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I N T R O D U C T I O N 

The experimental programme in 1975 followed the paths set out 

in previous years. 

The high-p experiment SPICA was mainly run wkth a toroidal 

current slightly above the Kruskal-Shafranov limit, at q * 1.3. The 

first aim of this experiment, to see if the desired current distribu

tion can be maintained on a hundredmicroseconJ time-scale, was reached 

and the outcome was positive. The next aim is to compare the experiment 

with theories on the limits, including $, to stable confinement. Kean-

while, preparations for a smaller belt-pinch experiment proceeded. A 

high-e toroidal-reactor study brought out the necessity to increase & 

above the value theoretically attainable with circular cross-section, 

thus giving support to the belt-pinch approach. 

In the turbulent heating experiment, a plasma with parameters 

not unlike those in current tokamak experiments was produced in a 

much shorter time-scale. Further efforts will be directed towards more 

extensive diagnosis and prolonged containment of this plasma. 

Gas-blanket research was carried out both in the Institute's 

Ringboog facility and in Alcator at HIT, where until mid-1975 a 

visiting team from Rijnhuizen participated in the work. A comparison 

of the achievements of these experiments underlines the advantage of 

the Alcator scheme in which the plasma is first heated at low density 

and then brought up to higher density. In Ringboog, energy losses 

occurring at high density and low temperature prevent the attainment 

of high temperatures. Work with Ringboog now aims at understanding the 

mechanisms responsible for the energy 1O3S (both radiation and insta

bility being significant) and at controlling the current-density pro

file by means of turbulent heating of a skin. 

The emphasis of the work in the theoretical group has been in 

the fields of magnetohydrodynamics anc' transport theory. In particular, 

the problem of the 0-limits for stable equilibria in tokamak and screw-

pinch configurations was investigated. It. was confirmed that, from this 

point of view, a screw pinch has more favourable properties than a 
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tokamak. studies into the effect of non-circular cross-sections were 

started. As regards transport phenomena due to binary collisions, 

work was initiated to complete the picture for different possible 

regimes. The studies on transport due to impurity-driven dissipative 

drift «odes were continued.The investigation of the wave dynamics in 

aninhomogeneous plasma was extended to include quasi-linear effects. 

Within A quantum-mechanical approach to quasi-linear theory a modifi

cation of the theory of generalized functions was developed which 

proved to be very useful in simplifying and generalizing the formalism. 

Research was also started to evaluate the potentialities of using ad

vanced fuels in fusion reactors. 

C M . Braams 

P. Engelmann 
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A. E X P E R I M E N T A L D I V I S I O N 

(CM. Braaras) 

A 1 PINCHES (C. Bobeldijk, P.c.T. van der Laan*') 

R.J.J, van Heijningen , E.J.M. van Heeschc , J.A. Hoekzema, 

G.G. Listerd), M. Mimurae , D- Oepts, A.A.M. Ooraens , 

A.E. Prinn9>, N. Schuurman, J.F. van der Veen , J.ti.A. Zwart, 

P.J. Busch, G. van Dijk, A.C. Griffioen, W. Kooijraan, D.J. Maris, 

H.J. Mastop, P.H.M. Smeets, A. Verheul; students and trainees 

during 1975: J.L. Bolhuis, J. van der Gugten, H.H.L. Luysterburg, 

P. Provoost, S.P. Rijk, H. Schram, R.J. Timmermans, 

H.C.W.M. Voorham, S.J. Weerdenburg, A.P.M, van 't Hestende. 

Introduction 

The main subject of our studies on toroidal pinches is the 

screw pinch, the discharge in which both components of the magnetic 

field, B and B_, are applied simultaneously. The major part of the 

plasma is compressed towards the centre of the tube; the outside region 

is filled with a low-density plasma formed by the ionization of the 

left-over neutral atoms. Force-free currents flowing in this dilute 

plasma conserve the pitch of the helical field lines as they move in

wards. The field programming used in a screw pinch results in an out

side region in which the pitch of the field lines is constant in time 

and uniform in space. 

This field configuration has a strong stabilizing influence; 

below a critical 6-value the m=l kink mode is suppressed. At the 

Kruskal-Shafranov current, Ij-S> and its harmonics, this critical 0 

is only a few per cent. $iuch higher {J's up to 25% are possible at lon

gitudinal plasma currents between these harmonics. 

Stability may be observed in two favourable regimes in which; 

a) the pitch of the field lines is larger than the circumference of 

the torus. In this regime where the plasma current is smaller than 

a) Up to 1-9-1975 (now employed by the Los Alamos Scientific Laboratory of the 
university of California, Los Alamos, U.S.A.). 

b) Up to 1-12-1975 (now employed by the Dutch Government). 
c) From 1-7-1975. 
d) At Princeton, U.S.A. during part of this period. 
e) Guest from I,p.p. Nagoya, Japan, from 1-9-1975. 
f) At Boston, U.S.A. during part of this period. 
g) Guest from Liverpool University, England, from 1-10-1975. 
h) Up to 1-8-1975 (now employed by the POM-Instituut voor Atoom- en Molecuul fysica, 

Amsterdam). 
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I the limitations for B also arise from equilibrium requirements; 

at small plasma currents the repelling image currents in the copper 

shell can only ensure equilibrium at a highly eccentric position; 

b) the pitch of the field lines is equal to 3/4 of the circumference 

of the torus, i.e. the plasma current is about 1.3 I. ; stable op

eration of this regime is expected to be difficult if the force-free 

currents are absent in regions near the wall. 

During 1975 SPICA (A 1.1) has been in operation without lasting 

interruptions. The number of plasma shots has been 1050 (compared to 

200 in 1974). Most of the results have been obtained in discharges in 

10 mtorr D,, at a bank voltage of 30 or 40 kV. In these discharges 

T » 50 eV and n » 7*iOzl m~3 (B * 0.15) have been observed at 10 us, 

in agreement with theoretical models. The stable discharge duration is 

then between 40 and 100 ps. Higher temperatures and longer confinement 

times have been observed, but not yet in reproducible discharges. The 

low-density regime and the q<l regime have not yet been explored. 

The design for a small belt-pinch experiment (A 1.2) has been 

completed. The race-track shaped quartz torus has been delivered. 

The magnetically closed copper shield is being finished in the workshop. 

The existing 120 kJ capacitor bank (SP IV) has been adapted to the new 

experiment. 

A high-3 reactor study group in which RCti and KEMA take part 

started early this year (A 1.3). After a study of existing high-6 

fusion reactor designs an attempt has been made to evaluate the reactor 

potential of the screw pinch or related concepts. 

A number of problems has been explored theoretically (A 1.4). 

The equilibrium and stability properties of the belt pinch and the cir

cular screw pinch have been studied as well as the time evolution of 

the current distribution in a resistive plasma. Study of the implosion 

phase has led to improved understanding of this mechanism. MHD-stabil-

ity of the screw pinch and the high-beta tokamak has been the object 

of detailed study in the theoretical division TN 1 (B 1). 

A 1.1 SPICA 

C. Bobeldijk, R.J.J, van Heijningen, J.A. Hoekzema, M. Mimura, 

D. Oepts, A.A.M. Oomens, J.W.A. Zwart, P.J. Busch, G. van Dijk, 

A.C. Griffioen, D.J. Maris, W.J. Mastop, W. Kooijman, 

P.H.M. Smeets. 
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Although the main vacuum problems of the SPICA torus were 

solved by the end of 1974, it is felt that irreproducible operation 

may still partly be caused by imperfect vacuum or wall loading condi

tions. Therefore, a complete new torus is being prepared with improved 

vacuum properties. The vertical stray fields in the feed flange for the 

toroidal currents have been minimized. Host of the results obtained in 

SPICA during 1975 had been reported at the 6th European Conference on 

Controlled Fusion and Plas-

II 
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ma Physics in Lausanne and 

at the 3rd Topical Confer

ence on Pulsed High Beta 

Plasmas in Culham. These 

results show a stable plas

ma column during 40 ys or 

longer in 10 mtorr D_. The 

behaviour of such a dis

charge during the first 

40 ps is shown in Fig. A.l. 

Fig. A.l. 

Typical set of data from one 
SPICA screw-pinch discharge in 
D2- Fro» top to bottom are dis
played with the same sweep 
3peed: 

main coil current; plasma cur
rent} safety factor q and local 
pitch; internal plasna induc
tance </Vzdt/IZp); vertical 
stray magnetic fields in the 
poloidal gap of the copper 
shield; vertical and horizon
tal displacement of the pinched 
column; linear compression of 
the pinch; streak picture of 
the total visible light emis
sion . 

The poloidal angle 0 is 0 at 
the inside of the torus. 

* See also note on page 6 



Note that the upswing of the He-Ne interferometer signal (/n dl/n 1) is 

due to mechanical oscillations of the interferometer system and not to 

plasma behaviour. 

The toroidal inductance of the discharge current is about twice 

the value one expects for a fully developed current-carrying low-density 

plasma outside the main column. To check the current-density profile, 

measurements have been done with magnetic probes in the outside region 

of a low-power discharge as shown in Fig. A.2. The force-free currents 

appear to extend to about 5 cm from the copper shell, which explains 

the low total plasma current and its high inductance. Such a current 

depletion slightly affects the equilibrium position. Unfavourable 

effects on stability are not known in detail*. 

40 

< 
2 Fig. A.: 

The upper part of the figure shows the average 
toroidal current density as a function of tine. 
a) in a layer extending from r = 10 to 14 cm, 
b) in a layer extending from r = 14 to 18 cm, 
c: over the cross-section of the tube 

r = 3 to 20 cm*. 
Di scharge parameters: 

'G 31 kV, V, « 25 kV, 
p c = 8.4 mtorr D 2, tt * 10 us (no crowbar). 

? lower part of Uw 
inductance L = j'v,dt/I, 

•o -- i ' -i, 

The lower part of the figure shows the plasma 

"c "'z~~' *zp-

Parameters obtained for a screw-pinch discharge of the type of 
Fig. A.l at higher bank voltage (40 kV) are T = 50 eV, n « 7 x l 0 : • m~ 
(Thomson s c a t t e r i n g , see A 5 . 6 ) , % = 0.15 in 10 mtorr D 2 , which agree 

with a simple implosion heating model and with ca lcu la t ions with the 
ATHENE-II code (A 1 . 5 ) . Higher temperatures (up to 100 eV) have been 
observed in discharges which are presumably unstable , because of too 
high a 0. Also longer confinement times have been observed with very 
long current decay times (400 us or longer ) . These discharges are, 
however, not reproducible, which i s a t tr ibuted to irreproducible i n i 
t i a l condit ions that strongly influence the discharge behaviour. 

While t h i s report was in pres s , re-examination of the measurements showed that 1 
in Fig. A . l , as wel l as curve c in Fig . A.2 are a factor 16/9 higher than i s *P 

indicated in tne f igures . As a consequence the internal inductance i s a factor 
16/9 smaller, the vacuum region only extends 2 cm from the copper wa l l , and the 
a i s 1.4 instead of 2 . 6 . 
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In the data handling system of SPICA the number of 12 fast 

ADC's, in which the integrated signals are stored,was extended to 32. 

Integrators for longer times (1 ms) were developed. After each shot 

the instantly available standard information apart from the streak 

photographs then consists of the currents, the magnetic field at various 

positions, •Lfatj* t h e output of the sine and cos8 coils, T and n from 

Thomson scattering (one position, one time), /n dl, the plasma induc

tance, the time development of m=l and m=2 modes, the intensity of hard 

x-rays, and the stray fields in the gap region. 

Both the giant pulse ruby laser for Thomson scattering and the 

He-Ne laser used for Michelson interferometry are easily misaligned due 

to mechanical vibrations excited by the acoustic shock wave from the 

crowbar switches or by induced currents in the supports. For Thomson 

scattering part of the problem has been solved by moving the laser out

side the SPICA hall. The metal supports of the He-Ne laser have been 

replaced by insulating supports. Vibrations then still affect the mea

surements after about 150 ys. A 40 MHz beam modulator makes a direct 

read-out of /n dl possible. 

A 1.2 Belt pinch 

E.J.M. van Heesch, A.E. Prinn, J.F. van der veen, G. van Dijk, 

A. Verheul. 

The construction of the belt pinch SP IV b has entered its 

final stage; for a sketch see Fig. A.3. 

Fig. A.3. 

Sketch of the belt-pinch torus. 
Dimensions: major radius R = 0.24 m, 
the minor cross-section is 0.12 m wide 
(= 2 r), and is 0.48 m high. 

7 



The main discharge circuit has been tested with a load induc

tance. At 30 kV all components, including start switches (Mark IV field 

distortion gaps), showed excellent behaviour. At 40 kV breakdown oc

curred in the cable termination resistor stacks. These stacks are being 

improved. 

As is planned, a ringing main discharge will be used but the 

necessity and possibility of crowbarring is under consideration. 

The quartz discharge vessel has been delivered, vacuum tested 

and found to withstand atmospheric pressure. 

The pre-ionization in the belt pinch is achieved by means of a 

capacitively coupled high-frequency system and a ringing toroidal pre-

discharge. Care has been taken to minimize the energy losses in the 

thin insulation of the pre-ionization electrodes. 

The diagnostics will be simple at first. Measurements of cur

rent, voltage and magnetic fields near the wall, interferometry, streak 

photography and a magnetic probe are planned. 

First plasma operation may be expected in spring 1976. 

A 1.3 Reactor studies 

C- Bobeldijk, J.A- Hcekzema, P.C.T. van der Laan, W. Schuurman. 

In January 1975 a study group on pulsed high-3 fusion reactor 

systems was formed. The aim of the formation of this group is: 

1. to evaluate the state of physics and technology in relation to the 

feasibility of fusion reactors based on closed magnetic high-S con

finement systems, 

2. to compare the screw pinch with other high-g systems and possibly to 

make a conceptual design of a screw-pinch reactor. 

The group is composed of 3 physicists from thr FOM Institute 

for Plasma Physics at Jutphaas, 4 to 5 physicists and engineers from 

the Reactor Centre Netherlands at Petten and 2 electro-technical engi

neers from the KEMA at Arnhem. Meetings of this group are being held 

twice a month. The group started its work by studying 

a. the plasma physics of high-S systems in general and of the screw 

pinch in more detail, 

b. available reactor concepts: the Reference Theta Pinch Reactor at. 

Los Alamos and a Reversed Field Pinch Reactor at Culham. 

A belt-shaped screw pinch is also taken into consideration in 

view of the higher-8 values that presumably may be attained. 

A parameter study of a screw-pinch reactor was performed, some 

results of which have been reported at the Third Topical Conference on 
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Pulsed High Beta plasmas, held at Culham, 9-12 September 1975. Al

though the final evaluation of the results has not yet been done, some 

conclusions can be stated: 

1. heating of the plasma by adiabatic compression suffers from large 

ohmic losses in the copper compiession coil, as well as high cyclo

tron and Bremsstrahlung losses; therefore, it seems necessary to 

consider other means of heating the plasma, 

2. since an increase of 5 ,. to 0.5 gives a considerable improvement, 
max 

one is led to study the belt screw pinch in more detail. 

A physical problem which has not yet been extensively treated 

is the burning phase of the operational cycle of the reactor. This will 

give information about the means of controlling ö during the burning 

phase. 

A 1.4 Theory 

C. Bobeldijk, J.A. Hoekzema, P.C.T. van der Laan, W. Schuurman, 

A.P-M. van 't Mestende. 

Calculations of the heating of a plasma, with internal magnetic 

fields, by fast implosion were extended for use in reactor extrapola

tions (A 1.3) . 

Implosion heating has a high efficiency if the 

rise time cf the external magnetic field is 

shorter than the implosion time of the plasma. 

This is illustrated in Fig. A.4, where the 

normalized plasma radius, y, the acquired 

temperature, kT, and the heating efficiency, 

X (ratio of plasma kinetic energy to total 

energy in the tube), are given as a function 

of 6 for a stepwise applied and constant ex

ternal field. All quantities are given after 

thermalization and equilibration have taken 

place. Although the heating efficiency de

creases with 0, it is still 25% for B = 0,2, 

which is considered a reasonable R for a screw 

pinch. If implosion heating is to raise the 

temperature to the 1 keV range in a screw-

pinch reactor at 8 values below 25%, the rise 

time of the external field will have to be short (a few usee at most) 

as otherwise very high bank energies and high electric field strengths 

at the first wall (< 200 kv/m) would be necessary. 
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Some design parameters of a small screw-pinch experiment, in 

which the theoretical predictions on very fast implosion heating can 

be verified, have been calculated. 

The MHD-equilibrium of an axisymmetric free-boundary plasma 

with homogeneous pressure and an internal bias field was studied numer

ically. The plasma is surrounded by force-free fields characterized by 

constant a (V*B = aB). Constant pitch configurations can often be ap

proximated if o is chosen properly. For a = 0 the plasma is surrounded 

by a vacuum region. Figure A.5 shows two equilibrium configurations in 

the SPICA geometry. For stability reasons the poloidal flux was chosen 

such that the value of the safety factor, q, is nowhere below unity. 

p 1.0 
\ 

• 

^ OB 
CO > ^ B * 

-

» 06 
co 

-

| 04 
V 

-

0.2 - -

0 r 0 
Bp 

-0.2 i > • -

25 

20 

15 

10 

5 

0 

-5 
04 0.5 0.6 0.7 08 

— r tm) 

frig. A.5. Examples of equilibrium configurations in the SPICA geometry. 
In the figures on the left constant flux lines are drawn. The outer flux 
surface represents the surrounding metal wall. The plasma region is shaded. 
In the figure on the right the toroidal and poloidal magnetic field compo
nents in the horizontal plane (z = 0), B* and B_, and the safety factor q 
are given as a function of r. 

1. The plasma is surrounded by a force-free field with approximately 
constant q. 

2. The plasma is surrounded by vacuum. 
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The importance of the force-free currents for the equilibrium is clearly 

seen by comparison of the two configurations: 8 can be en order of mag

nitude higher than in the vacuum configuration. 

The plasma cross-section in the circular geometry becomes D-

shaped for high values of |i. Because of this effect the equilibrium 

displacement at higher values of 3 is much less than would follow from 

first-order calculations. Equilibrium calculations were also done for 

the SP IV b (belt pinch) geometry. Especially for large compression 

ratios, the equilibrium ellipticity of the plasma in a belt pinch sur

rounded by constant pitch magnetic fields is much higher than that of 

a plasma surrounded by vacuum. The cross-section resembles more a race

track than an ellipse. 

Numerical diffusion calculations show that an initially homo

geneous toroidal plasma current density tends to change towards a more 

or less peaked profile. A disappearance of the currents near the wall 

has an influence on both stability and equilibrium of the plasma. The 

influence on stability is demonstrated in Fig. A.6 for the m=l mode. 

1.0 

05 -

^~"~-»^ ' ' 
F ~ 

^^N. m = 1 
\ unstable 

É V i v ' 1-- TI^ISM 

Pig. A.6. Results of a marginal stability analysis for the m=l mode for 
two different profiles of thp toroidal plasma current density. 
The pressure profile is gaussi?.n. Toroidal effects are intro
duced by a periodicity condition. 8 is defined by 

- _, P(o) 

p(o)+B:' (O)/2IJ 
z o 

If the toroidal current density decreases towards the wall, operation 

below the Kruskal-Shafranov limit (q -• 1) is necessary to obtain stable 

high-(3 screw pinches. 

In the q>l region the maximum value of 3 to be allowed is re

stricted by the equilibrium properties of the plasma. Although a de

creasing current density towards the wall results in somewhat less 

l 1 



favourable equilibrium characteristics, high-B values (20*) remain 

possible. 

The numerical work on damping of MHD-waves in an inhomogeneous 

medium has been continued in cooperation with the theoretical division 

TN 1 (see also B 3.1: Wave dynamics in inhomogeneous plasmas). 

For a plane plasma layer and for a cylindrical screw pinch, both sur

rounded by a Trkal magnetic field,the eigenmodes and the resulting 

plasma perturbation have been calculated. This did not clarify the 

exact damping mechanism; the work was terminated. 

A 1.5 MHD-codes for screw pinches 

G.G. Lister. 

Work continued during 1975 on the development of two new time-

dependent MHD-codes to be used for describing screw-pinch experiments. 

The equilibrium code ATHENE I is being developed in the Computational 

Physics group at Culham Laboratories while the dynamic code ATHENE II 

is being developed at Jutphaas. 

Continuing collaboration between the two laboratories has en

sured that the two codes are largely compatible and this has facilitated 

interchange of sections of the programmes. During the latter half of 

the year the code ATHENE II was run in a parameter range appropriate 

to the SPICA experiment and temperatures and electron densities obtain

ed were in broad agreement with experimental results. Correct treat

ment of the outside region remains a basic weakness of the ATHENE codes. 

A numerical model to allow for the effects of neutral particles has 

been designed and will be incorporated into ATHENE II as soon as possi

ble. The code already allows for the possibility of including anomalous 

transport coefficients and it is hoped that appropriate theoretical 

models for these coefficients will be incorporated soon. 

Numerical results from ATHENE II were presented at the Third 

Topical Conference on Pulsed High Beta Plasmas at Culham, 9-12 Septem

ber 1975, and at the APS-meeting in Florida in November 1975. Some of 

the difficulties experienced in running ATHENE II were also found to 

occur in some of the codes developed at Los Alamos and it is expected 

that direct comparisons will be made once these codes are operating on 

the CTR networks CDC-7600 computer at Livermore. ATHENE II is already 

running on Princeton PPL's PDP-10 computer and since each of the 

national laboratories is now equipped with a PDP 10, this version 

may be used for initial comparisons. Results will also be compared 

with the work of John Chu's group at Columbia university. 
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A 2 TURBULENT HEATING (H. de Kluiver) 

H.J.B.M. Brockenal, H.W. Kalfsbeek, H.W. Piekaar, W.R. Rutgers , 

R.A.A. Ambagsc , J.J.L. Caarls, B. de Groot, Th.CA. Winkel; 

students and trainees during 1975: J.A. van Elst, R.G. Haarsraa, 

M.C. van Houwelingen, A.G. Kuiper, A.F.G. van der Meer, 

R.G. Wemmenhove. 

Introduction 

Plasma turbulence may arise whenever microinstabilities are 

excited in a plasma by means of particle beams or high current densi

ties. The increased collision frequency corresponding to the growth 

rate of microinstabilities can have a marked influence on plasma re

sistivity, diffusion, and heating. Often "anomalous" effects in plasma 

devices may be attributed to plasma turbulence. 

Apart from the necessity to understand the mechanism of micro-

instabilities plasma turbulence can be used as an efficient way to 

heat the plasma even at temperatures when joule heating fails because 

of the decrease of the classical collision frequency with increasing 

particle temperatures. In fact turbulent heating can be considered a 

good candidate to the further heating of torus plasmas in view of the 

substantial heating of ions observed in linear experiments (see A 2.1). 

In order to overcome high loop voltages for large toroidal experiments, 

turbulent heating on a longer time-scale will have to be investigated 

(see A 2.3). 

A 2.1 The linear experiment 

H. de Kluiver, W.R. Rutgers, J.J.L. Caarls, A.F.G. van der Meer. 

Turbulent heating of a hollow cathode arc that runs along the 

axis of the magnetic mirror is brought about by a pulsed E,,-field be

tween the arc electrodes. Attention is being paid to the transient 

V-I-characteristics of the phenomenon, to the diamagnetism of the plas

ma and to the energy distribution of the number of ions and electrons 

that can be heated in this way. The shape of hydrogen Balmer lines, 

forbidden helium lines, and the spectrum of superthermal electromagnetic 

a) From 1-11-1975 
b) From 15-11-1975 on leave of abaenca at University of Maryland, U.S.A. 
c) Up to 1-6-1975. 

13 



radiation is investigated. 

Recently, the linear device did undergo a slight modification. 

Until then, the maximum electric field strength of the discharge, that 

induces the turbulence, was 47 kV/m; now field strengths up to 100 kV/m 

are possible. 

To investigate whether these higher field strengths also lead 

to a higher level of turbulence, measurements of the profile of H were 

performed. From these the field strength of the low-frequency fields 

(corresponding to the ion-acoustic instability) and the high-frequency 

fields (corresponding to Langmuir oscillations) could possibly be de

rived. (For a more complete description of this method: see Annual 

Status Report 1974, A 2.1). 

In Fig. A.7 a result is given for a field strength E = 80 kV/m 

ana a density n = 1020 m~3. From the splitting of the Stark components 

(labelled 1,2,3), it is concluded that the low-frequency fields have 

1 — 

1 5 0 -

c 
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c 100 

T T T T 

H„ 
F0r 8 0 kv/m 
Esr 5.4 MV/m 

8x1019/m3 

Fig . A.7 . P r o f i l e of H^ for EQ = 80 kV/m and nQ = 10 20 „-3 showing 
Stark components on the wings. From these the field strength 
of the low-frequency field may be derived: E„ = 5.4 MV/m. 
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increased further to 5.4 MV/m- However, when a plot is made of the field 

strength of the low-frequency fields versus the applied field E (see 

Fig. A.8) it turns out that the turbulence indeed saturates above 

E = 53 to 60 kV/m. 

Because of the unfavourable ratio of A (the Stark splitting 

constant) and f the spectrum shows too little structure to make a pe 

comparison with calculated spectra possible and to determine, in this 

way, the field strength in the high-frequency part of the fluctuation 

spectrum. 

> 
2 

ui 

E 0 Ckv/m) 

Fig. A.8, Field strength of the low-frequency field versus the 
applied field, showing saturation of the turbulence 
above E = 50 to 60 kV/m. 

o 

A 2.2 Detection of far-infrared radiation 

W.R. Rutgers, J.J.L. Caarls, 

The emission of far-infrared radiation was measured at various 

electric field strengths. A liquid-helium-cooled InSb detector in com

bination with broadband (wire-mesh) filters was used as a detector to 
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get the sane spectral resolution. 

The observed signal nay be divided into two parts: 

- radiation near and below the plasma frequency at the beginning of the 

turbulence when the drift velocity is high» 

- radiation of harmonics of the plasma frequency during the last stage 

of the turbulence, when (Tj/T^ =* 0.3 and (u/cs> * 1, with only mar

ginal ion-acoustic instability.(See also Annual Status Report 1974). 

In Fig. A.9 it is shown that between 50 and 60 kV/m the output 

of radiation during the last stage is at a maximum, whereas the produced 

radiation at the beginning of the turbulence increases all the way up 

to BO to 100 kv/m (see Fig. A.10). 

50 60 70 80 

-»• capacitor voltage (KV) 

Fig. A.3 . Output of the infrared radiation during the last period of the 
turbulence versus the applied field (n = S'101^ m " 3 ) . 

o 
& » radiation between f and 3f 

0 - radiation between 2 f and 4f 
pe pe 
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Fig. A.10. Output of the radiation at the beginning of the 
turbulence versus the applied field (n = 5x10*9 cm ) 
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A 2.3 Toroidal turbulent heating experiment "TORTURE I" 

H.W. Piekaar, H.W. Kalfsbeek, H. de Kluiver, H.J.B.M. Broeken, 

B. de Groot, Th.G.A. Winkel. 

This turbulently heated tokamak will demonstrate whether or not 

efficient turbulent heating is possible in toroidal devices. A meaning

ful study of the formation and subsequent diffusion of the skin current 

can be made because of the relatively large mino*: radius. The question 

as to how the final temperature depends on the density and on the mag

netic field is related to the skin depth. 

In general, B-poloidal can be controlled by short-circuiting 

the heating bank, allowing us to study how S-poloidal or turbulent 
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heating affects the equilibrium, stability, and energy confinement 

time of tokamak plasmas. 

Experimental results 

Macroscopic measurements of loop voltage, current, diamagnetism 

and position of the plasma column have been carried out as a function 

of filling pressure (toroidal DC magnetic field and capacitor bank 

voltage constant) and of bank /oltage (filling pressure and toroidal 

magnetic field constant). The results have been published at the 

Lausanne Conference (September 1975). It has been found that effec

tive electron and ion heating by strong ion-acoustic turbulence occur 

in the plasma. No major plasma losses occur during the heating process. 

Measurements of the electron density and temperature in the skin of 

the discharge by means of Thomson-laser scattering have been made. The 

pre-discharge electron temperature could be determined rather accu

rately, varying from 20 up to 50 eV. The final electron temperature 

could not be determined accurately due to the poor signal-to-noise 

ratio for the high electron temperatures expected (around 1 keV or 

higher). A new setup of the scattering measurements has been started 

to improve the signal-to-noise ratio. Time-resolved measurements of the 

current-density distribution by means of a fast magnetic multiprobe 

showed rapid skin-current formation and subsequent decay of this pro

file into a stable flat profile. Measurements of the internal diamag

netism showed concentrations of energy in the skin. In future, more 

accurate methods have to be devised to determine the pressure profiles 

during the various phases of the heating and containment of this 

tokamak plasma. 

Measurements of the soft x-ray radiation from a carbon target 

inserted in the plasma, utilizing a multichannel pulse-height analyzer, 

did not result in a determination of the electron temperature, due to 

insufficient sensitivity at lower energies ("- 1 keV) . A new approach 

to these measurements - the detection system being a sensitive elec

tron-multiplier tube (Bendix) in combination with various absorbers -

is under construction. Various electrostatic (mono and double) probe 

measurements corroborated the results obtained by other methods. 

Considerable efforts have been spent in writing the computer 

programmes needed to handle the large amount of data produced by the 

magnetic multiprobe and other diagnostics. The original system of re

cording on paper tape will, in the near future, be replaced by an on

line arrangement with a PDP-11 computer "in situ". 
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Computer study 

A computer model describing the rapid skin-current penetration 

and heating of the plasma by means of ohmic dissipation, anomalous heat 

conductivity, various turbulent wave processes (damping, transport), 

had been started. On the basis of this model the early-and-mid-stage 

of the current penetration can be explained. Furthermore, it seems 

that energy transport due to ion-acoustic waves is not a likely candi

date for the rapid heating of the plasma core inside the skin, observed 

in other experiments. However, energy can be deposited by Langmuir 

waves travelling from the skin to the inside region, subsequently de

caying into ion-acoustic waves and other Langmuir waves. 

Ion-temperature measurements 

on source 

charge-exchonge 
ceit 

neutral beam 

10-chonnei 
analyzer x ^ T y 

Neutral particle beams are used 

more and more in the diagnosis of 

plasmas. An experimental method has 

been developed which makes it possible 

to investigate the local plasma ion 

energy distribution. Figure A.11 shows 

the experimental setup. 

The method is based on the injec

tion of a stream of hydrogen atoms 

into the plasma and using this stream 

as an artificial target for resonant 

charge exchange with the plasma ions. 

The charge-exchanged neutrals from the 

plasma enter the 10-channel electrostatic analyzer through a stripping 

cell. See also: Neutral particle spectroscopy (A 5.5). 

Theoretical values of the resulting ion flux into the analyzer 

have been worked out. In Fig. A.12 the ion flux entering the analyzer 

(particles MS~'A~'' of the ion source and per channel of the analyzer) 

is given versus the energy for which a channel is sensitive (T. = 200 ev). 

Since the value of this particle flux will also depend on the losses 

of the reutral beam in the plasma, the actual flux is expected to fall 

between the two curves. 

•strJuping cell 
i 

Fig . A .11 . The experimental s e t u p . 
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Fig. A.12. Calculated results. 
Beam energy: 30 keV, AE/E = 0.14 
Plasma density: I02" m~' 
Spatial resolution: 31. 

A 2.4 Toroidal turbulent heating work at Saskatoon 

H.W. Piekaar. 

The greater part of the year was spent at the Plasma Physics 

Laboratory of the University of Saskatchewan (Saskatoon, Canada), headed 

by Professor H.M. Skarsgard and Dr. A. Hirose. 

Turbulent heating is an effective method to significantly raise 

the temperature of a plasma. The heating process, however, is usually a 

short one, as the drift velocity, in general, quickly falls below the 

critical velocity needed for the excitation of the ion-acoustic insta

bility. Consequently, the amount of energy needed to heat a plasma up 

to the desired temperature has to be supplied in a correspondingly 

short period of time, which, in turn, implies rather high heating cur

rents. It has been suggested that the safety factor q coul : be main

tained at a more acceptable level by applying a number of smaller 

consecutive heating pulses. We have investigated a double pulse oper-
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ation to study a suchlike scheme of operation. A first attempt to apply 

a double pulse (Hirose, 1*73) was encouraging as T. was raised by a 

factor of 7 - 8 compared to the single-pulse experiment. However, also 

in this experiment the heating was terminated by u falling below u 

due to the increase in T . Since then, the energy containment in this 

experiment has been improved upon by utilizing a vertical field to 

keep the plasma column at the axis of the torus (Hirose, 1974). Never

theless, the heating process again halted as soon as u < u . 

In the experimental sequence reported here, we have been able 

to maintain u > u during the second heating pulse. The termination of 

the heating process is now due to the limit of B_, i.e. the temperature 

of the ions saturates at 90 ev at which the ion Larmor radius equals 

the radius of the vessel. The ion-energy distribution is again charac

terized by the superposition of 2 Maxwellians. If the ion temperatures 

are interpreted in terms of the stochastic heating resulting from the 

finite correlation time of the ion-acoustic turbulence, electric micro-

fields of 3.5*10s VnT1 can be derived. The experiments have been per

formed in a glass torus (R= 19 cm, r = 3.3 cm) in a low-pressure 

(0.8 mtorr) argon gas. The plasma is confined by a toroidal magnetic 

field of 0.6 tesla. The first heating pulse, E <_ 2 kV m"1 , causes a 

toroidal current of 1.5 kA. The second heating pulse, E <_ 5 kV m"1 

causes the current to peak to 5 kA. 
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A 3 GAS-BLANKET RESEARCH (L.Th.M- Ornstein ) 

E.P. Barbian , H.J. Goedheer, R.S. de Haas, L.C.J.M. de Xock, 

J. Lok, J.A. Mark voort, R.W. Polman, H.J. Schrader, H. Schrijver, 

F.C. Schüller , H. van den Boom, G.J. Boxman* , J.J. Busser, 

O.G. Kruyt, H.A. van der Laan, B.J.H. Meddens; students and 

trainees during 1975: G.H. Alberda, A.A. van Ballegooijen, 

M. Borrias, M.J. Goedkoop, H.A. van Lint, H.G. Lokhorst, 

A.C.J. Meesters, J. van Os, H.G. Polderman. 

Introduction 

The aim of the gas-blanket research is to protect a plasma from 

the contaminating interaction with the walls of the discharge vessel by 

surrounding the hot central core with impermeable layers of relatively 

cold plasma and neutral gas. In recent experiments with increased 

plasma density in the Alcator facility (cf A 4) a confirmation of 

the principle of impermeability is found in the strongly decreased flux 

of charge-exchange neutrals from the plasma; there, the mean free path 

for interception of neutrals originating from the core (charge-exchange 

and ionization processes) is shorter than the linear dimensions of the 

plasma. In those experiments the impermeable blanket is formed by pulsed 

gas influx after the establishment of a high-temperature, low-density 

plasma. During the density increase the ohmic power input is sufficient 

to overcome the energy losses,as the energy confinement is found to 

increase with increased density. In the Ringboog experiment (A 3.1.1) 

a toroidal discharge is struck at higher filling pressure, leading to 

plasma densities somewhat higher than the upper limit reached in the 

Alcator experiment. Even at high discharge currents (up to 72 kA) under 

high loop voltages (up to 560 V) the ohmic heating in Ringboog is not 

fast enough to yield high temperatures since the energy confinement is 

poor - even poorer than expected from classical, collisional, Pfirsch-

Schliiter ion heat conductivity - due to the occurrence of a.o. unexpect

edly strong plasma instabilities. 

In order to obtain more interesting, stable toroidal discharges 

with gas blankets, the Ringboog facility is at present being redesigned. 

The experiment will be provided with a stainless-steel discharge vessel 

to make uncontaminated plasma operation at lower densities possible. 

Furthermore, a direct control of the temperature and current-density 

a) At MIT, U.S.A. during part of t h i s period. 
b) From 1-1-1975. 
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p r o f i l e s w i l l bfc invest igated by inducing fas t addit ional currer.' 
pulses flowing - skin layers at the outs ide of the centra^, -urrent-
carrying channel vwe A 1 . 1 . 2 ) . 

As an extension of the programme a larger experimental f a c i l i t y 
wi l l be considered to study the plasma gas-blanket concept with appre
c iab le plasma heating and with discharge operation sustained over a 
time interval long compared to the energy-replacement time in the plaS-
I P A . 

Numerical ca lcu la t ions were done to simulate plasma gas-blankec 
and tokamak experiments; the computed p r o f i l e s dominated by pseudo-
c l a s s i c a l or Pfirsch-Schluter d i f fus ion w i l l be compared with the ex 
perimental f indings (A 3 . 2 . 1 ) . Also , the energy balance in the blanket , 
taking into account radiat ion, i on i za t ion , and d i f fus ion i s studied 
numerically (A 3 . 2 . 2 ) . A numerical model of a s teady-s tate thermonuclear 
reactor i s studied in which f u e l l i n g i s provided by di f fus ion from the 
high-density blanket towards the hot core , whereas the reaction product, 
helium, i s removed by outward d i f fus ion (A 3 . 2 . 3 ) . I t i s s t i l l a point 
of discussion i f in t h i s model a s u f f i c i e n t l y low-« value can be 
found corresponding to the l imi t ing value set by magnetohydrodynamic 
equilibrium and s t a b i l i t y considerations for toroidal systems. 

Earl ier supporting experimental work on ar, 8 kHz inductively 
coupled toroidal arc and on a part ly toroidal DC-arc s tab i l i zed by 
a poloidal gas vortex came to a conclusion. The experimental r e s u l t s , 
presented in the Annual Status Report 1974 have been further worked 
out and are in preparation for publ icat ion . 

A 3 .1 .1 The Ringboog experiment 

R.S. de Haas, L.Th.M. Ornstein, F.C. Schüi ler , C.J. Boxman, 
J . J . Busser. 

The experimental f a c i l i t y Ringboog (Fig. A.13) i s a tokamak-
l ike device with dimensions R - 0.52 m, a = 0.087 m and a toroidal 

o 

magnetic field B_, - 3.2 T (maximum). The discharge is struck in hydro

gen gas; the discharge vessel consists of a quartz torus. The induction 

circuit consists of an \.2 Vsec iron core, the primary field is fed by 

capacitor batteries. There is no copper shell; plasma equilibrium can 

be obtained by careful tuning various vertical and horizontal magnetic 

fields. More details on the construction and operation have been re-

ported elsewhere '. 

The first results of the experiment were obtained at discharge 

currents I = 7. 5 kA with B_ = 1.65 T and filling pressure p = 2 .4 <\ 0~- torr 
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Pig. A.13. Cut-away view of the Ringboog experiment 
1. silicon-iron transformer core, 
2. primary windings, 
3. pre-magnetization turn, 
4. 24 Bitter-type coils for toroidal field 

with eccentric bore, 
5. return winding for Bitter coils, 
6. vertical field coils, 
7. coils for horizontal stray-field correction, 
8. 4 diagnostic T-ports, 
9. vacuum vessel wall (quartz). 

2) as reported earlier (and quoted as regime I). The maximum current value 

reached is 72 kA at the maximum magnetic field of 3.2 T. Most measure

ments are taken at I * 25 kA and B_, = 1.65 T with or without a copper 

limiter for various filling pressures (regime II: p = 2.4xl0~2 torr 

and regime III: p = l.OxlO"1 torr). The results are commented upon 

below in various sub-sections dealing with the diagnostic methods ap

plied3* . 

Laser interferometry (C.A.J. Hugenholtz, B.J.H. Meddens; see 

also A 5.4) 

For density measurements two types of infrared lasers were used: 

an HCN-laser (A = 337 pm) and a C02-laser (A = 10.6 um). At the densi

ties normally reached in Ringboog (n > 7*1020 m"1) the diffraction 

of the probing beam in case of the HCN-laser was already so large that 
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Fig. A.14. Radial distributions. 
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A. The density, n (r), inferred from CO -laser interferometry, n , and 
e Z G 

confirmed by measurements on axis of the Thomson-scattering intensity, 
Th sr 
n 
e 

B. The electron temperature, T (r), derived from the local electrical 

conductivity, T , and confirmed by the value of the electron tempera-
Th sc ture on axis determined by Thomson scattering, T 
e 

C. The plasma pressure p(r), calculated as 

p(r) = ƒ (jXB)'d*r , 
a 

using measured and derived current-density and magnetic-field profiles, 

D. The plasma pressure p(r) , calculated as p(r) = 2n n (r)kT°(r). 
e e 

Discharge parameters: I = 21 kA; B = 1.65 T; p = 10"1 torr (regime 111). 

the measurements became unreliable. The results with the C02~laser 

turned out to be so reliable that this interferometer has become a 

standard diagnostic: 

- the averaged density <n > measured at the same plasma current I and 

toroidal magnetic field B T turns out to be linearly proportional to 

the filling pressure, 
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at low magnetic field (BT - 2 T) the density reaches a flat top level 

in 200 usee and remains constant; at high magnetic fields (B.= 3.2 T) 

the density reaches the same value in the same 200 gsec time inter

val, then increases further on a slower time-scale until the end of 

the discharge; the density depends only slightly en the plasma cur

rent, 

- persistent fluctuations in the density (An /<n > ** 10%; f = 10 kHz) 
e e 

a re p resen t for I > 10 kA; s imi l a r f l u c t u a t i o n s , appa ren t ly due to 

a plasma i n s t a b i l i t y , a r e found on many s i g n a l s from va r ious o the r 

measuring a p p a r a t u s e s . 

- a r a d i a l scan i n d i c a t e s a hollow d e n s i t y p r o f i l e (see F i g . A.14 A) 

in d i scharges of both regimes I I and I I I , 

Spect roscopic s t u d i e s of t he emi t ted l i g h t confirm the e x i s 

tence of the hollow dens i ty p r o f i l e s : s ide-on measurements of the H--

l i n e show i n t e n s i t y maxima which a re a f ac to r 3 higher than the minimum 

on a x i s . 

Thomson s c a t t e r i n g (E.P. Barbian, C . J . Bar th ; see a l s o A 5.6) 

The a r ray of a pulsed ruby l a s e r (mostly operated a t a power 

of 200 MW and a pulse du ra t ion of 15 ns) and an o p t i c a l mul t ichannel 

analyzer i s used a s a d i a g n o s t i c t o o l t o measure, a t a s c a t t e r i n g angle 

of 90° , the l oca l e l e c t r o n temperature and d e n s i t y . 
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Fig. A.15. Logarithm of the measured scattered intensi ty versus 
the square of the wavelength displacement. By curve 
f i t t ing the electron temperature i s determined to be 
T = 2.2 eV at n = 2.1xl02 1 m-3 (regime I I I ) , e e 
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The total number of registered scattered photons is transformed 

into 200 and 600 counts in regimes II and III respectively. By com

paring with the Rayleigh-scattered light from a standard N2 pressure 

filling the density values in the two regimes can be determined to be 

n = 7*1020 m"3 and 2.1*1021 m'3 . 
e 

To measure the electron temperature the gaussian distribution 

of the Thomson-scattered light is reproduced by about 20 channels 

(2.5 8/channel) of the analyzer; by curve fitting with the least-

squares method the temperature value is determined to be about 2.5 eV 

in both regimes II and III (see Fig. A.15). 

Vacuum ultraviolet spectroscopy (A. Ravestein, W.J. Schrader, 

A.A. van Ballegooijen, R.A. van Dijk-Assanova; see also A 5.2) 

Electron temperatures of the Ringboog plasma have been deduced 

from the intensity ratios of three pairs of impurity lines: 

CII,904 8/CHI,977 8; Nil,916 8/NIII,990 8; Nil,645 8/NIII,686 8, 

in discharges of relatively low current (about 10 kA). Spectra were 

recorded photographically (Ilford Q2 plates) of ten discharges super

posed with a duration of 3 milliseconds each. No corrections were 

applied for temperature variations during the pulse or for deviations 

from the equilibrium between ionic states and electron gas due to ions 

flowing inward or outward. The temperatures deduced, To = 3 to 4 eV, 

agree with those from other diagnostics. 

A special flange in one observation port makes it possible to 

obtain spectra at 14 different locations in height in the Ringboog 

machine without drastically disturbing the vacuum. Spectra made with 

this arrangement clearly show that short-wavelength impurity lines are 

radiated mainly from the central plane and less from regions above or 

below it, indicating that the temperature in the centre is higher. 

At high discharge currents (about 4 8 kA), lines of the higher 

ionized states CIV, NIV, OIV, appear; discharges with 20% helium ad

mixture at these currents neatly show the Lyman series of He II: 

304 8, 256 8, and 243 8. 

Magnetic probing (J. van Os, O.G. Kruyt) 

As the plasma temperature is not very high and the pulse dura

tion is relatively short, it is possible to insert magnetic probes in 

the plasma without damaging the probe or disturbing the plasma serious

ly. Preliminary shot-to-shot measurements were taken with a single 

probe; a multiple probe is nearly operational. The current-density 
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4) distribution derived by spatial differentiation of both the poloidal 

and toroidal magnetic field showed large irregularities due to rela

tively small shot-to-shot variations. The use of data-smoothing pro

cedures gave acceptable curves which, however, were of some value only 

to obtain a general idea on the MHD-behaviour of the plasma. The 

toroidal current density together with the measured toroidal electric 

field strength (E =* 100 V/m) gave the local conductivity from which 

a temperature profile T (r) could be derived using Spitzer's formula 

with Z ,, = 1 (see Fig. A.14 Bj. The result is in rather good agree

ment with the Thomson-scattering measurements taken on axis. The 

poloidal and toroidal current-density profiles have been derived from 

the measured radial distributions of the poloidal and toroidal compo

nents of the magnetic field. From these distributions it is possible 

to calculate the pressure distribution by spatial integration of 

i x B. An example can be seen in Fig. A.14 C. The pressure profile 

is also calculated as p{r) = 2ninf(r)kT°(r) (Fig. A.14 D). The dis-

crepancy of the results can be explained by the fact that not all 

quantities were measured at the same poloidal angle so that toroidal 

deviations from cylinder symmetry may play a role; also, the contri

bution of the pressure of neutral gas at the wall is not taken into 

account. Observe, furthermore, that the possible error in both p(r) 

curves is ct least 15%. Both curves clearly indicate that not only 

the density profile but also the pressure profile is hollow in this 

type of discharge. This fact could possibly be the cause of the in

stabilities observed. 

RF-radiation (L.C.J.M. de Koek) 

As ths temperature is rather low and the current density is 

high, it is not difficult to reach the limit 

Vd = j/ene - /kTe
/mi * 

When this limit was exceeded, rf-radiation could be detected by means 

of a wide-band receiving antenna. Frequency analysis, e.g. by means of 

a tunable YIG-filter showed that the radiation consisted of broad-band 

noise between o)T„ (=» 1 GHz) and Q> . I* 6 GHz) . 
Lin pi 
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Distribution of the floating potential (H.G. Polderman. 

O.G. Kruyt) 

The floating potential of a set of small stainless-steel 

tipped probes was measured as a function of position and time. 

When averaged over a time interval much longer than the instability 

period, the floating potential distribution reveals the double-vortex 

pattern of the Pfirsch-Schlüter convection (see Fig. A.l6a). The mag

nitude of the local velocity is roughly in agreement with the pre

dictions from the Pfirsch-Schlüter theory. The fluctuations of the 

floating potential due to a 10 kHz instability (see Fig. A.16b) are 

in the order of 100 volt. The poloidal mode-number m is zero, the 

maximum amplitude is found on the axis. The toroidal mode-number n 

is not equal to zero but is an unknown combination of n = 1 and higher 

mode-numbers. The cause of this instability is unknown but one may 

expect a connection with the hollow pressure profile. 

7 — I — r — l — r — I — r i i T | i — i — i 1 1 r 

0.45 0.50 0.55 0.60 

»- mojor radius R (m) 

Fig. A.16a. The floating potential distribution (volt) in the 
meridional plane averaged over the time interval 
t = 1.5 - 2.5 msec. The floating potential of the 
metal diagnostic port is also taken as zero. 
B =1.65 T; I = 20 kA; p - 10~' torr (regime III). 
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Fig. A.16b. The power spectrum of the f luctuat ions on the 
f loat ing potent ia l for three d i f f erent radi i 
at the same type of discharge as in Fig . A.16a. 

A 3 .1 .2 Turbulent additional heating of Ringboog 

L.C.J.M. de Koek, W. van den Boom. 

In 1974 funds had been granted for an experiment to heat the 
Ringboog plasma by means of one or more addit ional current pulses with 
a fas t r i s e time. The skin e f f e c t w i l l force t h i s current to flow in 
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the outer regions, thus providing a means to control the current-

density profile. As it is well known, the current-density profiles 

determine the macroscopic stability of a plasma to a great extent. The 

current density in the skin layer will be so high that the electron 

drift velocity exceeds the ion sound velocity. In this way weak turbu

lence is generated, leading to additional heating of the outer region 

of the plasma, and consequently, to broadening of the initial current-

density profile. 

Because the theory on the penetration of the skin current is 

still insufficiently developed, provisions have been made to induce 

two independently controllable current pulses: the current as well as 

the timing variable. The maximum current in the skin is estimated to 

amount to 50 kA, taking the proposed circuit parameters into account. 

The rise time of the current pulse is 5 us. For sufficient 

coupling, the primary current in the toroidal direction will be fed 

through a copper shell, which will closely surround the plasma. The 

modification also includes a change from the present quartz discharge 

vessel to a stainless-steel vessel, which for the greater part will con

sist of bellows. The stainless-steel vessel will be operated under 

cleanest vacuum conditions possible. The design objective is an 

ultimate pressure of lC~f1 torr. 

The high starting voltage as well as the fast-rising current 

pulses can only penetrate this structure through ceramic breaks. In 

order to keep the voltage across the breaks sufficiently low, four of 

them will be evenly distributed over the toroidal direction. 

In order to accommodate the new structure, the bore of the 

Bitter coils of the toroidal magnet will be enlarged from 0.24 m to 

0.30 m. The ripple of the magnetic field lines at the plasma edge is 

< ö^lO-' m. This is equivalent to a local mirror ratio of 1.14. The 

maximum toroidal magnetic field expected on the axis, i. spite of the 

higher resistance of the Bitter coils, is still 3 T. This is possible 

by using the new 25 MW rectifier, to be installed in 1976. 

The future experimental programme will be: 

I Study of the Ringboog discharge in the clean discharge vessel, in 

particular the behaviour of the breaks under discharge conditions, 

the possibly decreased contamination of the plasma, the improved 

stability due to the copper shell, etc. 

II Study of the additional heating pulses as applied to the Ringboog 

discharge: the penetration of the skin current, the long-duration 

influence on the current-density and temperature profile- after the 

heating pulses, etc. 
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Ill Operation of the Ringboog experiment in a tokamak mode: the wall 

bombardment as compared to a Ringboog discharge, the high-density 

tokamak operation with pulsed gas influx. 

At present the tests on critical components are completed, the 

design is finished, and some parts are already -mder construction. 

A 3.2 Numerical calculations 

W.J. Goedheer, J.A. Markvoort, H. Schrijver, H.A. van Lint; in 

collaboration with J. Rem, theoretical division. 

A 3.2.1 Simulation of gas-blanket and tokamak experiments 

H. Schrijver. 

The computer code "ICARUS" has been installed on the CDC 6500 

(Cyber 73-28} computer system of SARA at Amsterdam. ICARUS is a one-

dimensional plasma diffusion code, developed by the Computational 

Physics Group of the Culham laboratory in England . The code is struc

tured according to the rules of the "OLYMPUS" family '. 

The original version of ICARUS contains the neo-classical dif

fusion model with some ad hoc changes to represent pseudo-classical 

and Pfirsch-Schliiter electron diffusion. A simple heuristic model is 

used for the ionization of neutral gas: the flux of particles being 

lost at the plasma boundary is used to establish a i.eutral flux suffi

ciently large to keep the total density constant. 

The most dominant diffusion loss in the Ringboog experiment 

must be due to the ions, because the collision frequencies are much 

higher than in conventional tokamak experiments and the diffusion of 

both electrons and ions will be classical. Therefore, the Pfirsch-

Schlüter transport model is taken for electrons and ions as well. The 

structured nature of ICARUS makes it possible to introduce all the 

necessary changes in only two subroutines, TRANS and SOURCE, leaving 

the remaining code intact. The present version runs correctly and 

comparisons with the experimental Ringboog results will be made. In 

collaboration with Dr. A. Taroni from the CNEN computer centre in 

Bologna, Italy, a comparison will be made between the ICARUS results 

and the Düchs code with the same Pfirsch-Schlüter diffusion model. 

The next important change to ICARUS will be the introduction 

of a more realistic model for the neutral interactions at the plasma 

boundary. 
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A 3.2.2 The energy balance of a cylindrical plasma column with a 

"gas blanket" 

W.J. Goedheer, H.A. van Lint. 

The aim of this work is to study the partially ionized and neu

tral regions of a plasma gas-blanket system. 
8) The adapted code of Verboom , in which local thermodynamic 

equilibrium (LTE) is no longer assumed, was rewritten in the Olympus 

system in order to make it better structured and easier to handle. 

The results obtained with this Olympian code show temperature, 

pressure, and neutral-density profiles which differ considerably from 

the earlier results in case of a low wall pressure. The neutral density 

calculated from the reduced set of rate equations is much larger than 

in the case of LTE. Due to this, the temperature and pressure profiles 

are more peaked, which in turn leads to a higher electric field and a 

lower total current. 

Since in the above-mentioned code the poloidal magnetic field 

connected with the discharge current was not accounted for, the temper

ature on the axis must not exceed 20 eV. In order to obtain some infor

mation about the influence of this magnetic field it was now included 

in the LTE-version of the code. The most significant change which 

occurs is the change of sign of the azimuthal current j at a radius 

where ö = 2u (p +p.)/B; * 0.09. o e ï 

The influence of diffusion on the ionization balance was treated 

by taking the radial flux of electrons n v as an independent variable, 

which is calculated by integration of the continuity equation. The 

first results of this method showed an electron pressure which became 

constant at the wall, whereas the temperature at the wall was decrea

sing. Due to this, it is impossible to obtain a neutral region. Now, 

attempts are made to include the effects of the emission of radiation 

in the boundary layer which should result in a higher gradient for the 

electron pressure and a lower one for the temperature. 

A 3.2.3 A model of a steady-state DT gas-blanket reactor 

J.A. Markvoort. 

The hydrogen and helium density profiles in a model of a 

steady-state gas-blanket reactor were analyzed. The fuel supply (a 

deuterium-tritium mixture) and the ash {helium} removal take place by 

diffusion while the thermonuclear energy is carried off by heat conduc-
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t i on and r a d i a t i o n . The behaviour of the plasma i s descr ibed by the 

r e s i s t i v e m u l t i f l u i d MHD-equations. The se t of equa t ions d i f f e r s in 

one important aspec t from the usual ones as the thermoforces a r i s i n g 

from both e l e c t r o n - i o n and ion- ion c o l l i s i o n s a r e taken i n t o account . 

To t h i s end, a genera l a n a l y t i c a l express ion for t h i s t h e r m o - e l e c t r i c 

force term for c o l l i s i o n s of charged p a r t i c l e s of a r b i t r a r y masses and 

charges had t o be d e r i v e d . These equa t ions were solved numer ica l ly with 

a Runge Kutta method for a c y l i n d r i c a l l y symmetric geometry. The thermo

forces o r i g i n a t e from the r a d i a l temperature g rad ien t pe rpend icu la r t o 

an e x t e r n a l l y app l i ed magnetic f i e l d ; t he se forces give r i s e t o an a z i -

muthal c u r r e n t . The azimuthal c u r r e n t and magnetic f i e l d cause the 

Kinet ic p r e s su re t o be much l a r g e r in t h e c e n t r e (100 atm) than a t the 

boundary (0 .1 a tm) . A s i m i l a r r e s u l t has been found in the r e a c t o r 

models of Verboom-Rem and Lehnert where the thermal force due t o 

ion-ion c o l l i s i o n s i s not inc luded. In our genera l i zed c y l i n d r i c a l 

model r e a l i s t i c r e a c t o r parameters were found in which s t a t i o n a r y s o 

l u t i o n s a r e p o s s i b l e . 

As the in f luence of t he thermoforce due t o ion- ion c o l l i s i o n s 

on the d e n s i t y p r o f i l e s i s l a r g e r than the force due to e l e c t r o n - i o n 

c o l l i s i o n s , the d e n s i t y p r o f i l e s a re completely d i f f e r e n t from those of 

Verboom-Rem and of Lehner t . In our case the deu te r ium- t r i t i um density-

decreases towards the w a l l , while the helium d e n s i t y i s a s t r o n g l y i n 

c reas ing funct ion of t h e r a d i u s . However, because of the temperature 

g rad ien t these p r o f i l e s were shown s t i l l t o lead to the requi red ash 

removal and fuel supply by d i f f u s i o n . In the o u t e r p a r t of the plasma 

column the Nernst terms due t o e l e c t r o n - i o n c o l l i s i o n s lead t o the 

following r e l a t i o n between the p r e s su re g r a d i e n t s and the d e n s i t i e s : 

(Vp_,/n.) = (Vp4 /2n.) ( i . e . nVT/n. = c o n s t a n t ) , while for our extended 

model in which the Nernst terms due to ion-ion c o l l i s i o n s a re a l s o 

included, t h i s r e l a t i o n i s modified to read n ^ T - 1 " 2 f ' / n . = c o n s t a n t , 

where the s u b s c r i p t s d and 4 r e f e r to d e u t e r i u m - t r i t i u m and helium 

r e s p e c t i v e l y . 

For a r a d i u s of 1 metre (with a x i a l parameters of the p ressure 

p % 100 atm, the tempera ture T = 4 ' 1 0 ' K, and the r a t i o a a 
n ^ 3 / ï n ^ +nA^ * 1-6, and with a magnetic f i e l d s t r eng th a t the wall 
of B = 3 T) a power product ion up to 1 GW/m can be ob t a ined . The r a d i a l 
v e l o c i t y wi th which the fuel has to be suppl ied , i s then shown t o be 
in the order of m i l l i m e t r e s per second-

F i n a l l y , the r e s u l t i n g impuri ty p r o f i l e in t h i s DT-reactor 
model was i n v e s t i g a t e d . In t h i s c a s e , the f l u i d s are e l e c t r o n s , d e u t e 
r i u m - t r i t i u m , helium, and a high Z- impur i ty . Numerically as well as 
a n a l y t i c a l l y , i t was found t h a t the ion- ion thermoforce proves t o be 
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of fundamental importance and causes the favourable result that the 

density profile of the impurities has a minimum on the axis. 

E 
• « 

o 

'T i 1 r-

->Vc 
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r (10*m) --*. r HO m) 

Fig. A.17. 

The deuterium-tritium and helium density and The profiles of the radial velocities 
temperature profiles for the boundary values: 
T = 0.2*10'J K, B = l T , p =100 atm, 
a a a 
C = 0.38. 
a 

for the boundary values: 
T = 0.2X109 K, 8 = 1 T, p - 100 atm, 

C = 0.38. 
a 
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A 4 ALCATOR (L.Th.M. O r n s t e i n , c o o r d i n a t o r ) 

Cooperation FOM-Instituut voor plasmafysica and Massachusetts I n s t i t u t e of 
Technology, Cambridge, Mass . . U.S.A.*) 

A.A.M. O o m e n s * 1 , L .Th .M. O r n s t e i n b ) , F . C . S c h i i l l e r c ) , 

G . J . Boxman 

Introduction 

During this year the operation of Alcator has been very success

ful. It has been demonstrated that in this tokamak experiment, which is 

characterized by a high toroidal magnetic field, good plasma confinement 

can be obtained. A special point of interest is the fact that the 

plasma density, n . can be varied over a wide range: 

5 * 10 l z cm" 3 < n < 6 * 10 l "• cm"3 . — e — 

In the low-density range a so far unknown discharge regime was discov

ered, the "electron slide-away" regime. At high densities, in the 

"Coulomb regime", long energy confinement times, T , were observed: 

T„ =• 20 msec. The confinement parameter ni then reaches a value of 

1.5*1013 cm"3 sec at electron and ion temperatures T =* T. =• 1 keV. 

The continuous participation of the FOM guest team came to an 

end by mid 1975; the cooperation was only continued in relatively short 

working visits to MIT. In the past five years 14 experimentalists, 

engineers and theoreticians of FOM have taken part in the Alcator pro

gramme, a total of 17 man-year, resulting e.g. in more than 30 publi

cations. As a conclusion of the Alcator venture of FOM, a survey of 

the experimental results is given here, to a certain extent along the 

lines of the invited paper given at the 7th European Conference on 

Controlled Fusion and Plasma Physics, Lausanne, September 1975 (Ref.l). 

Recent contacts with the MIT group made it possible to include also 

the latest results. 

) Supported by the U.S. Energy Research and Development Administration under 
Contract E(11-1)3070. 

a) Unt i l 20-7-1975. 
b) From 17-5-1975 u n t i l 15-6-1975 and from 13-8-1975 u n t i l 21-8-1975. 
c) From 20-1-1975 u n t i l 6-3-1975 and from 27-10-1975 u n t i l 19-11-1975. 
d) Un t i l 5-7-1975. 
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Low- and high-density operation of Alcator 

2) Alcator i s a tokamak device with major radius R = 54 cm, 
l imi t er radius a = 9.5 cm, and maximum toroidal f i e l d , B , of 100 kG 
(see Pig. A. 18) . The re su l t s reported here were obtained with toroidal 
f i e l d s in the range of 30 to 75 kG. The corresponding plasma-current 
range was 50 to 200 kA, with discharge duration from 70 to 650 msec. 
The lowest base pressure obtained was about 5*iO - 1 0 t orr . Vigorous 
discharge c leaning, accomplished by audio-frequency e x c i t a t i o n of the 
ohmic system, preceded each run. The majority of the measurements were 
performed in hydrogen or deuterium. Additional measurements were per
formed in helium and other gases or with a control led dose of oxygen 

Fig. A.18. Cut-away view of the Alcai^r experiment: I . toroidal magnet of 
the Bi t te r type; 2. primary coi l of the a i r -core transformer, 
3. s t a in le s s - s t ee l discharge vessel ; 4. s tab i l i z ing copper she l l ; 
5. co i l s for magnetic compensation f ie lds ; 6. observation ports ; 
7. dewar to ensure the cooling of the f ac i l i t y to l iquid-nitrogen 
temperature; 8. plasma torus . 
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or nitrogen as contaminants. The normal filling pressure was about 

lxiO-t* torr; initial plasma density corresponds closely to this pres

sure. For clean machine conditions, the density always decreases with 

time, with the predominant decrease occurring in the firj1-. 5 msec of 

the discharge. In order to vary the plasma density, and therefore the 

electron flow velocity, additional gas is injected after toroidal 

equilibrium is established. In this way plasmas with average electron 

densities, <n >, in the range of 5*1012 cm-3 to 4.5xlOIl+ cm"3 have 

been investigated. 

Two main regimes of operation are encountered, characterized 

by the value of the streaming parameter, £ ~ <uii/v1-he
>' w h e r e u|| ^vthe' 

is the local flow (thermal) velocity of the elect, ons; the average is 

over the minor toroidal cross-section. In one, the classical or 

"Coulomb" regime which occurs for relatively high density and low 

values of £, the electron distribution function appeared nearly to 

be Maxwellian as measured by both laser and soft x-ray techniques. In 

the other, the anomalous or "slide-away" regime, characterized by re

latively low density and high values of i , the electron-distribution 

function inferred from these measurements is not Maxwellian. This 

regime is also characterized by strong heating of ions (up to 

T. ~ 1.2 keV) accompanied by emission of rf-radiation in a wide fre

quency band which is cut off below the ion-plasma frequency w ., by 

the enhancement of superthermal synchrotron radiation, by lack of hard 

x-ray production (< 1 mR per shot near the limiter), by extremely low 

level of MHD-instability, and by long stable discharges (up to 650 msec 

has been obtained). We believe that this is a new regime of tokamak 

operation. 

Resistivity measurements 

Spectra are obtained from pulse-height analysis of the Brems-

strahlung in the range 1 - 1 0 keV. We find the presence of an energetic 

tail in the slide-away regime, whereas we obtain a Maxwellian spectrum 

in the case of the Coulomb regime. An indication of similar effects is 
3 4) also obtained using laser scattering ' . In the following we use the 

laser (transverse) temperature ,or evaluation of the classical resis

tivity. We define: 

a. 
c 

i = Vthe c 0 

dr r 
Jiitr) 

ene(r) 

2Te(r) r-h 
me 

(l) 

where jj|(r), n
e <

r ) ' a n d T
e<

r) a r e t h e current density, particle density 

and electron temperature, and ac is the effective radius of the current 
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channel. We evaluate Eq. (1) by using the following radial profiles: 

T (r) = T (o) (l-(r/a ) h ) 

nJ r> = nJ°> (l-<r/a)2) e e 

1„ (r) « T_- (r 

with 

jM (r) « Te^ (r) 

a = 8 cm. c 

These profiles are consistent with measurements made by the laser at 

various radial positions. Using these profiles, we evaluate <n/n ,>, 

where n = E.|/j,|, n , is the Spitzer-Harm resistivity for hydrogenic 

plasmas, and E,, is the electric field (assumed to be constant over the 

cross-section). In terms of the peak electron temperature T (in units 

of keV) 

-2-1 = 2.98 I T̂ 2 S , (2) 
nclJ I eo 

where V is the loop voltage,I is the loop current in units of 100 kA, 

and S is a profile shape factor given by 

a i _ -.3. 1 

- - f dr r 
a 2 I al 0 

Te(r) 
T eo 

J/2 

(3) 

(a. is the limiter radius). 

Typical values of S found for other tokamaks range between 0.2 

and 0.4. For the temperature profile used here S = 0.23. Hence, the 

uncertainty in our temperature profile could lead to an underestimate 

of <n/n ,> by a factor of at most 1.5. 

Results for a variety of plasma densities, currents and fill

ing gases are shown in Fig. A.19. For each gas, a cross-hatched region 

is indicated which marks the transition region between Maxwellian and 

non-Maxwellian spectra. We call attention to the fact that <n/n -,> is 

never significantly greater than unity in H_ and D~• Furthermore, there 

is a systematic decrease in <n/n ,> to values significantly below 1 

for f, > F,c. 

We also report experiments concerned with effects of impurities 

on the resistivity measurements. Beginning with a well-conditioned 

machine, 0_ was injected into a hydrogenic discharge, and the partial 

pressure of O- was varied between 1 and 30x10"^ torr. As a result, 

<n/n j> increased to about 2 and the electron temperature increased 

from 0.7 keV to 1 keV. After about 15 discharges normal tokamak 
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Fig. A. 19. Resistivity measurements in H2 (a) and D2 (b) 
as a function of the streaming parameter F,. 

operation ceased and the machine was discharge-cleaned in Oj for about 

30 minutes. Immediately upon recommencing tokamak operation, <r,/n ,> 

increased to values of 3 - 5 and the electron temperature nearly 

doubled. In addition to having higher voltage "anomaly" and electron 

temperature, these discharges differed in having an increasing rather 

than a decreasing density with time (as usual in "clean" operation 

of Alcator), a much higher level of hard x-ray activity (100 mR/shot) 

and strong MHD-instabilities . Discharge cleaning in H2 tended to 

reverse the process, but the usual duration of about 1 hour was not 

sufficient to reproduce the normal behaviour. Similar results were 

obtained by using N_ rather than 0 2 as the contaminating gas. We also 

note that values of E,, obtainable for the contaminated machine, were 

generally in the range of only 0.05 - 0.1. These results which show 

<n/n , > increasing to levels more typical of conventional tokamak 

operation give strong support to the credibility to results obtained 

under normal clean conditions. 

Below we will use a parameter a defined as a = <£,> 'fi/TVi>> 

In contaminated discharges the value of <n/n > is increased, so 

that a higher value of a can be taken as an indication for a higher 

contamination level at the same value of £ in different discharges. 
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Slide-away regime 

Since plasmas with high f, a re known t o be u n s t a b l e in l i n e a r 
geometry (for example due t o ion -acous t i c modes in the case T > T.) 

e x 

we have been led to search for evidence of similar instabilities in 

the Alcator device. Additional motivation for this work was given by 

the observation of high ion temperatures (T. ̂  T = 1 keV) even though 

the electron-ion energy equilibration time is much longer than the ion 

energy containment time. A band of strong rf-emission in the vicinity 

of the ion plasma frequency w . , extending from in . to 5 - 10 u> . was 
6 ) 1 J p l ' S p l pi 

discovered . The h igher f requencies tend to occur f i r s t in time and 
c o r r e l a t e with the onset of l o w - i n t e n s i t y emission of hard x- rays 
( t o t a l dose near the l i m i t e r - 1 mF. per shot) and s t rong superthermal 
synchrotron r a d i a t i o n . The emission in the v i c i n i t y of w . always 
occurs a few m i l l i s e c o n d s l a t e r and c o r r e l a t e s with the appearance 
of e n e r g e t i c ions (see F ig . A.20). Thus, we i d e n t i f y the w . r a d i a t i o n 
as being connected with t he anomalous ion h e a t i n g . 

Fig. A.20. Example of slide-away phenomena: a. loop voltage 1 V/div; b. electron 
density 1.2*10' 1 cm'Vdiv; c. to ta l rf-emission (arbi trary units) ,-
d. charge-exchange neutrals with energy -* 2.5 keV (arbi trary un i t s ) ; 
e. discharge current 65 XA/div; f. x-ray emission with energies > 200 keV 
{arbitrary un i t s ) . Sweep speed: 1. 50 msec/div; 2. 10 msec/div. 

Measurements of t he emission spectrum were taken with a small 
molybdenum-tipped probe , 0.6 mm in d iameter . The probe i s movable and 
can be pos i t ioned a t any po in t within the 2.5 cm shadow of the l i m i t e r . 
Two spectrum a n a l y z e r s were used to ob ta in the s p e c t r a in the ranges 
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300 - 2000 MHz and 1 - 2 0 GHz. The spectra were recorded by either 

repeated, fast {10 msec) sweeping of the analyzer, or by shou-to-shot 

scanning of the passband frequency. 

«I 
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« 
> 
o 
* 

2.0 2.5 3.0 3 5 4.0 

— » . frequency ( GHz ) 

Fig . A.21. Spec t ra l emission from s l ide-away d i scha rge in hydroqen; s h o t - t o - s h o t 
measurements were taken a t B = 40 kG, I = 100 kA. 

In F ig . A.21 we p resen t the spec t ra ob ta ined at t h ree moments 

in time dur ing the d i scharge . A strong peak a t the lower end of the 

spectrum i s observed at a frequency corresponding t o f . = 210/n /A, 
where A i s the ion-mass number and where n i s the average e l e c t r o n 

S 7) 
dens i t y , as measured by e i t h e r 4 mm or 2 mm i n t e r f e r o m e t e r s or by 

c a l i b r a t e d Thomson s c a t t e r i n g . 

A 30 dB drop in the i n t e n s i t y i s observed j u s t below f . ,* when 
pi 

the average density decreases during a discharge pulse, this cut-off 

moves accordingly. The spectrum extends to several GHz where the 

emission level becomes comparable to the sensitivity of the analyzer 

(~ 45 dB). The relative power P(<x. ,) of the emitted radiation at f . 
pi pi 

as a function of f, is found to have a distinct threshold at a value 
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of f; = 0.45 for hydrogen and £ = 0.2 for deuterium discharges. There 

are also indications that the presence of impurities leads to a de

crease of the emitted power. Discharges with higher impurity content 

(o = 0.3 to 0.4) have Ptu .) decreased by 15 to 20 dB. 
pi 

The fact that the emission is cut off below u . tends to rule 
pi 

out turbulence associated with classical current-driven ion-acoustic 

waves. In this regime of operation w2 >> w^ and thus the lower-hybrid 

resonance frequency u-j, * u .. This suggests the excitation of lower-

hybrid modes which propagate for u > u . and whose mechanism has been 
8) ^,1 

investigated theoretically Coulomb regime 

After formation of a discharge at normal filling pressure of 

I0-t* toxr, gas is injected by means of a pulsed gas valve. In this way, 

discharges with <n > up to 4.5*10'** cm"3 have been studied. Typical 

traces of voltage, current, and density for this mode of operation are 

shown in Fig. A.22. In this mode all slide-away phenomena disappear: 

the electron- and ion-distribution functions are nearly Maxwellian and 

the resistivity appears to be close to classical, <n/n_i> =• 1, as 

evidenced by data presented in Fig. A. 19 for E, << £ . Both soft x-ray 

and visible Bremsstrahlung measurements show that the effective Z (de

fined here as *-he ratio of measured to computed hydrogenic Brems

strahlung) decreases from about 4 at low density (<n > ~ 1*1013 cm"3) 

to near unity at high density (<n > >_ lxlO11* cm"3). This implies that 

the relative impurity concentration 

in the centre of the plasma decreases 

as the density is increased, a con

clusion which is also supported by the 

very weak density dependence of the 

emission intensity of the UV-lines of 

light impurities, for example, 0 as 

shown in Fig. A.22, trace c. 

Fig. A.22. 

Example of a discharge in the Coulomb regime: 
a. loop voltage 2 V/div; b. discharge current 
65 kA/div; c. 0VI emission at X = 1032 X, 
6.8*1015 photons sec-1 cm"2'sterad/div; 
d. electron density 4.6*1013 

speed: 20 msec/div. 
cnT /dlv. Sweep 
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Radial dens i ty and temperature d i s t r i b u t i o n s were measured by means of 
Thomson scat ter ing at various rrdial p o s i t i o n s : the density p r o f i l e 
becomes rather f l a t when high dens i ty i s reached: the half-width * 15 cm 
(cf l imi ter opening of 19 cm), whereas the temperature pro f i l e i s nar
rower with a half-width of - 10 cm (see Fig . A.23) . 
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Fig . A.23. Radial d i s tr ibut ions of the e lec tron dens i ty , n e ( r ) , and the e lec tron 
temperature, T ( r ) , as measured by Thomson scat ter ing in a discharge 
in hydrogen with I = 100 kA and B. = 58 kG. 

During g a s - i n l e t the e lectron temperature on ax i s decreases 
somewhat to 700 - 900 eV from the i n i t i a l value of ~ 1 keV. If the 
current-density prof i l e j (r) i s taken to vary with T^7 ( r ) , i t can be 
shown that even at high density the current channel never contracts 
to such an extent that the s t a b i l i t y criterium q 

ax i s 
1 i s v io la ted . 

The q-value increases strongly towards the outs ide : at a high-density 
operation, with B up to 75 kG and I * 100 kA, q(a) =• 4 to 6. 

With increasing electron temperature an increase oi the ion 
temperature, T. , i s found, s tart ing from T, * 300 eV at low d e n s i t i e s . 
However, with increasing plasma densi ty a saturation of the energy of 

1 h 
cm even a the charge-exchange nputrals is found, and at n _> 10 

sharp decrease in the total neutral flux from the plasma is or served, 
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This is explained by the fact that the plasma (and the outer layer of 

neutral gas near the wall) becomes impermeable, i.e. the mean free path 

of charge-excnange neutrals is smaller than the radial dimensions of 

the plasma. The plasma is protected against impurity influx by this 

"gas-blanket" action; also, recycling of hydrogen gas from the walls 

is small; only a fraction of the injected gas, estimated to be 1/10 to 
9) 

1/20, constitutes the observed plasma density , whereas the remainder 

is stuck to the walls (or leaks slowly into the large cans of the 

observation ports). At high density the ion temperature can be taken 

to be approximately equal to the electron temperature, T. ' T * 700 

to 900 eV, since the energy-equilibration time between electrons and 

ions in plasmas of a density n >, 1011* cm-3 is short (< 1 msec) . 

The quality of the plasma confinement in Alcator can be dis

cussed in terms of the values of the poloidal beta: 

0Q = 2M <n kT +n.kT.VB£(a) 
6 Ho e e i i ' 6 

and of the energy-replacement time 

=• <n kT +n.kT.> Volume _ 2 e e l i  
TE ~ i-V 

The maximum value of Be at high densities amounts to 2.2, which 

is near the theoretical limit for magnetohydrodynamic equilibrium. The 

increase of the energy-replacement time T_ is, surprisingly, a linear 

function of the density, as shown in Fig. A.24. Apparently, the anom

alous energy loss occurring in conventional, low-density tokamak oper

ation is more and more suppressed with increasing density. Theoretical 

considerations show that in the high-density regime neo-classical 

"plateau" diffusion determines only the central, axial region, whereas 

in the outside regions classical, collisional "Pfirsch-Schlüter" ion-

heat conductivity can account for the observed profiles ' 

The observed value of T „ is only proportional to <n > and has 

hardly any dependence on I or B.; the maximum of n which can be reach

ed depends linearly on the chosen value of B,. The maximum value reach-

ed for the confinement parameter <n >T„, is 1013 cm-3 sec. If the value 
e & 

on axis is considered, with n (o) = 6*10'"* cm-3, n T_ even reaches 

1.5*10'3 cm-3 sec. It should be remarked, however, that in the present 

discharge experiments the confinement of the high-density plasma can 

only be studied during a time interval about equal to one energy-

replacement time. Finally, it should be remarked that the successful 

exploration of the high-density operation in Alcator is not only due 
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U' the h i j ' - r j r r e r t de"^ l ty . idmiss 'b"* ir. t r . ï f a c i l i t y wi th i t s high 

to ro ida l magnetic f i e l d , buw a l s o due »-o the extreme c l e a n l i n e s s of 

the system, in «fhicli s t rong plasma wall i n t e r a c t i o n wir.h a l l i t s de 

l e t e r i o u s e f f e c t s , i s p r e s e n t e d . 
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Fig. A.24. Energy-replacement time, T E, as a function of the average electron density 
<n >, for various values of the magnetic field B . 
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A 5 DIAGNOSTICS 

A 5.1 X-ray diagnostics 

H.W. van der Ven. 

A buffer memory was applied in the digital part of the Si(Li) 

x-ray spectrometer in order to avoid pulse pile-up due to unwanted 

shots. With this improvement electron temperatures of 5.2 keV-12.2 keV 

have been measured in the afterglow phase of He-plasmas at the linear 

turbulent heating experiment (see also A 2.1). 

Temperatures could not be measured with the same system applied 

to the toroidal turbulent heating experiment, because the density and 

the electron temperatures are too low to pass the threshold of the de

tector system. For measurements of these low temperatures a new x-ray 

detector is under construction, which makes use of a "Bendix" magnetic 

electron multiplier with a tungsten photo cathode as detector and a 

foil changer as energy selector. 

At the SPICA experiment x-radiation from runaway electrons has 

been measured in the outside current sheets of the discharge by means 

of a conventional plastic scintillator counter, well-screened and pro

vided with a collimator. The screen and the collimator are both made 

of lead (see also A 1.2). 

A 5.2 Vacuum ultraviolet spectroscopy 

A. Ravestein, w.J. Schrader, H.W. van der Ven; students 

during 1975: A.A. van Ballegooijen, R.A. van Dijk-Assanova. 

The vacuum of the instrument (a Hilger and Watts E 580) was 

lowered to values of a few times 10-f torr by removing, as far as 

possible, all coatings of the tank and blackened parts inside the 

apparatus. This will allow the use of photoelectric detectors: these 

require a pressure well below 10-5 torr to avoid flash-overs etc. 

These detectors, which are presently installed, will permit the simul

taneous recording of two or even more lines as a function of time. 

A holder for photographic plates which will increase the range 

of the instrument (normally 950 8 - 5 8 ) up to 1400 8 is under con

struction so that e.g. the complete Lyman series of hydrogen can be 

observed. 
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A 5.3 Millimeter wave interferometry 

C.A.J. Hugenholtz, B.J.H. Meddens, L.Th.M. Ornstein. 

Measurements in the plasma in the outei. J ayers of the SPICA 

experiment were continued with the 4-mm polar interferometer. 

An 8-mm waveguide probe interferometer to measure densities 

at the edges of the SPICA plasma is nearly operational. It is possible 

to measure densities with this probe over a wide range from a little 

below the critical density (1.3*10;° el.m~B) to three orders of mag

nitude above this value (see also A 1.1). 

A 5.4 Infrared-laser interferometry 

C.A.J. Hugenholtz, B.J.H. Meddens, L.Th.M. Ornstein. 

Successful density measurements were carried out in Ringboog 

with HCN- and C02-l*:ser interferometers (see also A 3.1.1). The output 

power of the HCN-laser was a few milliwatts. A cavity with a single-

hole output coupling was used. The discharge in the laser tube was 

made in a CH.-N.,-He-mixture. A Mach-Zehnder interferometer was used 4 2 
with grid beam splitters and a very sensitive, rapidly responding, 

liquid-helium cooled GaAs detector. Good measurements were possible 

in the lower density regimes. In the higher density regime the diffrac

tion made it impossible to measure over the entire radial extension 

of the discharge. Therefore, only a CO?-laser interferometer will be 

used in future. 

With the-shorter wavelength of the CO~-laser (10.6 um) the 

diffraction in the Ringboog plasma is negligible. A very stable Mach-

Zehnder interferometer has been built. ZnSe-windows and beam splitters 

are used. The mirrors are gold-coated pyrex plates and the detector is 

a simple pyroelectric one. The stability over time intervals of msec 

up to seconds is very good: errors are in the order of only one degree 

phase shift. Until now most measurements were carried out on axis, but 

two new vacuum flanges with four ZnSe-windows each, mounted on a verti

cal observation port allowed us to take preliminary measurements of the 

density profiles. Measurements on the Ringboog discharge are difficult 

due to the fluctuations of the density. A system with phase modulation 

to see whether the density is increasing or decreasing is necessary. 

In addition, a digital phase detector will give a reliable density 

measurement over a wide range starting roughly at n L > 102° el.m"3. 
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A 5.5 Neutral particle spectroscopy 

H.W. van der Ven, Th.G.A. Winkel, H.J.B.M. Broeken. 

The assembly of the 10-channel electrostatic ion-energy 

analyzer was completed (see also Annual Status Report 1974). 

Preliminary tests have shown that no discharges occur between 

plates with maximum allowed voltages between the analyzing and post 

accelerating plates of the system neither in hydrogen gas, nor in 

helium gas at pressures of about 10~6 torr. The preparation and evap

oration of alumina - without pinholes - on the thin organic scintilla

tion material glued on the light-pipes was troublesome. 

The stripping cell is modified in such a way that a linear 

pressure drop in the cell is attained and the differential pressure 

drop on both sides of the cell is increased to a value of more than 

one hundred. 

A "Penning* ion source is rebuilt, improved and calibrated, 

and will be used to calibrate the ion analyzer. The first measurements 

with the ion analyzer on TORTURE are foreseen in spring 1976. 

A 5.C Thomson scattering 

E.P. Barbian, D. Oepts, C.J. Barth, P.J. Busch; students and 

trainees during 1975: G.W. Alberda, J.A. Hazelzet, M.C. van 

Houwelingen, A.G. Kuiper, A.N. Mostert. 

Thomson scattering on SPICA (see also A 1.1) 

After some revisions, the Thomson-scattering system for the 

SPICA experiment is now in full operation. The correct functioning of 

the laser was influenced by electrical and acoustic disturbances 

caused by the firing of capacitor banks and metal-to-metal switches. 

The laser has been placed outside the SPICA hall to avoid these trou

bles. The data acquisition system using charge-integrating CAMAC multi-

ADC's, and the calibration procedure with an LED diode are working very 

satisfactorily. The plasma light level is reasonably low even at high 

densities, but it is not negligible in comparison with the signal from 

Thomson scattering. Therefore, two ADC systems are gated in succession 

for about 150 ns each, the first one measuring plasma light only, and 

the second one measuring plasma light plus Thomson signal. After appli

cation of corrections for channel sensitivities and baselines, the two 
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signals are subtracted and a gaussian profile is fitted t-> the re

sulting points. Variations in laser power are monitored with a sil'con 

diode at the beam-dump tube. Rayleigh scattering on deuterium is used 

for the density calibration before each measurement run. Immediately 

after each shot the signals from both ADC's are displayed, as well as 

the corrected Thomson signal together with the fitted gaussian and the 

corresponding electron temperature and density. Figure A.25 shows an 

example of the output obtained. Temperatures and densities in the 

ranges of 10 - 100 eV and 10- ' ! - 10 -' el.rn" have been observed. Pre

parations are being made for the development of a system enabling tht 

measurement of density and temperature profiles in a single shot. 

a b 

F ig , A.25. Example of Thomson-scat ter ing r e s u l t s as d i sp layed by the da ta a c q u i s i t i o n 
system in use with SPICA. 
a. p h o t o m u l t i p l i e r s i gna l s for plasma and plasma plus Thomson l i g h t sepa

r a t e l y , 
b . co r r ec t ed Thomson s i g n a l s and gauss ian f i t . 
Hor izonta l s c a l e : wavelength in nm from ruby l a s e r l i n e , v e r t i c a l : s i g n a l s 
in pC. 

Thomson s c a t t e r i n g on TORTURE (see a l s o A 2.3) 

For measurements on the t u rbu l en t hea t ing experiment TORTURE, a 

polychromator has been cons t ruc t ed , based on a concave holographic g ra 

t i n g and using a c r y l i c l i g h t guides to send s i g n a l s from spec t r a l chan

ne ls of 10 and 20 nm width to a se t of p h o t o m u l t i p l i e r d e t e c t o r s (see 

Fig- C .5 ) . In view of the r a the r low d e n s i t i e s and high temperatures to 

be expected, a s e t of s ix photomul t ip ler tubes with extremely high 

cathode s e n s i t i v i t y has been ordered . Measurements have been made in 
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the predischarge, yielding temperatures in the range of 20 - 80 eV and 

densities from 1 to 5-lOIl> el.m~;. In the main discharge, a large plasma 

light signal still causes difficulties» Probably, this will be reduced 

after installation of an additional slow capacitor bank to improve plas

ma containment. 

Thomson scattering on Ringboog (see also A 3.1.1) 

For density and temperature measurements at the Ringboog ex

periment a Q-switched ruby laser (giving up to 14 J in 15 ns) is used 

to perform a 90 -scattering experiment. The registration of the 

Thomson-scattered light is performed by an optical multichannel ana

lyzer system, which was adjusted to measure electron temperatures be

tween 2 and 100 eV and proved to be a suitable instrument. 

The length and the width of the scattering volume are 0.5 cm 

and 0.13 cm respectively. Adjustment of the position of the laser 

beam and of the observational axis provides for a radial scan of the 

plasma cross-section up to a radius of 6 cm. After dispersing the 

Thomson-scattered radiation by a diffraction grating spectrometer a 

spectral width of 2.5 8 is focussed on one channel of the analyzer. 

The number of counts attained in one shot runs from 200 to 

600 in the density region of 7*10' el.m~- to 2*10- el.m-1 and these 

numbers are registered by about 20 channels in total. 

Special care was taken to keep the disturbing stray light 

equivalent to a value of 4*10 c el.m-3. The signal-to-noise ratio 

is unfavourably influenced, mainly by the simultaneously collected 

plasma light. This component can be reduced by electronic subtraction 

and is then lowered to a value which is comparable with the statistical 

error. Further improvement is possible by the use of a digital trigger 

system developed for the purpose of reducing the integration time , 

interval of the analyzer unit from 1000 ns to 100 ns. 

Miscellaneous 

Besides the work directly connected with the SPICA, Ringboog 

and TORTURE experiments, attention has been paid to improvements of 

the electro-optical equipment. A 5-channel parallel-to-series conver

ter for 50 ns pulses serves for the simultaneous registration of the 

laser monitor signals. Furthermore, the stray-light problem of pulsed 

laser experiments was studied at a dummy set-up by using a variety of 

baffle systems. 
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A 5.7 Optical diagnostics 

W.J. Mastop. 

The He-Ne stabilized Michelson interferometer performed well 

in measuring electron densities of the SPICA plasma, although the 

inherent difficulties in the interpretation of the signals of the 

interferometer set limits to the reliability of the results. To over

come these problems a heterodyne Michelson interferometer was construct

ed in which the reference beam is frequency-shifted over 40 MHz by means 

of an acousto-optical modulator. The detector signal is processed by 

digital electronics to give a linear output voltage as a function of 

the phase shift (3V/2TT, linear to + 0.01 IT) . 

The work on fibre-optic multislit spectroscopy has had some 

delay, but the system is expected to be available in the first months 

of 1976. 
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B. T H E O R E T I C A L D I V I S I O N 

( F . E n g e l m a n n a ) 

R.W.B. Bestb} , D.A. D'Ippolitoc), J.P. Goedbloed , J.J. Lodder, 
e ) f) 

A . E . P . M . v a n M a a n e n - A b e l s , J . W . M u g g e , A. N o c e n t i n i , J . Rem , 

T . J . S c h e p g ) . 

B 1 MAGNETOHYDRODYNAMICAL EQUILIBRIUM AND STABILITY 

B 1.1 S p e c t r a l t h e o r y o f m a g n e t o h y d r o d y n a m j . e s 

J . P . G o e d b l o e d . 

The subject matter reported in the previous Annual Status 

Report gradually evolved into a unifying picture, where the central 

role played by the continuous spectrum became more obvious. The three 

different waves of homogeneous magnetohydrodynamics (fast, Alfvén, 

and slow) return in inhomogeneous systems (diffuse linear pinch and 

toroidal geometry) in the form of three continua, where the singular 

fast, Alfvén, and slow modes become polarized purely normal and purely 

tangential to the magnetic surfaces. The tangential continuum modes 

are physically the more interesting ones since they constitute two-

dimensional manifolds which coincide with the magnetic surfaces. Split

ting off the non-square integrable dependence on the normal coordinate, 

a variational principle could be obtained for the remaining square in

tegrable part of the slow and Alfvén continuum solutions. From the 

variational principle it was then established that the continua are, 

in fact, always stable, as had been conjectured by H. Grad. 

Based on this general toroidal theory of the spectrum of ideal 

magnetohydrodynamics, two more specific problems were attacked. The 

first one concerns an attempt to generalize Newcomb's one-dimensional 

theory to toroidal geometry. This study was interrupted because occur

ring discrepancies with the work of Bineau could not be resolved. The 

a) Until 1-7-1975 part-time at the Laboratório Gas Ionizzati, Frascati, Italy. 

b) Part of this period at different laboratories in the U.S.A. 

c) Prom 5-9-1975. 

d) Until 1-6-1975 on leave of absence at the Los Alamos Scientific Laboratory, 

Los Alamos, U.S.A. 

e) Gunst from Hie University of Trieste, Trieste, Italy, from 1-9-1975. 

f) From 1-9-1975 on leave of absence at the Los Alamos Scientific Laboratory, 

Los Alamo:;, U.S.A. 

g) Part of this period at the Massachusetts Institute of Technology, Cambrida", 
U.S.A. 
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other problem concerns a reformulation of che initial value problem 

for general one-dimensional inhomogeneous plasmas properly taking into 

account the three continua.The resolvent operator giving the connec

tion between the Laplace transformed variables and the initial data 

was constructed, and particular attention was giver; to a proper 

treatment of the singular continuum modes which turn out to have 

precisely the same functional form as the Van Kampen modes in the 

Vlasov description of plasmas. 

B 1.2 Equilibrium and stability of a diffuse high-beta tokamak* 

J.P. Goedbloed. 

In extrapolating to reactor conditions the tokamak-confinement 

scheme will ultimately have to operate in a regime that belongs to 

high-B research. The principal new difficulties to be expected then 

are the familiar ones encountered in this field, viz. severe limitations 

on the possible 0 as far as toroidal equilibrium and stability are 

concerned or equally severe limitations on the time-scale of the ex

periment rhen the limits on 6 are not observed. A numerical code ŵ .s 

developed aimed at understanding plasma behaviour under these condi

tions. 

Tokamaks are characterized by B , /B. "- e = a/R, where a/R 
pol tor 

is the inverse aspect ratio of the plasma torus, so that q ~~ 1. Simple 

estimates then show that equilibrium and stability limitations are to 

be expected when 0 "" e, i.e. high-B tokamak ordering, to be contrasted 

to the low-6 - e2 ordering appropriate to present tokamaks. In the 

6 ~* r. regime, 6 . ~ e_I and the outward displacement 6 of the magnetic 

axis is of the order unity, so that the problem is essentially two-

dimensional. 

In the present calculation, the equilibrium is solved numeri

cally on a grid that also facilitates a fast computation of the stabi

lity. By means of a conforroal mapping, a coordinate system is defined 

such that the plasma boundary is circular and the centre of the plasma 

is at the centre of this circle. This is optimal from the point of 

view of the stability problem. The non-linear equilibrium equation 

is then solved in the mapped r',0' coordinate system using fast Fourier 

transform techniques. The method has proven itself to be very fast and 

accurate requiring about 1 sec of CDC-7 600 time (LASL) or 20 sec of 

Work in collaboration with J.P. Freidberg. Los Alamos Scientific- Laboratory, 
Los Alamos, U.S.A. 
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CDC-6500 time (SARA, Amsterdam) for convergence on a grid of 50 radial 

and 64 angular points. 

A stability analysis of the above equilibrium has been per

formed based on a variational principle keeping account of the proper 

normalization for the calculation of the growth rate co2 of free bound

ary instabilities. The analysis treats perturbations of the form 

£ = l(r' ,0') exp(ik$), where <J> is the toroidal angle. 

The function £;(r',Q') is expanded as a double series of ortho

gonal polynomials in r' and harmonic functions in 0'. The minimization 

of ui2 over the coefficients in the series is performed numerically. 

This proves to be fast and accurate requiring about 1 sec (CDC 7600} 

to obtain all 62 eigenvalues of a set of perturbations containing 

7 polynomials and 9 harmonic functions. 

Having minimized both the required amount of computing time 

and the number of parameters, we are now abJe to scan the relevant 

parameter space in order to find out what the maximum 6 is and under 

which conditions it can be realized. With respect to equilibrium con

siderations we find that at least three parameters are required, viz. 

the average value of 0 scaling as <3>/e, the value of q on axis: q,„^_» 

and the shape of the equilibrium profiles expressed by the effective 

plasma radius: a ,,/a, where 0 < a f,./a < 0.7, i.e. small for very 

peaked profiles and =0.7 for flat current and parabolic pressure pro

files. Equilibrium limitations then arise due to the occurrence of a 

second magnetic axis or, more conservatively, the reversal of the 

toroidal current. Combining the equilibrium conditions with the cri

terion q_ . _ > 1 for internal kink modes, we then find the following 
aXlS 

result: for very peaked profiles (a ,,/a = 0.25), <0> . /e = 0.004 

for the occurrence of a second axis and 0.002 for current reversal, 

whereas for the more usual, flatter equilibrium profiles (a ff/a = 0,55) 

we get the more desirable limit <&> . /e = 0.14, 0.08 respectively. 

These limits on <0> increase when we approach the limiting case of flat 

current profile (a ff/a = 0.7), but then external kink-mode stability 

limitations become the dominant factor. 

For the stability calculations the relative wall position b/a 

plays a crucial role, thus increasing the number of required parameters 

to at least four. The four basic parameters turn out to be <6>/ek2, 

kq1 , a f f/a, and b/a, where k is the toroidal mode number, and q.. 

is the value of q at the plasma boundary (the limiter). The results 

are extremely sensitive to the position of the wall, leading to low 

values of <^>
CItt f°r b/a > *> , whereas there is complete stability 

(at least to leading order) for b/a = 1. As usual in stability cal

culations, the results are also quite sensitive to the particular pro-
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files chosen and we have found the following typical results: for very 

peaked profiles (a -f/a = 0.25) and the wall moderately far away 

(b/a = 2): '8> J..A = 0-1 for qi • > 1( whereas for flatter profiles 

(a ff/a = 0.55) the same limit on <B> applies, but stability windows 

in q,. now appear. The latter ones are extremely sensitive to both 

wall position and profile. 

B 1.3 Investigation of bifurcation in MHD-equilibrium 

D-A. D'Ippolito, J.P. Goedbloed. 

In previous numerical calculations of toroidal MHD-equilibria, 

the effect of non-linearity in the basic equations has not been taken 

into account properly. It is well known that the solution of a non

linear differential equation is not necessarily unique. Thus, for some 

range of parameters a bifurcation of the solutions to the non-linear 

equation may occur, with two or more branches appearing. This effect 

has been found numerically by Marder and Weitzner in the case of two-

dimensional E-layer equilibria . They also suggest, by analogy with 

one-dimensional examples, that the onset of bifurcation causes diver

gence in traditional iteration schemes. Since they propose a technique 

for avoiding this divergence, their work has important implications 

for the calculation of 3 ..in toroidal devices <g .is usually 
ent ent J 

defined to be the value of g for which a second magnetic axis appears 

in the plasma). In particular, the numerical divergence of traditional 

iteration methods at some value of 8 is not a sufficient determination 

of 6crlt if the equation for i|> is non-linear. 

We have implemented the iteration scheme of Marder and Weitzner 

in a two-dimensional equilibrium code based on the high-0 tokamak 

ordering (see B 1.2). In this way equilibrium solutions are obtained 

over a larger range of parameters. Also, if a bifurcation occurs, it 

is possible in principle to find both solution branches. The presence 

of a deeper solution branch with one magnetic axis could significantly 

increase the value of 8 .., while failure to find such a branch after 
crit 

a systematic search would at least give increased confidence in the 

E?it previously computed. Preliminary results show that there is no 

direct correlation between the appearance of a second magnetic axis 

and the onset of numerical divergence (as also noticed by Taroni 
2) et al. ) - An attempt to find a second solution branch is under way. 
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B 1.4 S t a b i l i t y of a roroj.da_l screw p i n c h * 

J . P . G o e d b l o e d . 

A relatively straightforward generalization of the high-beta 

tokamak work concerned the replacement of the outer vacuum by a force-

free current-carrying plasma, as considered over the years in various 

investigations by various people at Jutphaas. This increases the number 

of parameters to be considered again by one, viz. a parameter r measur

ing the amount of current flowing in the outer region. For a sharp 

boundary tokamak (T = 0) with surfact currents we find the previously 

derived result of Freidberg and Haas: 6 . t increases slowly from 0 

at q = 1 to Ü . = 0.2 at q * 2. For a sharp boundary screw pinch 

with surface currents the best result is obtained for a force-free 

field corresponding to a constant pitch field at low B [V - 2). For 

that case, 6 .. increases much faster from 0 at q = 1 to 8 .. = 0.48 crit ^ crit 
at q * 1.4, and then it slowly decreases again. Thus, lower values of 

q and higher values of 3 can be allowed in screw pinches as compared 

to tokamaks. 

The effects of diffuse interior profiles are built intc the 

numerical code, but remain to be scanned. We anticipate that the 

difference in the above-mentioned calculations between the sharp 

boundary tokamak stability (P . = 0.2) and the diffuse tokamak 

stability (--!?,> = 0.1) will be maintained for the screw-pinch 

case, also leading to a factor of 2 degradation. It will be inves

tigated whether this limit increases again for screw pinches with 

elliptical cross-section. 

B 1.5 Magnetohydrodynamic stability of a sharp boundary model of a 

toroidal plasma surrounded by a force-free field* 

J. Rem. 

Recent ly , Fre idberg and Grossmann i n v e s t i g a t e d the s t a b i l i t y 

of a tokamak plasma with an a r b i t r a r y c r o s s - s e c t i o n without making an 

expansion e i t h e r ir. Mie inve r se r a t i o or in 3. The plasma, l i k e in 

preceding s t u d i e s , i s an axisymmetric t o r o i d and i s confined by sur face 

Work in c o l l a b o r a t i o n with J . P . fr'reidterg. Lor; Alamos Sc ien t i f i c : Laboratory, 
Los Alamos, U.S.A. 
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currents, i.e. the plasma pressure is uniform. The plasma is surrounded 

by vacuum and the wall is placed at infinity. This calculation for an 

arbitrary cross-section was made possible by the use of Green's theorem. 

This theorem permits to solve for the perturbed magnetic fields in the 

vacuum on the plasma surface in terms of the perturbation of the sur

face. Since the total energy of the system in the presence of an arbi

trary perturbation can be expressed in terms of integrals over the 

plasma surface, it is now possible to minimize this energy numerically 

with respect to a perturbation of the plasma surface and, thus, to 

determine whether the system is stable or unstable. The study shows 

that theories based on expansion techniques are quite restricted in 

their range of applicability. 

Since force-free fields are known to increase the stability of 

a plasma column, we investigated whether the techniques employed in 

the above-mentioned work would be applicable to such a case. A preli

minary study for a toroidal plasma with a circular cross-section indi

cates this to be the case. It remains to be seen how involved the nu

merical aspect is for the case with an arbitrary cross-section. 

References 

1. B. Marder and H. Weitzner, Plasma Physics V2_ (1970) 435. 
2. A. Taroni, Private Communication. 

3. J.P. Freidberg and W. Grossmann, Phys. Fluids ̂ 8 (1975) 1494. 

B 2 TRANSPORT THEORY 

B 2.1 Time-dependent collisional diffusion of low-3 plasmas 

J.W. Mugge. 

The study of the time-dependent diffusion of low-& plasmas 

was continued. The process is described using the time-dependent 

MHD-equations without particle sources. Mainly simple geometries, 

which lead to one-dimensional problems, like a plane plasma slab 

and a circular plasma cylinder, were considered. In addition, a start 

was made in treating the toroidal problem. The analytical work was 

carried out by doing an expansion in the small parameter t. = /6 

(tokamak ordering) in combination with a multiple time-scale method. 

The time-dependent diffusion of a plane plasma slab through 

a constant and homogeneous magnetic field had been investigated pre

viously for a parabolic density profile and a constant temperature in 

space as well as in time. Two extensions were made: 
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a. To get a solution of the diffusion on the slow time-scale for a 

somewhat more general initial density profile, the relevant non

linear diffusion equation was linearized arô 'id the known time-

dependent solution for a parabolic density profile. Using an expan

sion of the deviations in Legendre polynomials, it was found that 

the terms of this series go to zero with time the faster the higher 

the order of the term. This is analogous to a result given by 

Bateman 

b. For an arbitrary time-independent (in Lagrangian coordinates) tem

perature profile an analytical solution could not be found, due to 

a space and time dependence appearing in the resistivity. A numerical 

code, elaborated earlier and applicable to arbitrary 6, was used to 

treat cases with arbitrary initial profiles. Except for special 

boundary conditions, the result is that asymptotically a steady 

state with B , = 1 is reached. 

For an axisymmetric plasma cylinder the results are similar to 

the plane case. In contrast to plane geometry, here the boundary condi

tion of constant axial current is a "special" one for which no asympto

tic steady state exists. 

The same expansion in /p was applied to toroidal plasmas with 

arbitrary form of the cross-section of the magnetic surfaces. Only 

preliminary results have been obtained so far. An important fact is 

that in this case two slow time-scales (distinguished by a first power 

of the aspect ratio) appear. The velocities on the faster of these 

two scales depend on the pressure gradients alone only if the plasma 

column does not move as a whole. 

B 2.2 Time-dependent diffusion in a belt-pinch geometry* 

J. Rem, T.J. Schep. 

A study was made of the time-dependent diffusion process in 

an ideal belt pinch. This geometry is particularly suiLed for such a 

study, because the process is one-dimensional. By carrying out a 

tokamak expansion - the inverse aspect ratio and the ratio of the 

poloidal magnetic field to the toroidal magnetic field are equal to 

/Ï5 - an expression was obtained for the diffusion velocity in terms 

of the pressure gradient and the magnetic fields, i.e. the expression 

contained the time only implicitly. The time dependence of this velo

city was determined by equations for the pressure and the magnetic 

fields. These equations are solvable only for a very special pressure 

* Work in collaboration with R.C Storer, Flinders University, Bedford Park, Australia. 

S9 



profile. This indicates that the diffusion of a plasma in this geo

metry is not the limit of a toroidal plasma with a strongly elongated 

cross-section, because in that case the pressure profile is arbitrary. 

The lack of this arbitrariness in the belt pinch must be ascribed to 

the a priori exclusion of a velocity parallel to the magnetic field 

lines. 

An investigation of the diffusion of a toroidal plasma with an 

arbitrary cross-section (see also B 2.1) made it clear why the equations 

which describe tne time-dependent process do tut have a solution in the 

case of a belt pinch. It is being investigated whether these equations 

can be solved numerically. 

B 2.3 Steady states of toroidal plasmas with classical transport pro

perties 

F. Engelmann, A. Nocentini. 

Starting from the known transport properties of a toroidal 

plasma as induced by the presence of binary collisions ("classical" 

and "neoclassical"), an analysis was made of the class of steady 

states which the plasma may reach on a time-scale long compared to the 

particle confinement time and in the absence of particle sources. In a 

general framework, relations between the temperature and density pro

files are obtained. Assuming that the temperature profile imposed by 

the energy balance is bell-shaped, the qualitative features of the 

plasma density and pressure profiles, as well as of the densities of 

high- and low-Z impurities, can be investigated. The results obtained 

so far have not led to evident difficulties for the possible existence 

of a cold plasma blanket around a hot plasma with classical transport 

properties. 

B 2.4 Collisional transport in toroidal geometry in the presence of 

sources 

F. Engelmann, A. Nocentini. 

The collisional transport properties of a toroidal plasma in 

the presence of sources are under investigation. 

In the collisionless ("banana") regime* a source of energy 

Work in collaboration with M. Bornatici, Dipartimrnto di Fisic-i, Univrsir./i rK'IL'i 
Calabria, Cosnnza, Italy. 
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and particles has been considered, corresponding to actual problems 

such as neutral injection or plasma heating through an rf-pump field. 

The integral source intensity considered is of the same order of mag

nitude as the sink intensity due to neoclassical diffusion. A prelimi

nary result shows that, in particular, sources which are highly local

ized in velocity space or alter the tail of the distribution function, 

can cause an important modification of the transport. Since the pro

blem is linear, energy and particle sources, as well as ion and elec

tron sources, are considered separately. The presence of these four 

sources produces additional terms, proportional to the source inten

sities, in the transport coefficients. These have been written as 

functions of the sources, and the general properties which a source 

must possess in order to influence the collisional transport have been 

determined. 

In the collisional ("Pfirsch-Schlüter")regime, the influence 

of the non-uniformity in space of an energy source has been considered. 

In particular, the poloidal dependence on the ion heating due to an 

external source has been taken into account. Its effect on ion-heat 

losses across magnetic surfaces can be significant. 

Two other effects which are not related to external sources 

are presently treated in a similar way, and their influence on colli

sional transport is considered. These effects are related to the fact 

that the usual determination of the fluxes is not generally self-

consistent, but uses an iteration scheme, valid only for fairly small 

ratios of the collision and Larmor frequencies. The first is the 

energy exchange between ions and electrons due to the difference in 

their temperatures produced by the diamagnetic fluxes. This effect, 

which has been neglected so far, is actually important in the Pfirsch-

Schlüter regime. Far from the border with the plateau regime, it can 

strongly modify the transport coefficients, especially the heat flux 

of the ions. The second effect is related to the convective energy 

flow present in toroidal geometry. Also the influence of this flow 

on the transport has been neglected so far, although it can become 

important, especially as far as the ion-heat flux is concerned. Both 

effects tend to decrease the ion-heat flux across magnetic surfaces, 

which is obtained in the usual treatment of the Pfirsch-Schlüter 

regime. 
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B 2.5 Localized plasma-wail interaction due to ripple convection* 

F. Engelmann. 

A quantitative investigation of the particle convection occur

ring in a tokamak, due to the presence of a ripple in the toroidal 

field, was carried through. The effect is induced by the localization, 

in the poloidal angle, of particles trapped in the ripple which, as a 

consequence, are subject to a grad B-drift motion. Due to the outward 

curvature of the magnetic field at the field minimum, around which the 

trapped particles oscillate, the impact of the drifting particle on 

the wall is strongly localized, in particular, if this wall is corru

gated. A condition to be satisfied for the particles to reach the wall 

is that their convectional mean free path must be large enough to 

bridge the distance to the wall. This requires rather high energies. 

For TFR-conditions it is found that electrons of more than 50 keV 

perpendicular energy can lead to the effect described, in agreement 

with the experimental findings. 

B 2.6 Collisional transport of a tokamak plasma in the presence of 

impurities 

A. Nocentini. 

The neoclassical transport properties of a tokamak plasma in 

the presence of impurities are under investigation. In particular, the 

presence of a high-Z impurity, much heavier than the main ion species, 

has been considered. One of the most interesting situations which may 

occur in this case is the following: the electrons and the main ion 

species are in the "banana" regime, while the impurity specier is in 

the "Pfirsch-Schlüter" regime. In this "mixed" regime a kinetic treat

ment has been used to derive the neoclassical transport properties of 

an axisymmetric plasma in toroidal geometry. In particular, previous 

results on the particle flux of the ions, obtained by a fluid-like 

treatment, have been confirmed. The heat fluxes and the bootstrap 

current are also determined. The kinetic treatment used dres not re

quire an explicit form of the operator for collisions of heavy on light 

particles. For collisions between like particles Kovrizhnikh's model 

operator is used. 

* Work in collaboration with A. Sestero, Centro Gas lonizzati, F'rascati , Italy. 
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B 2.7 Partiele and energy transport due to impurity driven modes* 

T.J. Schep. 

The transport of particles and thermal energy that can result 

from plasma modes driven by a relatively small concentration of high-Z 

impurity ions with a significant density gradient, is investigated. The 

relevant modes have velocities in between the impurity ion and main ion 

thermal velocities. The nature of the modes changes as the collisional 

mean free path A for the main ior. population varies in comparison to 

the connection length L., of the magnetic field and to the mode parallel 

wavelength A.., but their main effect is to produce * radial redistri

bution of th*-: impurity density that critically depends on * he value of 

the relative radial temperature gradient of the main ions. 

In the short mean free path limit (« >ii' ÎI ' w e n a v e consid

ered dissipative fluid modes which are associated with the finite 

thermal conductivity (along the magnetic field), the thermo-electric 

effect, and the friction due to collisions between the two ion species. 

The modes can be unstable for realistic values and signs of the main 

ion and impurity ion density gradients, and of the main ion temperature 

gradient. The mode corresponding to low collision frequency can be 

labelled as an impurity drift mode. 

Resonant kinetic modes can be excited when the parallel wave

lengths are shorter than both the magnetic periodicity length and the 

ion mean free path (A,, * L.. , A ) . We distinguish an "impurity-sound 

mode" and an "impurity-drift mode" for values of the impurity strength, 

or effective ion charge number, considerably larger than or of the 

order of unity respectively, and impurity ion relative temperature 

gradients of the same order as the relative impurity ion density gra

dient. The former mode, which depends on the impurity sound term in 

the dispersion relation, can only appear for relatively large values 

of the impurity strength and does not depend directly on the sign of 

the ion density gradients. The latter (drift) mode does not require 

relatively large values of the impurity stLength, and is unstable when 

the impurity density gradient is in the same or the opposite direction 

to that of the main ions, for values of the main ion temperature gra

dient greater or less than a critical value respectively. 

For long mean free paths such that a finite fraction of the ion 

population is trapped, kinetic (non-fluid) modes that are standing a-

long the magnetic field can be excited and have collisionless and 

* Work in collaboration with B. Coppi and G. Rpwoldt, M.I.T. Cambridge, Massachusetts, 
U.S.A. 
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collisional versions, depending on whether their growth rates depend 

on the effective collision frequency of the trapped main ions. 

The modulation periodicity of these modes is that of the mag

netic field and the relevant perturbed electrostatic potentials are 

odd around the point of minimum magnetic field along a given field 

line. 

We identify an impurity sound mode and an impurity trapped 

particle mode corresponding to different values of the impurity strength. 

Instability for the former mode does not depend on the relative sign of 

the impurity ion density gradient versus that of the main ion density 

gradient, as in the case of the travelling modes. In the case of the 

latter mode, for a main ion temperature gradient smaller than a criti

cal value, instability requires that the main ion and impurity ion 

density gradients be in opposite directions, while for larger main ion 

temperature gradients, instability can occur with the density gradients 

in the same direction. 

The impurity particle flux and the main ion thermal energy flux 

is calculated for all these modes in the quasi-linear approximation, 

in terms of the amplitude of the perturbed electrostatic potential. 

In all cases, a radial flow of impurities towards the outer edge 

of the plasma column is produced, for realistic values of the main ion 

temperature gradient, when an accumulation of impurities at the centre 

of the plasma column has occurred. 
2) 

The work described here will be published in Phys. Fluids 
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B 3 WAVE DYNAMICS AND INSTABILITIES 

B 3.1 Wave dynamics in inhomogeneous plasmas 

A.E.P.M. van Maanen-Abels. 

A further investigation has been made of wave damping in an in-

homogeneous plasma described by ideal MHD. 

As reported earlier it was impossible to calculate a damping 

rate from the interaction of the waves with the plasma, due to the 

singular behaviour of the undamped waves at a resonant point. 
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The problem has now been treated by assuming that a small, 

unknown, damping rate is present. One can find then an expression for 

the energy flow from the plasma towards the resonant layer. This flow 

is continuous and from this constraint the damping rate can be deter

mined. 

However, it is not likely that this theory of vave damping is 

sufficient to describe the efficiency of Alfvén wave heating. Under 

practical conditions the wave energy is not small compa-ed to the 

plasma energy and the linear theory breaks down. One can expect, for 

instance, that the equilibrium will be altered under the influence of 

the perturbation, and it is not clear a priori whether this wil1 en

hance or decrease the wave damping. 

To see what can happen in the non-linear regime, a start has 

been made with the development of a quasi-linear theory for ideal MHD. 

A two-time-scale method has been used to separate the (supposed) slow 

time dependence of the "equilibrium" from the fast oscillations. This 

yields two sets of equations, the familiar linearized MHD-equations 

where the equilibrium is taken parametrically time-dependent, and 

equations for the variation of tne equilibrium, as a function of known 

(at least in principle) linear perturbations. It is possible to derive, 

in both the low-g and the high-f3 limit, diffusion equations for the 

equilibrium quantities. This has been done under certain assumptions 

for the magnetic field configuration and the direction of the waves. 

B 3.2 Microinstabilities in screw-pinch geometry* 

D.A. D'Ippolito. 

A hybrid-kinetic model has been developed to describe equili

brium and microstability properties of high-8 plasmas. In this model 

the ions are described by the vlasov equation while the electrons are 

determined by the gyrophase-averaged Vlasov equation, expanded to 

second order in the small parameter £ = r /L. (the ratio of the aver
se -L 

age electron thermal gyroradius to the equilibrium scale length). In 

this way finite ion Larmor radius effects are retained in the theory 

while at the same time flexibility to treat realistic geometries is 

achieved. 

Previous calculations using this model have shown that micro-

instabilities, such as the lower-hybrid drift instability, have growth 

rates of the order of the lower-hybrid frequency in 0-pinch geometry. 

Work in collaboratJon with R.C. Davidson, University of Maryland, r.o'i lrq? Park, 
U.S.A. 
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The calculation is now being modified to apply to screw-pinch configu

rations. It is expected that anomalous effects play an important role 

in the outer regions of the screw pinch. For example, anomalous dif

fusion may partly be responsible for the existence of the tenuous 

plasma which carries the force-free currents. 

Reference 
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B 4 QUANTUM-MECHANICAL METHODS 

B 4 . 1 Q u a s i - l i n e a r t h e o r y w i t h q u a n t u m - m e c h a n i c a l m e t h o d s 

J . J . L o d d e r . 

The investigation of quantum-mechanical dissipative motion for 

systems of coupled harmonic oscillators has been continued. Exact 

dissipative equations of motion are derived, which can be used to 

demonstrate the errors introduced by perturbation theory, random 

phasing, or by the rotating wave approximation. Moreover, these equa

tions permit us to investigate what can be done without extra averaging 

over the period of the oscillator. It is found that it is impossible to 

obtain a master equation without averaging. 

A modification of the theory of generalized functions was de

veloped. This permits to treat the special case of the radiation 

field without introducing divergencies. Moreover, it is possible to 

get rid of transient times, and to extend the treatment to strong 

damping. The previous treatments of the same problem were valid only 

in the limit of weak damping. 

Proceeding along similar lines, it is possible to treat the 

problem of a more general system, for instance an atom or a spin. The 

H-atom was investigated with the hope of calculating the radiation 

from H-atoms in a turbulent plasma. Some general results could be ob

tained. The corresponding classical problem has been solved, but the 

time for extension to the quantum-mechanical problem has not been 

available so far. 

In future work it is intended to apply the same methods to 

quasi-linear theory. 
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B 5 FUSION REACTOR PROBLEMS 

B 5.1 A model of a reactor 

J. Rem in collaboration with J.A. Markvoort. 

A description of this investigation can be found in the expe

rimental section of this report (A 3.2.3) . 

B 5.2 Potentialities of using advanced fuels in fusion reactors 

R.W.B. Best. 

A DT-reactor will contain an amount of circulating tritium vith 

a biological hazard potential (BMP) of at least IQ1' km air, and a 

structural activity with a BHP between 10 and 10'(: km' air depending 

on the materials used. If the neutron flux is exploited to breed fissile 

isotopes in addition to tritium, the hazards of DT-fusion approach 

those of fission even more. 

Potentially clean fuels (i.e. fuels which produce neutrons 

only in avoidable side reactions, and which, as well as the ash, are 

non-radioactive) are pB1 l and pLi' , and He' and DHeJ, if He' is produced 

in a pLif-burner. 

In general, fusion machines can be divided into plasma, beam-

plasma (or two-component), and cclliding-beam devices. 

Of the plasma devices only superdense laser plasmas can poten

tially confine the Bremsstrahlung of clean fuels and, therefore, only 

such devices have distant prospects as large clean burners using pB!'. 

In plasma devices DHe3 is not a clean fuel due to DD-neutrons. 

In beam-plasma devices, pB1' or DHe1 can perhaps be burnt with 

B!! or D in the cold plasma stream respectively, but the resulting F-

value (fusion power/beam power) of about 0.2 is so small that break

even seems at most marginally feasible with very efficient beam injec

tors and direct convertors. Clamping does not help in a mirror because 

of its short particle confinement time. 

Clamped beam-plasma devices could yield with pB:' a relatively 

high G-value (fusion power/clamping power) of about 0.5 if a confine

ment time of the order of lolS s cm"! could be realized for the pro

tons. Like the above-mentioned laser plasma pB11-burner, the clamped 

beam plasma pB1'-burner would be a very large device. 
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The migma cell is a small colliding-beam device, in which 

fusion of He3 may be demonstrated in the near future with a relatively 

high F-value (about 0.5). The modest size inherent in a migma cell will 

prevent the use cf neutron-producing fuels; this is a unique safety 

feature for a nuclear device. 

About 90% of the world's fusion research goes into the plasma 

devices (toroidal machines, in which, however, also beam-plasma inter

actions are studied), and the remaining 10% mainly in a special beam-

plasma device, the mirror with stabilizing cold plasma stream. A few 

tenths of a per cent go into the migma cell (a colliding-beam device). 

B 5.3 Effects of fusion g-particles on low-frequency modes in 

tokamaks* 

F. Engelmann, A. Nocentini. 

A preliminary study was made of the effects of the ot-particles 

produced by fusion events on low-frequency instabilities appearing in 

toroidal plasmas in the banana regime. The result was that these 

effects, in typicai cases, are much smaller than those induced by the 

presence of heavy impurities. 

* Work in collaboration with M. Tessarotto, University of Trieste, Italy. 
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C. T E C H N O L O G Y A N D E N G I N E E R I N G 

C 1 ELECTROTECHNICAL DEPARTMENT (A.M. van Ingen) 

A. Agterberg, C.A.J. van der Geer, A.F. van der Grift, 

B.J.J. Grobben, T.C. van der Heiden, M. van der Kaay, 

J.J. Kamp, F.Th.M. Koenen, S.W.Th, de Kroon, P. Manintveld, 

R.H. Pippel, J. Pouwelse, A.J. Putter, H.J.F, van Ramele, 

H.Th.G- Spitholt, A.B. Sterk, J.A. Verdoes, H.J.W. de Vor, 

A - C A . van Wees , N.J.M. Woudenberg; trainees during 1975: 

R. Blokker, H.C. Boelhouwers, J.A. Hazelzet, E.G. van Kalles, 

S.P. Rijk. 

C.l.l Special design studies 

P. Manintveld, J.A. Hazelzet. 

For the Toroidal Turbulent Heating Experiment a new coil set 

has been designed to achieve a higher magnetic field strength in a 

larger volume. 

Negotiations with coil manufacturers have resulted in an order 

for a set of 28 coils. Each coil consists of 8 plate-turns, has a 

circular bore of 0.4 m diameter and rectangular outer dimensions of 

0.7x0.65*0.05 m3. For the maximum current of 40 kA the field strength 

will be 3 tesla at a radius of 0.45 m. 

After comparison of several offers a 20 MW DC power supply for 

this coil • _ has been ordered. 

The study on material for the transformer core of the JET ex

periment has been continued. 

C 1.2 JET 

Cooperation FOM-Instituut voor Plasmafysica and JET Design Team at. Culham, 
England 

A.C.A. van Wees, P. Hellingman , H. Oosterom . 

The various national laboratories studying controlled nuclear 

fusion within the European Community, are all operating under Contracts 

a) At Culham Laboratory, England. 
b) At Culham Laboratory, England; from the mechanical department. 
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of Association with Euratom and carry out a coordinated programme of 

research in this field. 

They have initiated, as a joint effort, the study of a major 

new plasma-physics experiment. Subject to a successful outcome of the 

design study and to appropriate financial approval, it is hoped that 

the experiment will be built within the Community during the next few 

years. The experiment is known as the Joint European Torus (JET), a 

fusion experiment based on the tokamak concept. 

The main objectives of research with JET may be divided into 

three categories: 

a. the scaling laws up to plasma parameters which approach the reactor 

regime, 

b. the plasma-wall interactions under these conditions, 

c. the study of ct-particle production, confinement and subsequent 

plasma heating. 

In 1973, a design study team of physicists and engineers from 

the various Associated Laboratories was set up, and accommodated at the 

Culham Laboratory. During 1975 this design team issued their final 

design report. The major parameters of the JET device were finalized. 

Due to delay of the decision on the site of JET the final form for the 

power supplies could not be achieved. 

The device is designed to operate with a D-shaped plasma 

(3.85 MA), but for comparison a circular plasma (2.6 MA) can also be 

achieved. For later stages an extended performance (D-shaped, 4.8 MA) 

is foreseen. 

Some fundamental parameters are: 

maximum horizontal plasma radius a = 1.25 m 

maximum vertical plasma radius b = 2.10 m 

plasma mean major radius R = 2.96 m 
r J o 
toroidal field at R = R B = 2.77 T (3.75)* 

o o 
plasma current 
circular I = 2.6 MA 

P 
D-shaped I =• 3.85 MA (4.8)* 
available flux swing A<t = 25 Vsec (34)* 

An artist's impression of the apparatus is shown in Fig. C.l. 

The vacuum chamber is composed of a series of thick, sections and bel

lows. This structure is able to resist the forces which arise from 

atmospheric pressure and from the current induced during the rise of 

the toroidal field. At the same time it has a sufficiently large re

sistance to restrict the flow of toroidal current. 

* Extended performance. 
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The iimiter is made from a series of sections to::.,mg an axi-

symmetric limiter at the outside. There is also a series of poloidal 

protective shields preventing the plasma from touching the bellows and 

thin sections of the chamber. 

The toroidal field magnet is formed by 32 D-shaped coils. A 

mechanical shell withstands the torque which arises when the poloidal 

field crosses the toroidal coils. 

The poloidal field coils are connected in parallel in order to 

simulate a copper sh^ll acting against displacements or axisymmetric 

deformations of the plasma. The poloidal field coils around a central 

magnetic core create the primary flux. To obtain the maximum flux the 

central section of the core is driven far into saturation. The external 

magnetic circuit consists of 8 limbs. 

Fig. C.l. The JET device. Principal dimensions: major diameter of torus 5.9 m, 
horizontal plasma diameter 2.5 m, vertical plasma elongation 4.2 m, 
overall diameter 14.8 m, overall height 11.5 m. 
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The FQM-group attached to the JET design team is mainly co

operating on the following items: 

I. The poloidal coil system (P. Hellingman). 

The poloidal coil system consists of two different types of coils: 

a. The central coil, which mainly has to provide the flux swing 

necessary to build up the plasma current. This coil is of a 

modular type of design, 

b- The outer coils for supplying the stabilizing field (vertical 

and horizontal field) for the plasma. These large diameter coils 

("- 10 m) are built up out of many layers of half pancakes. 

Studies and tests on insulation materials and rubbers were 

done, with the UKAEA association tests on glass/epoxy/copper lami

nates were carried out and properties, such as potlife, viscosity 

and strength of epoxy polyurethane mixtures were measured. 

A two-dimensional axisymmetric finite element programme 

NIFE is used for stress calculations. Additional computer programmes 

for specific stress problems are being developed. 

Together with industrial firms (IRD) a production method for 

the poloidal coils has been set up. 

II. The poloidal power supply system (A.C.A. van Wees). 

As mentioned before,the poloidal coils are all connected in parallel 

to get the self-stabilizing effect. However, the vertical field, 

which is an intrinsic part of the poloidal field, has to be adjusted 

to the different plasma conditions under which the JET device will 

operate. 

This adjustment can be done in two steps: 

a. Adjusting the turn ratio between inner and outer coils. This is 

a rough setting of the voltage per turn in each coil to achieve 

the buildup of the right flux. 

b. Driving special rectifier units in the outer coil circuits to 

get a time-dependent adjustment of the vertical field flux. 

A set of time-dependent plasma parameters (plasma shape, 

current distribution and £-poloidai) are combined in so-called 

plasma scenarios. These scenarios dictate certain poloidal flux 

conditions. 

A programme has been developed to establish the connection 

between the time-dependent flux conditions and the poloidal power 

supply. The influence of the vacuum vessel (extra vertical field 

created by induced currents in the vessel) and of the change of 

permeability of the iron core (saturation) are also being investi

gated. 
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III. Design on auxiliary systems (H. Oosterom). 

In the design of the diverter coil were some difficulties with the 

coil transitions, especially in connection with high forces and 

bad magnetic properties. A better coil shape has been investigated 

to sclve these problems. 

Design work on neutral injectors for JET has been done. The 

layout of these injectors together with different diagnostic lines 

ii the torus hall are being investigated. 

C 1.3 Electronics and electrochemistry 

A. Agterberg, C.A.J, van der Geer, B.J.J. Grobben, J.J. Kamp, 

F.Th.M. Koenen, J. Pouwelse, H.Th.G. Spitholt, H.J.W. de Vor, 

N.J.M. Woudenberg, R. Blokker, H.C. Boelhouwers. 

A sophisticated "spark gap monitor" (Fig. C.2) has been complet

ed. This unit reads the exact time at which each of the 24 spark gaps 

of the SPICA experiment has fired. 

For special cases when an extremely high interference level is 

present or when a long distance is to be linked with ordinary glass 

fibre a new electrical-optical impulse transducer has been developed 

which delivers light pulses of 30 W. Another interesting development 

in the electro-optical field has been a special telephone giving all 

normal public telephone facilities without making any galvanic contact 

with the public telephone network. 

Much time and effort was spent to find ways to use the available 

transient recorders more economically. The most direct approach was an 

interface which makes it possible to display two coincident signals in 

sequence on a single transient recorder. Advantage in this respect was 

also gained with fast analog integrators for about 50 signals in order 

to economize on the fast local memory necessary in case of integration 

by the digital computer. For the same reason a very fast analog compu

ter is under development. Another approach is a "slow down" of the 

fast measuring signals with the aid of charge-coupled devices. 

C 1.4 Digital instrumentation 

A.J. Putter, H.J.F. van Ramele, H.A. van der Laan*. 

Fcr the local storage of data a 2 k 10-bit serial memory has 

From the Gas-Blanket Department. 
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Fig. C.2. A sophistic-atfd "spark qap monitor' 

been developed. Several of these units satisfying the CAMAC standards 

have been built this year. 

A transient recorder for general purposes has bean developed. 

The unit, built in a CAMAC module has 8 input channels with 8-bit reso

lution and a l k storage for each channel. The sample rate can be set 

between 5 usee and 1 msec. 

A long distance coupling has been built to link a PDP 15 to a 
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PDP 11-coraputer. This coupling makes use cf the full duplex serial asyn

chronous interface (10 k Baud) of the PDP 13 and PDP 11. An optical link 

of 3 m has been inserted into the coupling to feed the data through the 

wall of a screened cage. 

The digital programming unit described in previous status 

reports has been provided with an additional time resolution of 10 nsec 

per step. 

C 1.5 Computer facilities 

T.C van der Heiden, J.A. Verdoes. 

With the arrival of our first stand-alone PDP 11/05 with 16 k 

core memory, a cartridge disc, a dual DEC-tape system and a CAMAC 

Branch Highway driver (CA-ll-A) a new phase in our data acquisition 

has been reached. After a necessary extensive test period this computer 

will be installed at the experimental site in February 1976. 

The centralized data acquisition system, using the PDP-15/UC-15 

system has been extended with a 16 k core memory and a second cartridge 

disc-drive. The main purpose is to be able to use the RT-11 software 

system in the UC 15. The programme PIREX which now serves the buffered 

in- and output for the PDP 15 via the UC 15 will be replaced by an 

RT-11 compatible module which has to run in the foreground, while less 

sophisticated jobs,like programme development, can be done in the back

ground of the UC 15. The main purpose of this extra facility is the 

development of the software for the planned asynchronous data coupling 

from the PDP 8 and the PDP 11 to the PDP 15. 

A request for more interactive possibilities on the CDC-6500 

computer (SARA Amsterdam) was granted with the installation of a 

Texas Instruments Silent 300 Baud terminal, model 733 ASP.. 

This terminal is also used for message switching via the 

Honeywell Timesharing System. The CDC-731 remote batch terminal performs 

its task well but noisily.In November a new (Mode II) protocol was in

stalled. The most important advantage is the possibility of concurrent 

use of the card reader, line printer, and keyboard display. 

C 1.6 High voltage and power section 

A.B. Sterk, A.F. van der Grift, I'., van der Kaay, S .W.Th. de Kroon, 

E.G. van Kalles, S.P. Rijk. 

The Ringboog experiment has been provided with new poloidal-
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fxeld coils. The Lc delay line network delivering the primary current 

has been reconstructed. 

A design and prototype of the switch unit for the bias bank 

of SPICA has been made. Using these switches it is possible to switch 

on sections of the bia.. bank separately. The open voltage is 110 kV, 

the maximum current SO kA. 

The capacitor bank for the SP IV b experiment has beer, rebuilt 

and provided with Mark IV spark gaps. 

For the TORTURE experiment an electrolytic capacitor bank of 

1 Farad 500 V and a peak current of 0.6 MA has been designed and the 

construction has been started. 

Two pulse forming networks, 18 kV, 100 kA, 15 usee pulse dura

tion and Z - 100 mQ, for the additional turbulent heating of the 

Ringboog plasma are under construction. 

Preliminary work, for the installation of a new 20 MW DC power 

supply has been done during 1975. 
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C 2 MECHANICAL ENGINEERING {M.F. van Donselaar) 

a) O.R. Blogg, J.W. Bode, E.C. de Bruin, J.J.L. Caarls , 

P.F.M. Deinde, J.A.M. Delpeut, G.E. Godschalk., A. van Haasteren, 

P. Hellingman , L. de Jong, G.J.J. Kalfsc , W. Kersbergen, 

A.H. Kragten, C.Th. Kuppens, P.A. van Kuyk, J.Q.M, van Leusden, 

F. La Maire , F.A- Meeuwissen, J. Nienhuis, W.J.F. Nieuwhoff, 

W.J.H. Nobbenhuis, H. Oosterom , J. Pluygers, P.R. Prins, 

P. de Rijcke, B. de Stigter, W. Tukker, D.L. Wardenaar, 

H. Warsen, G.A. Wildschut, W.J.J. Wolfis, W. van Zanten; 

trainee during 1975: J.J. Agten. 

A device for a belt-pinch experiment has been designed and is 

under construction. For this experiment a fused quartz vacuum chamber 

was developed and manufactured in cooperation wich the Westdeutsche 

Quarzschmelze (Geesthacht). The wall thickness is Less than 5 mm and 

the shape accuracy is better than I mm (Fig. C.3). 

The Ringboog device will be modified and extended with turbu

lent heating. The High Voltage Engineering Company has drawn the -ill-

metal vacuum chamber with four ceramic breaks, that has to reach an 

ultimate pressure of 10~ torr. This division will prepare the copper 

shell, and assemble the new device. 

For the TORTURE device new pla- s had to be drawn to accommodate 

the new set of magnetic field coils. 

A mirror mounting for SPICA has been completed, almost cutirely 

consisting of insulating material (Arnite) (Fig. C.4). 

Also, a I0-channel polychromator for Thomson-scattering measu

rements has been built (Fig. C.5). 

a) Up to l - b - 1 9 7 5 -
b) At Culharti L a b o r a t o r y , Krigland. 
c) Up t o 1 5 - 9 - 1 9 7 5 . 
d) Up t o 1 -R- I97S . 



Fig. C .3 . Be l t -p inch t o r u s . 
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H. de Kluiver 

W.R. Rutgers, 
H.W. Kalfsbeek 

W.R. Rutgers 

W.R. Rutgers, 
H. de Kluiver 

H. Schrijver 

W.R. Rutgers 

"Turbulente verhitting van plasma's", 
FOM-Jaarboek (1974) 145. 

"Calculations and measurements of 
the dynamic Stark effect in 
hydrogen", 
Z. Naturforsch. 30a (1975) 739. 

"Observation of turbulent waves in 
a helium plasma by optical spec
troscopy" , 
Z. Naturforsch. 30a (1975)1271-1278. 

"Observation of e.m. radiation at 
fpe and its harmonics emitted by a 
turbulent plasma", 
Physics Letters 53a (1975) 5. 

"Plasmaturbulentie: uitzondering of 
regel?", 
NTvN 4_1 (1975) 99. 

"The determination of electric 
field fluctuations in a turbulent 
plasma". 
Thesis university of Utrecht, 
29 September 1975. 

J-A. Markvoort _ «i Density prof, es in a steady-state 
DT gas-blanket reactor", 
Thesis University of Utrecht, 
17 December 1975. 

H. de Kluiver, 
W.R. Rutgers 

S.M. Hamberger, 
H. de Kluiver, 
H.W. Piekaar 

"The deduction of waves in a turbu
lent plasma from spectroscopic 
observations", 
Survey Lectures of the 2nd Int. 
Congress on Waves and Stability in 
Plasmas, Innsbruck, 17-21 March 
1975, (paper Kl 1 - Kl 32). 

"The present state of research into 
plasma heating and injection 
methods" Section B 4(b) "Turbulent 
Heating (j II B)", 
(1974) 47 Eur 5236e. 
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Rljr.huizsn Reports 

J. Rem, 
D.C. Schram 

P.C.T. van der Laan 

J.A. Markvoort 

J.A. Markvoort 

W.R. Rutgers 

"Eddy currents in the Alcator 
Tokamak", 
Rijnhuizen Report 75-88. 

"A method for measuring the field-
index in a Tokamak", 
Rijnhuizen Report 75-89. 

"The behaviour of impurities in a 
steady-state DT gas-blanket reactor". 
Rijnhuizen Report 75-90, also thesis 
University of Utrecht, 17 December 
1975. 

"Hydrogen and helium density pro
files in a steady-state gas-blanket 
reactor", 
Rijnhuizen Report 75-91, also thesis 
University of Utrecht, 17 December 
1975. 

"High-frequency radiation from 
strong density fluctuations in a 
turbulent plasma", 
Rijnhuizen Report 75-92. 

Proceedings 

Proc. Symp. Fotonica 1975, Eindhoven, 2-4 April 1975. 

D. Oepts - "Thomson-verstrooiing aan hete plas
ma's", 
(1975) 112-116. 

Proc. The European Nuclear Conference; Nuclear Energy Maturity, Paris, 
2l-2b April 197 b. 

CM. Braams - "Controlled nuclear fusion and its 
potential contribution to future 
energy needs", (Abstract) (1975) 779. 
Full text in Nuclear Energy Maturity, 
Proc. of the Paris Conf., Progress 
in Nuclear Energy Series, 1976, 
Pergamon Press Oxford, New York, 
Part Invited Sessions, page 35-38. 

Proc. Work shop on Plasma-Wall Interactions, University of Diisseldorf 
Physics Institute II, DUsseIdorf, 2 July 1974. 

W.J. Schrader 

J.A. Markvoort 

- "Introduction to the Jutphaas gas-
blanket programme", 
(1975) 34-37. 

- "The density profiles of a steady-
state DT-reactor in which carbon 
(Z=6) is present as impurity", 
(1975) 38-44. 
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F.C. Schuller - "Experimental results on arc 
discharges in a toroidal magnetic 
field", 
(1975) 45-47. 

Proc. Int. Conf. on Infrared Phys., ETH Zurich, 11-15 August 1975, 

Th. de Graauw, 
H. van de Stadt, 
D. Bicanic, 
B. Zuidberg, 
C.A.J. Hugenholtz 

- "Heterodyne detection at 337 urn in 
epitaxial GaAs", 
(1975) C28-C30. 

Proa. Xllth Int. Conf. on Phen. in Ionized Gases, Eindhoven, 
13-22 August 1975. 

W.R. Rutgers - "On the deduction of turbulent field 
parameters from the profile of for
bidden helium spectral lines", 
(1975) part 1, 371. 

Proa. 7th Eur. Conf. en Contr. 
1-5 September 1975. 

R.J.J, van Heijningen, 
C. Bobeldijk, 
J.A. Hoekzema, 
P.C.T. van der Laan, 
D. Oepts, 
J.W.A. Zwart, 
W. Kooijman, 
D.J. Maris 

Fus. and Plasma Phys., Lausanne, 

- "Parameters of screw pinches in 
SPICA", 
Vol. I (1975) 38. 

F.C. Schuller, 
R.S. de Haas, 
L.Th.M. Ornstein, 
L.C.J.M. de Koek, 
W.J. Schrader, 
J, van Os 

"Ringboog: A toroidal discharge in 
a gas-blanket", 
Vol. I (1975) 128. 

J.A. Markvoort, 
J. Rem 

H.W. Kalfsbeek, 
B. de Groot, 
T.G.A. Winkel, 
H. de Kluiver, 
H.W. Piekaar 

"Impurity profiles in a steady-
state D-T reactor", 
Vol. I (1975) 131. 

"Heating of plasmas by current-
induced turbulence in a small 
Tokamak", 
Vol. 1 (1975) 163. 

W.K. Rutgers, 
H.W. Kalfsbeek 

"Determination of microfields in a 
turbulmt plasma by optical and far-
infrared spectroscopy", 
Vol. I (1975) 167. 
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Alcator", 
Vol. II {1975) 14. 

"Impurity profiles in a steady-
state D-T reactor". Supplementary 
paper, 
Vol II (1975) 275. 

i rd '."'o'f.-'" uaL Co 
Sevtenter 137;. 

n l'u ' se J Hi'jh fikia Plasmas, Culhan, 

G.G. Lister 

C. Bobeldijk, 
R.J.J, van Heijningen, 
J.A. Hoekzema, 
P.C.T. van der Laan, 
D. Oepts, 
A.A.M. Oomens, 
J.W.A. Zwart, 
P.J. Busch, 
D.J. Maris, 
W. Kooijman 

J.A. Hoekzema 

J. A. Hoekzema 

W. Schuurman, 
J.A. Hoekzema, 
P.C.T. van der Laan, 
C. Bobeldijk 

"Numerical computations for screw-
pinch experi-nents", 
{paper B2.9). 

'Results of SPICA", 
(paper Dl.2). 

- "Toroidal equilibrium of non-
Circular sharp boundary plasmas 
surrounded by force-free fields", 
{pak»er D2.3a) . 

- 'Lecay and profile . '-he t.jrc 'ir 
plasma current in a : -,.-sv p• r••' ~<".. 
(paper D2.3b). 

- "Some design parameters ot „\ screw 
pinch reactor", 
(paper D3.3) . 
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R.S. de Haas, 
L.C.J.M. de Koek, 
L.Th.M. Ornstein, 
W.J. Schrader, 
F.C. Schüller 

"Toroidal high density discharges 
in the Ringboog device". 
Bull. Am. Phys. Soc. 20 (1975) 1240. 

H.M. Skarsgard, 
A. Hirose, 
H.W. Piekaar 

"Possibility of turr ulcut heating 
of a large toroidsA r>Iasma", 
Bull. Am. i»iivs. Soc. 20 (19?5) 1241 

P.C.T. van der Laan, 
C. Bobeldijk, 
R.J.J, van Heijningen, 
J.A. Hoekzema, 
D. Oepts, 
A.A.fl. Oomens, 
J.W.A. Zwart 

- "Screw pinch experiments in SPJCA", 
bull. Am. Phys. Soc. 20 (1975; 1311 

G.G. Lister 

W.J. Goedh-if-r 
G.G. Lister 

F.C. Schüller, 
R.R. Parker, 
A.A.M. Ooniens, 
L.Th.M. Orr.stein, 
R.J. Taylor 

H.W. Piekaar, 
A. Hirose, 
H.M. Skarsgaiu 

"Numerical computations for screw-
pinch experiments", 
Bull. Am. Phys. Soc. 2_0 (1975) 1328. 

"Neutral density in a hydrogen arc", 
Bull. Am. Phys. Soc. 20* (1975) 135o. 

"The observation of high-frequency 
radiation and anomalous ion heating 
in low-density discharges in 
Alcator", 
Bull. Am. Phys. Soc. 20̂  (1975) 1372. 

"Double-pulse turbulent heating 
experiment". 
Bull. Am. Phys. Soc. 20 (1975) 1383. 
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P U B L I C A T I O N S I N 1 9 7 5 ( T N I ) 

F . Engelmann, 
A. S e s t e r o 

J . P . Goedbloed, 
J.W.A. Zwart 

J . P . Goedbloed 

B. Coppi, 
G. Rewoldt, 
T. Schep 

Proceedings 

Proc. 2nd Int. Congress on Waves 
17-21 March i97è. 

J.P. Gcüdbloed 

J.P. GoedDloed 

J.P. Goedbloed, 
J.P. Freidberg 

Proa. 7th Eur. Conf. on Contv. F 
1-5 September 197S. 

K. Audenaerde, 
F. Engelmann 

T.J. Schep, 
B. Coppi, 
G. Rewoldt 

F. Engelmann, 
A. Sestero 

- "Plasma-wall interaction through 
ripple convection in toroidal 
devices", 
Nucl. Fusion ̂ 5_ (1975) 714. 

- "On the dynamics of the screw pinch", 
Plasma Physics r7 (1975) 45. 

- "Spectrum of ideal magnetohydro-
dynamics of axisymmetric toroidal 
systems", 
Phys. Fluids 18 (1975) 1258. 

- "plasma decontamination and energy 
transport due to impurity driven 
modes", 
Plasma Research Report PRR-754, 
Massachusetts Institute of Tech
nology, February 1975. 

and Stability in Plasmas, Innsbruak, 

- "Spin, parity, and the spectrum of 
ideal magnetonydrodynamics", 
(paper D3). 

- "The continuous spectrum of ideal 
magnetohydrodynamics in toroidal 
geometry", 
(paper D4). 

- "Equilibrium and stability of high-
beta diffuse tokamaks", 
(paper '4). 

s. and Plasma Phys., Lausanne, 

- "Correlation effects and cyclotron 
radiation from plasmas", 
Vol. I (1975) 13. 

- "Impurity driven dissipative fluid 
modes", 
Vol. I (1975) 115. 

- "Plasma-wall interaction through 
ripple convection in toroidal 
devices", 
Vol. I (1975) 142. 



Proa. 3rd Topical Conf. on Pulsed High Beta Plasmas, Culham, 
9-12 September 7975. 

J.P. Freidberg, - "Equilibrium and stability of a 
J.P. Goedbloed diffuse high-beta tokamak", 

(paper Al.7). 

Proe. Congresso Nazionale della Societa Italiana di Fisica, Leooe, 
October 197b. 

M. Bomatici, - "Trasporto in geometria toroidale 
F. Engelmann, in presenza di sorgenti esterne", 
A. Nocentini Bollettino della SIF no. 10b 

(1975) 10. 

Proa. 17th Meeting of the American Physical Society, St. Petersburg, 
10-14 November 1975. 

T. Schep, - "Plasma decontamination and energy 
B. Coppi, transport due to impurity driven 
G. Rewoldt modes", 

Bull. Am. Phys. Soc. 20 (1975) 1259. 
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H. de Kluiver 
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^.A.M. Oomens 
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- "Informal talk and discussions OP 
turbulent heating". 
Plasma Physics Laboratory, Univer
sity of Saskatchewan, Saskatoon, 
Canada, 
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- "Design studies for fusion reactors", 
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- "Pinch configurations", 
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- "Fusion research at present", 
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- "The deduction of waves in a 
turbulent plasma from spectroscopie 
observations", 
Invited lecture for the 2nd Int. 
Congress on Waves and Stability in 
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20 March 1975. 

- "Results of the SPICA experiment", 
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charge physics, Utrecht, 
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- "Recent results in Alcator", 
Los Alamos Scientific Laboratory, 
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in Alcator", 
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- "State of thermonuclear research", 
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Symposium Digital Equipment Computers 
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CEA, Fontenay-aux-Roses, 
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H. Schrijver - "Fusion reactors", 
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H. de Kluiver - "Nuclear fusion at present", 
Natuurwetenschappelijk Gezelschap 
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W.R. Rutgers - "The deduction of microfields in a 
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