diagnostics 

assembling of movable diagnostics 

requirements on the vacuum system 

design vacuum system 

preparing implosion test vacuum vessel 

drawing of the vacuum system 

assembling of the vacuum system 

implosion tost vacuum vessel 

(possible) assembling of ports 

preliminary drawing of vacuum vessel 
for quotation purposes 

ordering vacuum vessel 

drawing of measuring tools 

manufacturing of measuring tools 

final drawing of vacuum vessel 

manufacturing of vacuum vessel 

design data acquisition system 

development of software 

development of hardware 

manufacturing of hardware 

design of lay-out data acquisition system 

assembling of the data acquisition system 

requirements on electrical circuits 

setup of the control system 

5030 

5040 

5050 

5060 

6010 

6020 

6030 

6040 

6050 

6060 

6070 

7010 

7020 

7030 

7040 

7050 

706u 

7070 

7080 

7090 

8010 

8020 

8030 

0040 

8050 

8060 

9010 

9020 

9030 

9040 

oetup of programming system 

preliminary lay-out experimental area 

final lay-out experimental area 

drawing of: lay-out 

preliminary drawing shell for 
quotation purposes 

ordering of shell 

final drawing of shell 

manufacturing of shell (factory) 

drawing for manufacturing of shell 
(workshop) 

manufacturing of shell (workshop) 

assembling diagnostics on shell 

dismantling of SP1CA 

moving of capacitor bank units 

moving or extending screened room 

assembling of copper tubes for 
diagnostic cables 

assembling cables to bank units 

realization of control system 

assembling vessel and shell 

final total assembling 

test period 

drawing support of vacuum vessel 

manufacturing of vessel support 

assembling vessel support 
development supports toroidal field coils 

drawing of coil supports 

manufacturing of coil supports 

physical requirements 

preliminary general des'gn 

approval 

final general plan 
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MANUFACTURING PHASE CONSTRUCTION PHASE 

Chain 

Workshop Drawing office Vacuum group 
Sub
total 

Pinch group Diagnostic* 
division 

Electronic» 
division Sub

total TOTAL Chain 
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code MW activity 
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MW activity 

cod» 
MW 

Sub
total 

activity 
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MW activity 
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