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

The experimental work in our Institute concerns some aspects 

of toroidal magnetic confinement systems for fusion plasmas. 

In the screw-pinch devices SPICA and SP IV b, attention is fo-

cussed on the time-evolution of the pulsed magnetic field, particularly 

on the persistence of the force-free currents in the region near the 

wall, and on the maximum value of j3 attainable. In both respects, SPICA 

has shown outstanding performance, while the smaller SP IV b is teaching 

us how to control the plasma in a screw pinch with elongated cross-

section. The joint FOM-ECN-KEMA screw-pinch reactor study has shown the 

need to increase A from its present value of 25% to at least 50%, and 

our theoretical work indicates that this may be achievable in an elon

gated toroid. Thus, all these studies point in the direction of a fol

low-up to SPICA with non-circular cross-section,for which plans are 

being worked out. 

In the turbulent-heating experiment, TORTUR, much attention 

was paid to improved diagnostics. When a power crowbar was installed 

to increase the pulse duration, a strong plasma-wall interaction show

ed up which demonstrates the need to install a metal liner. The effect 

of a single turbulent-heating pulse is in close agreement with the 

outcome of numerical computations, so that a good basis now exists for 

a further study of proposals to heat a plasma by means of repeated 

pulses. 

Our gas-blanket studies in the RINGBOOG experiment have yield

ed further evidence for the importance of reabsorption of Lyman-t ra

diation for the energy balance in a dense gas blanket. It appears that 

this gives rise to the observed hollow density and pressute profiles, 

which are thought to drive the low-frequency instability of the 

RINGBOOG plasma. The experiment was dismantled for a major overhaul 

that will make it possible to bridge the gap between the present mode 

of operation and the high-density tokamak mode. Like all other experi

mental activities, this work is supported by numerical studies carricu 

out in close cooperation with the theoretical division. 

In the latter, the work on magnetohydrodynamics and transport 

theory was continued. The studies of magnetohydrodynamic stability of 

high-K equilibria are based on both diffuse and sharp boundary models. 
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Applications concentrated on the effects of force-free currents sur

rounding a discharge and of non-circular cross-sections. The transport 

theory of highly collisional toroidal plasmas including impurities, 

was further worked out. The results were applied to the cold-blanket 

problem, studies on particle transport mechanisms relevant in the 

buildup of high-density discharges in tokamaks were started. Also 

the dynamics of cylindrical plasmas of arbitrary ö were investigated 

on the time scales of the transport phenomena. Furthermore, studies 

on wave dynamics (nonlinear effects on electron ard ion waves, as well 

as waves in inhomogeneous plasmas) and on quantum-mechanical methods 

were continued. On the results of the evaluation of the potentialities 

of using advanced fuels in a thermonuclear reactor a report was issued. 

CM. Braams 

F. 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. Braams) 

A t PINCHES (C. Bobeldijk) 

E.J.M. van Heesch, J.A. Hoekzema, G.G. Lister1 , 

A-F.G. van der Meer , M. Mimurac , D. Oepts, A.A.M. Gomens, 

A.E. Prinn , W. Schuurman, J.W.A. Zwart*" , P.J. Busch, 

G. van Dijk, A.C. Griffioen, W. Kooijman, D.J. Maris, 

W.J. Mastop, P.H.K. Smelts, A. Verheul; students and trainees 

during 1976: H. van Deukeren, A.C. van Dieren, P.R. Jonkers, 

C R . de Kok, H.W. Luijsterburg, C.J. van der Poel, S.P. Rijk, 

H.M. Schram. 

Introduction 

The experimental programme of the pinch group has been concen

trated on the long-term behaviour of the screw-pinch plasma in SPICA 

and on the formation and short-term behaviour of the non-circular plas

ma in SP IV b. In the group also the theoretical work on implosion 

heating in circular geometry has been terminated and the study group 

on high-& reactor systems completed its parameter study of a screw-

pinch reactor. 

In SPICA (see A 1.1) the behaviour of the plasma is largely 

determined by the constant-pitch configuration which is built up during 

the implosion phase «nd the adiabatic compression phase. It was demon

strated during the past year that this configuration fully develops in 

plasma with an initial pressure of about 10 mtorr D„ , although non-

reproducible initial conditions still prohibited consistent behaviour 

from shot to shot. This is currently under investigation. The well-

behaved discharges are characterized by very long current decay times 

(up to 700 ;is) , good equilibrium (A < 10 cm) and stability during 

100 us at a peak p-value of 25%. Thus flux conservation under these 

conditions has been demonstrated and the expected favourable equilib

rium and stability properties in circular geometry have been confirmed. 

Under unstable plasma conditions the m=2 external kink mode prevails. 

a) At Pr incetui i , UPA, dur ing t h i s p e r i o d . 
b) From l r i - ? - n 7 6 . 
c) Guest from I.P.P., Nagoya, Janan, until. l-f>-l97&. 
d) Gunr.t from Liverpool University, England, until l-(J-107f. 
f) At JET Design Team, Cu.'ham, England, during this period. 
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The results of SPICA have been reported at the 6th International Con

ference on Plasma Physics and Controlled Nuclear Fusion Research at 

Berchtesgaden. In order to investigate the influence of the plasma 

cross-section on the maximum stable beta-value, a design study is being 

made oi a racetrack-formed quartz vacuum tube surrounded by a similarly 

formed metal wall to be installed in place of the present circular one. 

Up till now the non-circular screw pinch SP IV b (see A 1.2) 

has operated in a ringing mode with a quarter period of 9 ys. Depending 

on the initial conditions different discharge types can be produced. 

Those with high ellipticities and compression ratios have been studied 

in some detail. In this discharge type force-free currents are produced 

in the region outside the main column. These currents are believed to 

be responsible for the high elongation. The first results will be pre

sented at the "Frühjahrstagung 1977 der Fachausschiisse Plasma und Gas-

entladungsphysik und Kurzzeitphysik der Deutschen physikalischen Gesell-

schaft" in Essen. 

The high-£ reactor study group (see A 1.4) in which ECN (for

merly RCN) and KEMA take part, completed its parameter study of the 

screw-pinch reactor. A preliminary study has been reported at the 9th 

Symposium on Fusion Technology at Garmisch-Partenkirchen. The main 

conclusion is that a toroidal screw-pinch reactor with circular crosü-

section and f? < 25% has an intolerably low efficiency due to high 

ohmic losses in the compression coil. 

The theoretical study on implosion heating of a circular plas-

.na with £ '•'•• 1 has been completed and the results have been published. 

Relatively simple models for this type of discharge with different 

rise times of the nagnetic fieM are now available. The MHD-equilib-

rium and stability of circular and non-circular screw pinches is still 

under investigation in the theoretical division TN I (see B 1). 

A 1.1 SPICA 

C. Bobeldijk, J.A. Hoekzema, A.F.G. van der Meer, M. Mimura, 

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

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

P.H.M. Smeets. 

During this period it bacame necessary to replace the quartz 

torus of SPICA. Therefore, the time available for measurements was 

limited to six months. Most of the experiments in SPICA during that 

time were done to achieve more knowledge about the discharge behaviour 

in a regime characterized by the following set of parameters: toroidal 
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field B - 1.2 T, toroidal plasma current I * 250 kA; initial D~-
•t.p 2 

press ire; p =* JO tntorr and values of the safety factor q * 1.5. Recent 

theoretical work on the stability of toroidal screw pinches and high-.? 

tokamaks predicts optimal MHD-stability at q-values around 1.5 in the 

case of a constant q-profile in the outside region.Then the limit on 

B is given by i- r . = 0.6 • (where • is the inverse aspect ratio of 

the plasma column) for a sharp-boundary plasma with circular cross-

section (see B 1.2). Figure A.l shows the time behaviour of some param

eters of a stable and an unstable discharge. The parameters of the 

stable discharge (Fig. A.la) represent a considerable improvement on 

those measured earlier at lower bias fields (see ASR 1974, A 1.3). 
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The average decay time of the plasma current during the time 

interval from 30 to 90 us is x. = 500 us. In some discharges x. even 

exceeds 700 us. The internal inductance varies from about 450 nH up to 

5 30 nH during a time interval of 100 us, which for a homogeneous current 

distribution (j = 180 A cm-2) corresponds to a decrease of the current 

radius of 18.8 cm to 16.9 cm (the tube radius is 20 cm). If the current 

decay is interpreted as due to resistive dissipation an average temper

ature exceeding 20 eV can be attributed to the outside low-density 

plasma. In the main column a temperature has been measured of 60 eV at 

6.4 us by means of Thomson scattering. The value of q in the outside 

plasma, under the assumption of a homogeneous current distribution, is 

equal to 1.5 and constant in time. The density in the main column, 

again measured by means of Thomson scattering, is 5*102i m~3 (so 0^20%). 

The line density, as measured with He-Ne-laser interferometry, is in 

agreement with this value. It also shows clearly the effect of flatten

ing of the column caused by the outward movement of the column after 

the implosion. After crowbarring, the line density remains constant for 

about 50 us, then it decreases to half its value and changes a little 

for another 150 ^s. This decrease is not explained well, but it can be 

correlated to a gradual upward shift of the plasma column as seen in 

the streak photograph. 

In the unstable discharge (see Fig. A.lb) the plasma column 

moves towards the outer wall in 70 us. Already at 6.4 ;is the plasma 

temperature (23 eV) and the density (3*10°] m~3) are much lower than 

in the stable discharge. The increase of the inductance is fast and 

equivalent to a region of current loss which increases to 5 cm from 

the tube wall within 100 ;JS. The value of q at the wall varies in the 

same time from 1.4 to 2.0. The decay time of this discharge is only 

240 us. The amplitude of the m=2 modes, as measured by a set of mag

netic pick-up coils around the minor cross-section shows a clear 

correlation with the decay rates of both discharges (see Fig. A.2 and 

Fig. A.3). The m=l mode does not seem to play a role in the decay phase. 

These observations are not in agreement with the above-mentioned theory. 

It is possible that a change in the initial conditions causes the build

up of a q-profile for which m=2 is the dominant instability. 

It is still unexplained why under apparently the same initial 

conditions some discharges show a stable behaviour, whereas other ones 

are unstable. There are, however, experimental indications that a 

change in the q-profile and the ö-value, due to non-reproducible initial 

conditions, is responsible for that. 

At the end of 1976 discussions had been started concerning the 

design of a possible new load for the SPICA capacitor banks. 

6 



06 
0.4 
02 
O 

02 
O 

-02 
-04 

i—~i r 

m» 2 

i r 

©: 
L 

T 1 

m* 2 

-f r 

©: 

T 
,m*l (sin) 

Ti rj 1 1 1 1 r r 1 1 r 
1 ^ m « l (sin) 

- jF**m=1 (cos) 
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Fig. A.3. Correlation of the m=2 amplitude ( re la t ive to the m=0 
amplitude) with the current decay rate in an unstable 
discharge. 

A 1.2 The b e l t - s h a p e d screw pinch SP IV b 

E.J.M. van Heesch, A.E. P r inn , G. van Di jk , A. Verheul , 

H. van Deukeren, C.J . van der Poe l . 

In 1976 SP IV b came i n t o o p e r a t i o n . In t h i s experiment the 

well-known screw-pinch conf igu ra t ion with fo rce - f r ee c u r r e n t s i s com

bined with an e longa ted minor plasma c r o s s - s e c t i o n . The r e s u l t s of 
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SP IV b will demonstrate whether elongated plasmas can be produced and 

maintained in a screw pinch with a closed conducting shell. The favour

able properties of elongation and fo^ce-free currents, predicted by 

theory, will be a second subject of the experimental investigation. 

SP IV' b produces a toroidal non-circular plasma by fast im

plosion within one microsecond. After the implosion the main field 

and the current continue to rise. The non-circularity of the plasma is 

obtained by the action of a closed copper shell with a minor cross-

section shaped like a racetrack with an ellipticity of four. A sketch 

is given in Fig. A.4. 

Fiy. A.4. Thp belt-pinch geometry. 

The quartz vacuum vessel with a major radius of 24 cm and a 

total height of 48 cm has the same ellipticity and fits closely into 

the copper shell. 

The toroidal magnetic field (B4 = 1.2 T) and the plasma current 
v 

(I, = 300 kA) are induced simultaneously by one set of helical windings 

circumferring the copper shell twice in the poloidal and once in the 

toroidal direction. The current in this coil is supplied by a 150 h.F, 

40 kV (120 kJ) capacitor bank. The quarter period of the oscillating 

electrical circuit is 9 us. 

Preóischdrge conditions are obtained by high frequency (30 MHz) 

50 kV pre-ionization pulses and a toroidal predischarge (lf = SO kA). 

The ?,-value can be affected by a bias field adjustable up to 63 mT. 

During the past experimental stage the electrical and mechanical con

struction showed excellent and very reliable operation. 
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In the experiments carried out up till now we have studied an 

oscillating discharge in hydrogen at filling pressures between 10 and 

40 mtorr. The diagnostics were streak photography, spectroscopy, internal 

and external magnetic probe measurements, electrostatic probe measure

ments and the usual current and voltage measurem* ts. The observation 

time is limited to the first quarter period. 

The results show that a wide range cf discharge types can be 

produced by a judicious selection of initial conditions and timing of 

the magnetic fields. A number of these dischaiges showed an undesirably 

rapid decay of the plasma elongation. This effect has not been explain

ed yet. In other discharges which were investigated more carefully, the 

plasma resembles a belt with high ellipticities (14 and 6) and a high 

compression ratio (10) (see Fig. A.5). 

f i g . A. r >. Sr.rt. ',;k p h n t o q t r a p h o f t ):<.• I t - p i n<-li pl.tsr;;-*. 

Current measurements indicate a q-value at the wall of 1 ft. 

Magnetic-field measurements demonstrate the presence of currents in the 

region outside the dense central plasma column (sec Fig. A.6). These 

currents constitute up to 60% of the total plasma current. The observed 

stability and high compression combined with high elongation may be 

attributed to these force-free currents. In the discharges with the 

smaller ellipticity the measured value of n //T indicates a tempera

ture of several tens of eV at a filling pressure of 30 mtorr and a 

<;•-value between 0.2 and 0.5. 

After the initial experiments an attempt will be made to op

timize the discharge at filling pressures near 10 mtorr and o charging 

voltage of 40 kV. 
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A 1.3 Theory 

C. Bobeldijk, J.A. Hoekzema, W. Schuurman. 

The implosion heating of a plasma with a built-in magnetic 

field was further investigated. The internal magnetic field is neces

sary to reduce the B-value of the plasma. The rise time of the external 
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magnetic field is, in present-day pinch experiments, generally much 

longer than the implosion time. In a reactor based en implosion heating 

it will be necessary to make the rise time shorter than the implosion 

time, in order to increase the heating efficiency of the implosion. In 

a staged setup the plasma may then be heated further to ignition tem

perature by relatively slow adiabatic compression- In the short rise-

time limit it is sometimes possible to express the strength of the 

magnetic field in terms of the plasma radius. Then the final plasma 

temperature can easily be calculated and it is independent of the im

plosion mechanism. 

In the extrapolation towards a reactor, the maximum permissible 

electric field strength at the first wall may become an important lim

iting factor. An implosion model is necessary to calculate tne strength 

of this field and to calculate the final plasma temperature for finite 

rise times. A revisad snow-plow model, where not only the plasma but 

also the internal magnetic field is swept up by the inward moving 

sheath, was developed. For the broadening of the sheath, due to magnetic 

and kinetic pressure, a simplified model is used. Calculations indicate 

that the final results do not depend strongly on the detailed structure 

of the sheath and therefore the simplification is justifiable. 

The results indicate that the broadening of the imploding 

current sheath is considerable, especially at high bias field values. 

This is also seen in SPICA (see Pig. A.7). So,good agreement was found 

between experiment and theory. 

Lg, A. 7 . 

Lsible l i g h t emission us a function 
f place and time for a d i s cha rge in 
3ICA (side view). 

(US) 

The implosion efficiency, which is defined as the ratio of 

plasma kinetic energy to total energy in the tube, is influenced by 

the initial bias field (and therefore by the final B-value) and by the 

ratio of magnetic-field rise time to implosion time. 

In Fig. A.8 this efficiency is plotted for a magnetic field 

that rises linearly with time and remains constant after crowbarring. 

The parameter ci is a measure for the ratio between the rise time of 

the magnetic field and the implosion time: < = B'T;'/2'n r b' , where B 
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Fig. A.8. Implosion efficiency as a function of £ with j. as a 
parameter. Th«> external magnetic field rises linearly 
with time and remains constant after crowbar. 

is the maximum magnetic field, T, is the rise time, p is the initial 

nass density and b is the tube radius. 

A 1.4 High-r- reactor studies 

C. Bobeldijk, J.A. Hoekzema, W. Schuurman. 

In 1976 the parameter study of a screw-pinch reactor with cir

cular cross-section has been completed. The Dutch study group on pulsed 

highW fusion reactor systems reported on this work at the 9th Sympo

sium on Fusion Technology, held at Garmisch-Partenkirchen, 14-18 June 

1976. 

The various heating stages (implosion, adiabatic compression, 

and i-parLicle heating during the burn) have been analyzed extensively. 

In particular tr:« burning phase, in previous work treated in a simpli

fied way, has been considered in detail. In the energy balance the 

energy production by fusion, radiation losses and ohmic losses in the 

compression coil have been taken into account. Control of p and the 

temperature is supposed to be achieved by variation of the external 

magnetic field and by introduction of a programmed amount of impurity 

into the reactor vessel. 
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Much attention has been given to such technological problems 

as the construction of the coils and its influence on ohmic losses and 

weight, and to the power sources for implosion and adiahatic compres

sion. 

A number of numerical calculations have been performed. From 

physical and technological constraints, a set of parameter values of 

a Reference Screw-Pinch Reactor has been derived. Variation of some 

of the input parameters shows how the reference values are affected. 

The main conclusions reached are: 

1. The parameter that determines the net efficiency n t of the reactor 

is ft. At 0 = 25%, ohmic losses in the compression coil limit n ^ to 
c net 

about 0.20. If B could be raised to 50% as can be the case in a 

reactor vessel with elongated cross-section, an efficiency of 30% 

would become possible. The sustained-field method to avoid the ohnu c 

losses has been studied at some length and turned out to be impracti

cal. Therefore, the belt-shaped screw-pinch reactor will be investi

gated in the near future. 

2. Implosion and adiabatic compression of a plasma with 8 ' 1 are in

efficient heating processes: the major part of the work done by the 

external magnetic field is used to compress the bias field. Another 

heating method is by neutral injection already applied in present-

day low-g tokamaks. Since the neutral heating enhances 3 the im

plosion phase should take place at low 0. This in turn implies a 

low temperature that causes rapid diffusion of the screw-pinch 

configuration into the tokamak configuration.Thus, it seems better 

in this case to follow the concept of the flux-conserving tokamak. 
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A 2 TURBULENT HEATING (H. de Kluiver) 

H.W.H, van Andel , H.J.B.M. Broeken, H.W. Kalfsbeek, 

H.W. Piekaar, W.R. Rutgers' , J.J.L. Caarls, B. de Groot, 

B. de Stigter, Th.G.A. Winkel ; students and trainees 

during 1976: W.A.W.J.M. Camps, A.M.F.J, van de Laar, 

A.F.G. van der Meer, W. Soede, A. Tal. 

Introduction 

Plasma turbulence may arise whenever microinstabilities are 

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

The increased collision frequency corresponding to the growth rate of 

microinstabilities can have a marked influence on plasma resistivity, 

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 for which joule heating fails be

cause of the decrease of the classical collision frequency with in

creasing particle temperatures. In fact, turbulent heating can be con

sidered a good candidate for further heating of torus plasmas in view 

of the substantial heating of ions observed in linear experiments 

(see ASR 1975, A 2.1). 

However, it should be realized that for heating of large to

roidal plasmas by current-driven turbulence, the application of 

repeated pulses of longer duration will be necessary. It is now ap

parent that for turbulent heating the pulse length multiplied by the 

applied field strength should exceed a certain threshold value. These 

ideas will be further investigated in the coming years. 

During 1976, the research activities of the turbulent-heating 

group were primarily concentrated on the toroidal experiment TORTUR 

(see A 2.1.1). A major modification has been the addition of a slow 

capacitor bank, which is meant for the extension of the plasma con

finement time. In addition, a number of new diagnostic techniques were 

put into operation. For example, for the measurement of the density, a 

CO--laser interferometer was constructed. Also, a ten-channel neutral 

a) Guest, from Dclpartomont de P h y s t q u f , U n i v e r s i t c dc> M o n t r r ' a l , C a n a d a , from 1-8-l f)7f>. 
b) On LfriVc of d b s e n c p at. tht* U n i v e r s i t y of M a r y l a n d , U . S . A . , d u r i n q T)76, 
c) At JKT Des ign Team, Culham, EnrjL.ijtd, from 1 -4 -1976 . 

14 



energy analyzer for the measurement of the ion temperatures was in

stalled and extensively teste-. Preliminary measurements were performed. 

For measurements of the microwave emission, a ten-channel microwave 

spectrometer (8-40 GHz), on loan from Culham Laboratory, was calibrated 

and installed. Detection of soft X-ray radiation was made possible by 

means of an electron-multiplying tube in combination with various ab

sorbers (see A 5.1.1). 

Other diagnostic techniques (fast magnetic multiprobe, ruby-

laser scattering, UV-spectrometer, solid-state target detectors, mass 

spectrometer, etc.) were routinely used. The twenty-four-channel data-

handling system coupled to a PDP-11 computer had been found to be in

dispensable for the radip reduction and preliminary graphical display 

of the experimental data. The major experimental results of TORTUR are 

summarized in A 2.1.1. 

The one-dimensional two-fluid MHD-code developed to simulate 

the skin formation was further extended, and has led to the interesting 

conclusion that the experimental results to be expected are rather in

sensitive to the detailed nonlinear saturation mechanisms involved, as 

long as the ion-acoustic instability is responsible for the turbulence. 

For the meaningful continuation of this work, it has become 

apparent that a stainless-steel vacuum vessel is essential. Plans to 

this end are described in A 2.2. 

The linear experiment TURHE, described in previous Annual 

Status Reports, was primarily used in 1976 for the testing and calibra

tion of diagnostics. 

A 2.1.1 The toroidal experiment TORTUR I 

H.W.H. van Andel, H.J.B.M. Broeken, H.W. Kalfsbeek, 

H. de Kluiver, H.W. Piekaar, J.J.L. Caarls, B. de Groot, 

B. de Stigter, Th.G.A. Winkel, W.A.W.J.M. Camps, 

A.M.F.J, van de Laar, A. Tal. 

TORTUR I is a tokamak with R = 0.46 m, r,. = 0.09 m and a 
lim 

toroidal field up to 2 T. The vacuum vessel is a quartz torus consist

ing of four segments, surrounded by a 2 cm thick copper shell, which 

is divided into four 90° segments. This shell is connected to pre-

ionization, confinement and heating capacitor banks. For pre-ionization, 

plasmas with densities between 3*10'9 m~3 and lxlO21 m"1 can be produced 

with a 1 kW, 2.7 MHz transmitter in combination with a slower capacitor 

bank (f • 7 kHz, 10 kJ, 5 kV). This fully ionized hydrogen plasma has 
T = 14 eV at n = 1020 m"3 (see A 5.3). For turbulent heating the e e 
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application of a faster additional capacitor bank (125 kJ, 50 kV, 

70 kHz) generates toroidal electric fields on the surface of the plas

ma. The field strengths are well above the runaway values (7 kV m ~ ! ) . 

The heating current is usually crowbarred at pre-set times by a metal-

to-metal switch. By this method the confinement is found to be limited 

by steepening up of the current profile leading to a current confine

ment time of 40 \ts only. Even though this type of operation is quite 

sufficient for the study of the heating processes, an attempt has been 

made to extend the confinement current with a slow capacitor bank 

(1 F» 500 V. 1 kHz) (see C 1.5}. This bank is discharged prior to th^ 

fast heating bank after the pre-ionization and the plasma formation 

phase. Plasma confinement times up to 0.3 ms have been achieved, de

pendent on the plasma pressure obtained by the heating pulse. 

A few typical results obtained without the application of 

the slow confinement bank are shown in Fig. A.9A-E. 
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During the heating phase the poloidal and toroidal magnetic 

fields have been measured as a function of radius and time. Figure A.10 

shows the development of a complicated asymmetric skin structure which 

persists for approximately 

10 us, after the start of the 

heating current pulse, which 

has a rise tine of 3.5 ps. Ini

tially, the skin has a width 

of typically c/u , which is 

about 3 cm at n = 102C m~3 . e 

Later on the skin profile col

lapses asymmetrically into a 

nearly uniform current profile. 

The electron temperature mea

sured by the relative absorp

tion of X-rays through thin 

foils, averaged over the heat

ing period is 1 keV, with a 

peak value of about 2.5 keV 

in the skin. 

Fig. A.10. Toroidal current density as a 
function of radius and time. 
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Since the current distribution 

and the complete electrical 

circuitry are known in detail, 

the resistivity can be calcu

lated from the wave forms, 

which leads to anomalous con

ductivity values of 2000 mho m_1. 

Suprathermal electromagnetic 

radiation is emitted at fre

quencies between f . and f, 

during the heating phase only. 

The time evolution of the 

spectrum measured with the 

ten-channel analyzer is shown 

in Fig. A.11. 

Ficj. Â J 1^ 

Microwave emission in TORTTUR as a 
function of frequency at various times 
during the turbulent-heating period. 
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In Fig, A.12 the conductivity measurements of TORTUR I are 

presented together with measurements of other devices. After the nor-

realization of the conductivities and 

the field strengths with the classical 

conductivities and runaway field 

ID"'!- reqiön \ \ -I stiengths respectively, it follows that 

all results are consistent with an ap

proximate formula: o ,/o'E/E =3*10~2. 
cl ' ra io- 4 -

10 6 -

1 p**«aSteilaratjr region 

TonamaK 
^ -^region 

SmusX 
- region \ 

N 

Tortur -
region 

strong 
turfculence 
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(Turhe) 

J 1 J L, 
10 10 10 

E/Er.« 

F i g . A . 1 2 . 

Turbulence levtil in TORTUR compared with e t h e r 
exper iments . 

A one-dimensional two-fluid MHD-code has been used to simulata 

the development of the skin during several microseconds . Various 

anomalous effective collision frequencies and transport coefficients 

have been used. The best agreement is obtained when the voltage-current 
2) 

characteristic of Zavoiskiï et al. is used. If anomalous "ad hoc" 

heat-conduction coefficients are inserted in this model, it is found 

that the formation of strong pressure gradierts in the skin cannot be 
3) avoided . It seems that the heat-conduction processes are never faster 

than the current penetration for the plasma parameters chosen thus far. 

In Fig. A.13 the effect of the application of a turbulent-heat

ing pulse on the bias current from the slow 1 F, 500 V capacitor bank 

is shown. This bank was added to the circuitry in June 1976. The energy 

density increases from 0.6 kj m"* 

before, up to 5 kJ m~3 after the 

termination of the heating pulse 

(3 , ^ 0.3; q ^ 1). Dependent on 

the pre-set discharge current the 

average density increases a factor 

4 to 10, as a result of a cold 

neutral influx from the quartz 

vessel. The associated increase 

in plasma resistivity may be re

sponsible for the fact that the 

plasma confinement time observed 

is still shorter than expected. 

This fact makes the application of a stainless-steel torus indispens

able (see A 2.2). Ion temperatures of 100-150 eV are suggested by pre

liminary analysis of the signals of the ten-channel neutral-particle 
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energy analyzer. 

For the heating of fusion-oriented devices by current-driven 

turbulence, the application of repeated skin heating is necessary which 
4) makes the physics of skin formation and decay of crucial importance 

A 2.1.2 Vacuum ultraviolet spectroscopy 

(see also A 5.1.2) 

A. Ravestsin, H. de Kluiver. 

Vacuum ultraviolet radiation from the "TORTUR I" experiment 

(discharge in hydrogen gas with a pressure of 1.5*10~3 torr and a mag

netic field from 1.1 T up ^o 1.5 T) was photographically detected by a 

modified Hilger and Watts 2-metre grazing incidence spectrograph. 

Forty discharges (total exposure time 20 msec) with only a 

pre-ionization and a slow capacitor bank and without the fast heating 

capacitor bank gave impurity emission lines between 151 A (- O V) and 

1335 R (~- C II). An average electron temperature of 15 eV can be de

duced from the intensity ratios of impurity line pairs. The electron 

temperatures deducad from these measurements are in reasonable agree

ment with those obtained from Thomson light-scattering data. 

A first attempt has been made to collect information about 

the overall spectrum coming from a turbulently heated plasma. Twenty 

discharges (total exposure time 10 msec) with the fast heating capa

citor bank without or with crowbarring, produced impurity emission 

lines in the range from 85 A* C" Si V) up to 1400 8 (~- Si IV). Only when 

the fast heating capacitor bank was used, O VI and Si IV up to Si VI 

were observed. The occurrence of Si-lines may indicate that a heated 

plasma contacts the quartz vessel wall. For this boundary plasma re

gion the effective electron temperature taken from silicon line ratios 

is roughly T * 30 eV. 

The following impurity emission lines between 85 A ("• Si V) 

and 1400 $? (̂  Si IV) have been identified: C II up to C IV, N II up 

to N IV, 0 II up to 0 IV and Si IV up to Si VI. 

A 2.1.3 Neutral density evolution 

H.J.B.M. Broeken, A. Tal. 

In order to determine the flux of neutrals from the TORTUR 

plasma, a molybdenum detector equipped with a disc chopper is planned 

for time-of-flight measurements. From the detector signal only the 
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neutral density cannot be inferred, since both the ion-density and the 

ion-energy distribution have to be known. However, when the plasma den

sity has been determined from the COp-laser interferometer measurements, 

and ion energies have been measured using the ten-channel energy ana

lyzer, the partial density of the heated neutrals can be deduced from 

the chopped detector signal. The schematic arrangement is ':hown in 

Fig. A.14. 

MA-detector 

Fig . A. 14. Schetra of t he exper imenta l a r rangement . 

When a 400-Hz motor i s used t o g e t h e r wi th a 10-cm d i s c , open 

and c losed times of 10 us and 30 us r e s p e c t i v e l y seem to be a t t a i n a b l e . 

The measurement of the n e u t r a l d e n s i t y e v o l u t i o n performed in 

t h i s way may in turn a l low a q u a n t i t a t i v e c a l i b r a t i o n of t he t en -channe l 

ion-energy ana lyze r . 

A 2 . 2 TORTUR I I 

H.W. Piekaar, H. de Kluiver, J.J.L. Caarls, B. de Groot, 

In 1977 the TORTUR experiment will be modified. A new coil set 

capable of maintaining a toroidal magnetic field of 3 T will be in

stalled (TORTUR II). The higher magnetic field is necessary for the 

generation and containment of scill hotter plasmas. To demonstrate the 

applicability of turbulent heating in tokamaks, however, a proof of prin

ciple has to be procured for a plasma completely enclosed by a stain

less-steel discharge vessel. All present-day tokamaks are equipped with 

stainless-steel discharge vessels, because these liners have been found 

to be essential for making uncontaminated plasm? operation possible for 

longer periods of time. 

In the period under review, plans have been elaborated to 

introduce this type of lin<»r in TORTUR II. It has been found that the 

insertion of a thin (0.2 mm) stainless-steel liner will hardly hamper 
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the penetration of the induction voltage required for heating. A time 

lag of 0.9 us can be predicted. Another compelling reason for replacing 

the present quartz vacuum vessel by stainless steel regards the storage 

of hydrogen. It has been ascertained that hydrogen is strongly adsorbed 

on quartz in the form of a number of monolayers covering its surface. In 

terms of atoms a typical coverage would be 2>101& cm"2. As has been 

observed in TORTUR I, these monolayers are released by the discharge. 

This influx of cold neutrals cools the plasma to such an extent that 

due to a charge-exchange catastrophe, containment of the hot ions is im

possible. The replacement of the quartz by stainless steel will elimi

nate this problem since stainless steel, if properly treated, supports 

at most a fraction of a monolayer of hydrogen. In the literature 10!1* 

atoms cm"2 is considered to be attainable. 

A 2.J Space- and time-resolved measurement of ion-energy distribution 

in hot plasmas 

H.J.B.M. Broeken, B. de Stigter, H.W. van der Ven. 

In order to facilitate ion-temperature measurements by means 

of a neutral energy analyzer a neutral-beam injection facility is plan

ned for the toroidal turbulent-heating experiment TORTUR II (see C 1.5). 

The aim is to enlarge locally the flux of charge-exchange neutrals from 

the plasma by increasing the ambient neutral density there, with an in

jected neutral hydrogen beam. The beam with a cross-section of 5 cm', a 

current of several amperes and with voltages up to 30 kv, will be in

jected vertically during 2 milliseconds. A ten-channel electrostatic 

energy analyzer measures the charge-exchange neutrals leaving the plas

ma along horizontal trajectories defined by the analyzer aperture. The 

intersection of the analyzer scanning aperture and the beam cross-

section defines a volume of approximately 2.5 cm3 (see Fig. A.15), in 

which the average ion temperature is 

effectively measured. By allowing the 

beam to intersect the plasma along 

various chords, a radial ion-tempera

ture orofile may be determined in this 

way, provided the local enhancement of 

neutral density due to the presence of 

the beam is significant. 

Fig, A.15. 

The exper imenta l se tup for the ion- tempera tu re 
measurements. 

on source 

charge-exchange 
ceil 

neutral beam 

10-channel 
anolyzer x v. / 

stripping eel 
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Figure A.16 shows the calculated ion fluxes per ampere injected neutral 

equivalent, per analyzer channel (of width 0.1 E) as a function of the 

charge-exchange neutral energy E, assuming Maxwellian distributions. 
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Pig. A.16. Calculated ion fluxes per ampere injected neutral 
equivalent, per analyzer channel tof width 0.1 K.) 
as a function of the charge-exchange neutral energy 
E, assuming Maxwellian distributions. 

A 2.4 Work in Maryland 

W.R. Rutgers. 

During 1976 W.R. Rutgers worked on the joint Maryland-Princeton 

programme for cyclotron emission from tokamaks with D.A. Boyd, 

F. Stauffer and A.W. Trivelpiece at the University of Maryland. A 

grating spectrometer with two echelette gratings and three frequency 

outputs had been built and calibrated at the University of Maryland. 

During the summer of 1976 the instrument was installed on the PLT toka-

mak in Princeton in order to measure cyclotron emission around the 
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second, third,and fourth harmonic of the electron-cyclotron frequency 

fce (fce = q B / m ~~ 1 0° G H z f o r B = 3*5 T)* Plasma radiation is collected 

by a 9.5 cm diameter circular light guide. Several tapered and straight 

light pipes transport the radiation to the i . cm diameter input of the 

polychromator. Radiation is detected with "Put; - y*-type InSb detectors. 

Plasma radiation can be compared with radiation from a blackbody (Hg 

lamp, 4000 K) used to calibrate the polychromator. More information 

about instrumentation can be found in Ref. 5. Cyclotron radiation was 

measured for PLT discharges in He, D_ and H2, with plasma currents a-

round 400 kA and electron densities from 3*1019 m"3 up to 1.2*102° m~3. 

The spectral resolution R = f/Af was between 15 and 25. 

Examples of measured frequency spectra of emission from PLT 

are given in Ref. 6. An example is shown in Fig. A.17. 

o 

i 

-
2«c 

1 1 r " 

-
PLT . D2 

-

- BT * 3.2 T -

- -

_ 

i ... 

-

100 200 300 

frequency 

400 

(GHZ) 

Fig. A.17. Frequency spectrum of e lectron-cyc lotron emission. 
Note the asymmetric dip in the second harmonic 
(opt ica l depth ~ 10 in the centre of the discharge) 
and the symmetric dip i n the third harmonic (opt i c 
a l depth " 0 . 2 ) . 

The results for observations perpendicular to the major radius 
(vertical) are l i s t ed below. 
a. Broad emission l i n e s (30% for 2w„ and 15-20% for 3u and 4u ) . 

c c c 

b. An absorption dip in the centre of the second harmonic (for certain 

discharge parameters also in the third). 

c. Changes in the shape of emission lines with time, in particular 

during gas injection. 
d. Relatively high intensities in the optically thin harmonics. 

23 



Plasma temperatures and densities were such that the second 

harmonic is optically black, the third optically "gray" and the fourth 

optically thin (peak temperature 1-2.2 keV, peak density 4-llxlO19 m~3) . 

Line broadening for these temperatures is due to the inhomogeneity in 

the toroidal magnetic field (BT - 1/R). 

Because scanning is done shot by shot, a reproducibility test 

was performed. Four scans of the second harmonic show that no signifi

cant change in the emission was measured during two hours of operation 

of the PLT device (Fig. A. 18). The intensity dip in the centre of the line 

can be attributed to resonant absorption in vertical plasma layers , 

resulting in anisotropic emission. From the measured line broadening 

as well as from the high intensity of the optically thin lines it is 

clear that reflections of radiation at the wall of the discharge vessel 

have an important effect on the intensity and spectral shape of 
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Fig. A.18. Four scans of the second harmonic. 
Dots: output I , t r i ang l e s : output I I . 
This shows the good reproducibi l i ty of the 
discharge and the effect of resonant absorption 
in ver t ica l layers producing the dip in the 
p rof i l e , 

electron-cyclotron emission spect ra . Local changes in the electron 

temperature due to gas injection and MHD-activity were a lso observed. 

The spa t ia l resolut ion i s ibout 5 cm and the s e n s i t i v i t y is 30 eV. 

Figure A.19 shows the change in emission in the th i rd harmonic due to 

internal disrupt ions . The temperature decrease in the centre of the 
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plasma column {r = -2 cm) is accompanied by a temperature increase out

side the q=l surface (shown for r = -18 cm). 

Fig. A. 19. 

Cyclotron emission around 3 f . 
Upper trace: r=-2 cm (plus blank 
shot), lower trace: r~ -18 cm. 
Note the decrease in emission during 
the disruption in the centre of the 
discharge and the increase in emis
sion outside the q=l surface (at 
about r = 9 cm). 
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A 3 GAS-BLANKET RESEARCH U.Th.M. Ornstein) 

E.P. Barbian, W.J. Goedheer, R.S. de Haasa , L.C.J.M. de Kock, 

J. Lok, J.A. Markvoort , R.W. Polman, W.J. Schrader, 

H. Schrijver, F.C. Schüller, W. 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 1976: G.W. Alberda, 

P.M.E. van Hooff, A.C.J. Meesters, H.G. Polderman. 

Introduction 

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

from contaminating interaction with the walls of the discharge vessel 

by surrounding the hot central core with layers of relatively cold plas

ma and neutral gas. These studies are relevant for tokamak experiments; 

the extrapolation of those experiments to thermonuclear reactors may be 

possible. 

If the outer layers are of sufficient extension and density, 

an impermeable blanket is obtained. In the blanket the energy of the 

neutral charge-exchange flux from the hot core is moderated to such an 

extent that the particles reaching the wall have low energies, e.g. 

below the sputtering threshold. In this way, important causes of plasma 

contamination are prevented, such as recycling of oxygen and sputtered 

high-Z materials. Furthermore, inward diffusion of neutrals from the 

outside provides a possible mechanism for the density increase in a 

gas-pulsed tokamak - viz. the fuelling of a fusion reactor. 

In recent tokamak experiments with gas injection (Alcator, 

Pulsator, T-10) a confirmation of the principle of impermeability is 

found. The flux of energetic charge-exchange neutrals from the plasma 

is strongly decreased when the mean free path for interception of neu

trals originating from the core (charge-exchange and ionization pro

cesses) becomes shorter than the linear dimensions of the plasma. In 

those experiments the impermeable blanket is formed by pulsed gas in

flux after the establisment of a high-temperature, low-density plasma. 

During the density increase the ohmic power input is sufficient to 

overcome the energy losses; the energy confinement time, T„, increases 

linearly with the density, n , as found in Alcator, 

In the experiments with the RINGBOOG facility, reported upon 

a) Until 15-4-1976. 
b) Until 1-5-1976. 
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below (see A 3.1.1) a toroidal discharge is struck in a quartz vessel 

at high filling pressures. This yields plasma densities similar to 

those reached as the upper limit in the Alcator experiment. Even at 

high discharge currents (up to 70 kA) under high loop voltages (up to 

500 V), the ohmic heating in RINGBOOG does not yield high temperatures 

since the energy confinement is poor. This is due to the fact that the 

dominant energy loss is the emission of hydrogen Lyman radiation 

emitted from the core; the resonant radiation is reabsorbed in the 

outer layers, which leads to hollow density - and pressure - profiles. 

Thus we have a strong connection between the energy balance in the 

centre and the particle balance in the outside layers. Experimentally, 

the hollow profiles are found to lead to violent 10 kHz oscillatory 

instabilities, which can be held responsible for the rapid energy loss. 

In order to obtain more interesting, stable toroidal dischar

ges enclosed by a gas blanket, the RINGBOOG facility is at present be

ing rebuilt. The experiment will be provided with a stainless-steel 

discharge vessel to make uncontaminated plasma operation possible at 

lower densities, as low as the conventional tokamak range. Furthermore, 

a direct control of the temperature and current-density profiles will 

be investigated by inducing fast additional current pulses, to heat 

skin layers at the outside of the central core (see A 3.1.2). 

Numerical calculations are done to simulate plasma gas-blanket 

and tokamak experiments. In the low-density and high-temperature range 

an adequate comparison with experimental results is possible. The high-

density, low-temperature region is not yet accessible to a time-depen

dent numerical analysis because of the influence of the radiative 

transfer and an incomplete transport model (see A 3.2.1). Moreover, 

the steady state of the energy balance in the blanket is studied 

numerically, taking into account radiation, ionization and diffusion 

(see A 3.2.2) . 

A 3.1.1 The RINGBOOG experiment 

E.P. Barbian, J.Lok, L.Th.M. Ornstein, W.J. Schrader, 

F.C. Schüller, C.J. Barth, G.J. Boxman, J.J. Busser, 

C.A.J. Hugenholtz, O.G. Kruyt, B.J.H. Meddens, A. Ravestein. 

Experiment 

RINGBOOG1'2'3'45 is a tokamak-like toroidal device with dimen

sions R - 0.52 m, r = 0.087 m, and the toroidal magnetic field BT is 

3.2 T (maximum). A copper limiter with an inner diameter of 0.16 m is 
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used. The discharge with the currents I up to 70 kA is struck in a 

quartz torus filled with hydrogen gas at pressures between 10 mtorr 

and 100 mtorr. The total flux swing of the iron core is 1.2 Vs. There 

is no copper shell; plasma equilibrium is maintained by vertical and 

horizontal magnetic fields. Here we report on results obtained from 

discharges with currents I =* 20 kA at B_ = 1.65 T, loop voltages 

V - 300 V to 400 V, pulse duration * 3 ns. At higher currents the 

oscillatory behaviour, to be discussed below, becomes so violent that 

it is impossible to take reproducible shot-to-shot measurements. 

Measurements of radial profiles 

Various radial profiles are studied: a strong oscillatory 

behaviour is found. Values averaged over several periods of the oscil

lation are discussed first. 

Because of the short duration of the discharge and the low 

plasma temperature it is possible to take measurements with small 

magnetic probes inserted into the plasma. Radial scans in vertical ^nd 

in horizontal directions are taken of the poloidal and toroidal mag

netic fields: B (R,z) and B_(R,z). By combining these data magnetic 

flux surfaces are determined from which two-dimensional current dis

tributions j (R,z) and j (R,z) can be derived. Combination of j„ with 

the measurements of V,, yields the distribution of the conductivity 

temperature T°(R,z) under the assumption Z ., = 1. This temperature 

distribution agrees with the values of T^h-sc-{R,z), as measured by 

Thomson scattering within the geometrically accessible range (see A 5.3). 

In Fig. A.20 measurements at a filling pressure of 100 mtorr are pre

sented. The profile of T is found to be rather flat with a maximum on 

axis of 2.5 eV to 3.0 eV. The ion temperature T. is obtained from 

Doppler broadening of the ir-component of the {3Di " 3P?) multiplet of 

C III at 5696 X. Although some carbon as an impurity is present in the 

discharge, a controlled amount (up to 10%) was added as a tracer by 

admitting some methane in the torus; this does not perturb the normal 

performance of the discharge. A multi-channel system (see A 5.1.3) was 

used- averaging over many shots was necessary. T., averaged over the 

cross-section of the plasma was found to be only slightly below T as 

expected at these high densities. 

Electron density profiles, n^nf', are obtained by Abel inver-

sion of the fringe pattern of a CCU-laser interferometer with a direct 
6) 

phase-shift read-out (see A 5.2.1). Since the density profile is 

hollow, the error after Abel inversion is large; therefore, local val

ues of n ' *(R,z) , as obtained from Thomson scattering, are used as 
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reference values for the central region. At 100 mtorr filling pressure, 

the density on axis is 2.5*1021 m~3.while at r/r = 0.75, n = 4 .7*102 * m~3 

At 25 mtorr similar results are found; in this case the maximum of the 

density is shifted further outward, to r/r = 0.9. 
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F i g . A.20. 

Radia l p r o f i l e s of d i s c h a r g e s with 
Bm = 1.65 T; 1 = 2 1 kA; f i l l i n g 
p r e s s u r e : 100 mtor r . 
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Observe: The f a t v e r t i c a l b a r s in t he n e * * da t a i n d i c a t e the s t andard d e v i a t i o n 

in a l a rge number of s h o t s (50-100 s h o t s for one p r o f i l e ) . These v a r i a t i o n s 
inc lude e r r o r s i n the d e t e c t i o n system, e . g . photon n o i s e , as we l l as v a r i 
a t i o n in t he plasma parameters (both about equal in magnitude). 
The t h i n v e r t i c a l b a r s i n n - s c * r e p r e s e n t s h o t - t o - s h o t v a r i a t i o n s and 
correspond t o o s c i l l a t i o n s on t h e d e n s i t y p r o f i l e . S imi la r v a r i a t i o n s a r c 
found on n i n ^ - a s i n d i c a t e d by the broken l i n e s . 

Momentum ba lance 

Combination of the n - and T - p r o f i l e s y i e l d s a nlasma p r e s 

sure p r o f i l e of 

p(R) = n e(R)kT e(R) + n i ( R ) k T i ~ 2ne(R)JcTe(R) 1) 

The profile is hollow (see Fig. A.21); the pressure amounts to 

2.2*io3 Nm~2 on axis and increases towards the outside by a factor of 

1.4. If the momentum balance is integrated, we find: 

K 

p(R) = p(R-rQ) + ] {}(R)x$(R)}.dR (2) 
R-r. 

in which the first term on the right-hand side is the unknown pressure 

at the wall, p . The second term can be found by integration of the 

measured current-density and magnetic-field profiles. Subtraction 

yields an estimate of p =* 1.2xl03 NnT2. We may take it that this is 
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Fig. A. 21. Radial pressure profiles for discharges 
with parameters as in Fig. A.20. 

_ inf.. O 
p * 2n kT r e e 

_ Th.sc.JTh.sc. 
xxx p = 2n kT r e e 

p = p + 

R 

f (j*B> dR . 

R-r 

mainly a neutral pressure. If we assume that the temperatures of all 

particle species are equal, and if we extrapolate the measured electron 

temperature profile to the wall, we have T = T. = T = 0.4 eV. Then 

we find that the neutral density at the wall n = 1.9*1022 m~3. This 
* ow 

seems to be a reasonable value if we consider the total number of par

ticles present in the torus (which is closed off during the discharge) 

after subtraction of the total number of charged particles and assuming 

a steep neutral profile, e.g. n (r) * now*r/ro*7' 
Theoretical predictions of the pressure increase, Ap, across 

7 8) the partially ionized transition layer give the following relation ' : 

Ap >lh . Jh (3) 

To compare this relation with experimental results, p as well as Ap 

are estimated for discharges with various filling pressures and magnet

ic fields. We take 

Ap = <2nkTfi> - pw (4) 
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The result, shown in Fig. A.22, is in agreement with relation (3). 

,T IOOO 
E 

1 1 S 
> 

z 

a jK' 
. 500 

0 y 
5 10 15 

~ P V 3 B T
2 6 (NT2m2)1/3 

Fig. A.22. 

The experimental pressure increase, 
Ap, across the partially ionized 
transition layer compared with p 3xB^f3 

mm» filling pressure p =24 torr, 
current I = 20 kA, and magnetic 
fields between 0.8 and 3.3 T. 

4At the same with p = 100 mtorr. 

best fit through experimental 
points. 

Particle balance 

A possible explanation for the hollow electron pressure pro

file may be found in the following: the continuity equation for the 

electrons is 

9 no 

e 
at 

+ v e e = I k=l 
nenkQk-

- n2 I 
k=l 

- n3 I 
k=l 

oo-*K (5) 

where the subscript k=l.„,°° refers to the ground state and excited 

states of the hydrogen atom. Q. , a . , S ^ are the rate coefficients 

for collisional ionization, radiative recombination, and three-body 

recombination, respectively. The left-hand side of Eq. (5) is often 

neglected; this leads to a local particle balance governed by the 

that the radial diffusion 

r dT rnovor ' i s n o t n e g" 

9) 
Saha or corona models. It has been shown 

1 d 
term in the steady state, - -j^ m e v e r • -

ligible in our range of densities. 

We may assume that the electron diffusion is only driven by 

pressure gradients. This means that n v must be inward for 
e er 

0 < r < 5.5 cm and outward for r > 5.5 cm. This leads to the follow

ing statements and conclusions: 
a' bJl^ll^^-^Ë^^U^E^^^^^iil^^S^^ti^^^^tead^^state, as the 

diffusion of both charged particles and neutrals is inward in the 

inner region and no particle sink is present on axis. The relaxation 

time for filling up the hollow profile to a flat one is of the order 

of 10 ms in case of Pfirsch-Schliiter diffusion. Since this is longer 

than the discharge time (3 ms) and much longer than the oscillation 

period of the instability (100 ps) (see below), the occurrence of a 
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hollow pressure profile is not in contradiction with the equation 

of continuity. 

b) A strong clectron_source_must_exist_around_r_=_5i5_cm. 

If the equation of continuity for the various states k of the neu

trals is only determined by the balancing of collisional excitation/ 

de-excitation, collisional ionization/recombination and radiative 

de-excitation and recombination against diffusion, as is usually 

assumed, the right-hand side of equation (5) is a smoothly divided 

source function. A source function with a strong peak around 

r = 5.5 cm can only be explained by a strong local enhancement of 

n, >. at that position. This could be caused for the first excited 

state, k = 2, by Lyman-a radiation produced in the optically thin 

central core and reabsorbed in the outer layers. Indeed there the 

mean free path for the photons is »• 10~3 m because of the local 

high neutral (atomic) density. Taking again the tentative neutral-

density distribution into account, this starts to be correct from 

r= 5.5 cm outward. This consideration is confirmed by measurements 

with a vacuum ultraviolet spectrograph: emission of the Lyman series 

is below detection level*, whereas impurity lines in the pertinent 

spectral range can readily be identified (see A 5.1.2). 

The same consideration holds for higher levels, but to a lesser 

extent because these are more strongly coupled to the continuum. In

deed, the intensities of the Balmer lines H , H„, H , and Ht, as 

measured through spectral filters give an indication of populations 

deviating from PLTE (Partial Local Thermodynamic Equilibrium). 

Oscillations on the profiles 

The prevailing frequency of the oscillations on all signals is 

around 10 kHz; higher frequencies with smaller amplitudes are present. 

The spatial variation can be described by toroidal mode-numbers n=0, 1, 

and 2, and a poloidal mode-number m=0. The floating potential distri

bution, V(R,z,<J>), measured with electric probes , indicates agree

ment with the Pfirsch-Schlüter double-vortex pattern during the zero-

phase '. Notwithstanding the constant V^, the local toroidal electric 

field oscillates, mainly with n=l and n*=2 (see Fig. A.23). The oscilla

tion amplitude amounts to 60 V m"1 against a DC-level of 120 V m-1 , 

The n=0 mode does not contribute to the toroidal electric field, but 

*Molecular absorption by the cold H2, between the plasma and the spectrograph could 
possibly explain the absence of the L0, but not that of L . 

p ft 
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only to an oscillating radial electric field, indicating an oscilla

tory rotation of the plasma toroid. The n=l and n=2 nodes correspond 

neither to changes in the conductivity, nor to variations in j_, since 

there are virtually no oscillations on these profiles. The electric 

fields must be taken up by v*$ terns. We do find oscillations on j (R) 

and n (R). Substitution of the oscillations in £q. (1) and Eq. (2) 

yields variations in the pressure profile which are in good agreement 

with each other. The pressure profile oscillates between a pronounced 

hollow and a nearly flat shape. This may be interpreted as a pressure 

wave propagating in the toroidal direction with the ion-sound velocity. 

We observe that the frequency of the oscillation decreases when B^ is 

increased; also, all amplitudes decrease strongly when a lower dis

charge current is chosen. 

3 

o 

Fig . A.23 . Radial p r o f i l e s of the amplitudes of the toroidal 
modes used to describe the o s c i l l a t i o n s on the 
l o c a l f l o a t i n g p o t e n t i a l . 

• • • n=0 mode; 

xxx n=l mode; 

èéé n-2 mode. 

Discharge parameters as in F i g . A.20. 

Conclusion 

It i s plausible that the observed hollow pressure profile 
drives the ins tab i l i ty . The observed rapid energy loss (T. 20 MS) 

could be explained by the line-radiation losses as well as by the 

instability, which occurs as a consequence of the connection of the 

energy and particle balances. Our observations suggest that the appli

cation of a cold-plasma and gas blanket for shielding hot tokamak dis-
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charges may b3 limited by the influence of radiation on the local 

particle balance in the outer layers. 

A 3.1.2 The reconstruction of the RINGBOOG facility 

L.C.J.M. de Koek, A.C.A. van Wees a> van den Boon, 

G.J. Boxman, J.J. Busser, O.G. Kruyt, p. Manintveld a) 

The reconstruction of the RINGBOOG facility was started in 

the fall of 1976. Throughout the year many structural elements had been 

completed or were under construction. Much time had been devoted to 

engineering studies on the tokamak mode. Full plasma operation is to be 

expected at the end of 1977. 

0.50 

window in the 
iron yoke 

R^^l copper shell 

bellows 

Fig. A.24. Sketch showing the main dimensions of the reconstructed 
RINGBOOG. Co i l s indicated as I , I I , I I I , are the poloidal 
f i e l d c o i l s ; the c o l l indicated as roagn. i s the return 
winding of the toroidal magnet. 

We reca l l the objec t ives of the reconstruct ion: 

to an e x i s t i n g toro idal plasma as a means of contro l l ing the current 
density p r o f i l e . For good coupling the plasma v e s s e l i s surrounded 
by a copper s h e l l , which in fact a c t s as the primary. 
Ib§„iBBE2Yf!DSQ£_2f_ÊbS_£lÊ5DiiQë§S_2l_Êllf_ÏS£öiJ!D_SYitem. The old 
quartz v e s s e l with a residual gas pressure of 10~6 torr w i l l be re 
placed by a s t a i n l e s s s t e e l (304 L) v e s s e l cons i s t ing mainly of 

a) From the Electrotechnical Department. 
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bellows. The expected improvement of the residual gas pressure is 

two orders of magnitude U0~8 torr). Four ceramic breaks allow the 

penetration of the fast rising current pulses as well as the opera

tion in the RINGBOOG-discharge mode in which a high loop voltage is 

expected again. The copper shell acts as a mechanical support for 

the bellows. 

When operated in the pulsed gas mode these discharges open new 

areas of gas-blanket research. The main problem that had to be solv

ed was the determination of the strength and the gradients of the 

poloidal field in order to keep the plasma in a stable equilibrium. 

The activities have been concentrated on the following areas: 

The toroidal magnet 

The bore of the coils has been enlarged from 0.24 m to 0.30 m. 

This was possible because the coils are of the Bitter type with a 
2) special laminated construction . The maximum value of the toroidal 

magnetic field will be ~ 3 T. This can be reached by employing the 

larger power supply, 20 MVA, which had been installed in the Insti

tute (see C 1.5). Despite the fact that the copper shell, the bel

lows, and the insulation will occupy a large space inside the bore 

of the magnet, the maximum plasma radius is still expected to be 

0.08 m. This leaves some spact for structural elements; this space 

is also useful to increase the coupling inductance and it gives the 

opportunity to keep the discharge out of the region of high ripple 

in the toroidal field. The horizontal and vertical stray fields will 

be minimized by connecting the coils as shown in Fig. A.25. For 

details of the calculations we refer to C 1.1. 

Fig. A.25. 

Sketch showing the method employed to 
minimize the stray fields of the to
roidal magnet. 
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The copper shell 

The copper shell (see Fig. A.26) has 6 cuts in the poloidal 

plane to give access to the plasma through the diagnostic ports. 

There is also a cut in the midplane. Fast movements of the plasma 

will be stabilized by the shell. A measurement of the penetration 

of vertical and horizontal fields taken on the actual copper shell 

has yielded the following results: for the vertical magnetic field: 

18% direct penetration, 33% with T = 13 msec» and 49% with 

r = 50 msec; for the horizontal magnetic field: 27% direct penetra

tion, and 73% with T = 15 msec. The instantaneous penetration is 

due to the cuts in the shell. 

Fig. A.2fe. The copper shell during the measurement of the penetration 
of vertical and horizontal fields. 
Obs.: the 6 poloidal cuts and the electrical connections 

for the fast rising current pulse. 

The vacuum chamber 

The vacuum chamber consisting of bellows sections and port 

sections has been brazed and leak-tested {see C 2) . Before final 

assembly the 6 parts of the chamber will be tested on their vacuum 

properties. 

The poloidal magnetic fields 

The poloidal fields i.e. the combination of vertical and hor

izontal fields as well as the field connected with the plasma cur

rent, all in the presence of the iron core, have been calculated to 

provide a stable equilibrium in the horizontal plane. An additional 

requirement was that the plasma should remain stable at higher plas

ma pressures, viz. when the well-known parameter 6 is increased 

from 0.1 to 2. 

36 



For the stability in the vertical direction we will have to 

rely on feedback stabilization. Further details are to be found in 

Section C 1.1. 

The calculations also provide the best position for the po-

loidal field windings. A reasonable* but not fully optimized choice 

is shown in Fig. A.24. 

Power supplies 

A high-voltage capacitor bank C of 77 yF at 10 kv will ini

tiate the discharge and will supply the energy of the magnetic field 

up to the full current (approximately 5 kJ equivalent to 0.15 Vs). 

The transformer ratio will be chosen between 50 and 100. As ohmic 

heating power supply an electrolytic capacitor bank of 1.0 F max 

500 V will be used (see Fig. A.27). Parts of the capacitor bank Cj» 

D3 D2 D, S, 

i—w—i—w—r^^^r-

i c 3 «=Lc2 „ c , /s3 

~V3 *pt Tvi =̂C 

100 t 

plasma 

Fig. A.27. The proposed ohmic heating power supply. 

C_ and C- can be charged to different voltages V., V_ and V,, re

spectively, in order to follow the current-voltage characteristic 

of the plasma. There is enough energy to sustain the discharge over 

several 100 ras. The vertical field system will use a part of the 

ohmic heating power. In the case of RINGBOOG discharges the exist-
2) ing power supplies will be used . The feedback supply for the 

vertical position has still to be designed and will be built later. 

Diagnostics 

Apart from the diagnostics available in the Institute, see A 5, 

great effort has been put into the design and the construction of 

the magnetic pick-up coils for the measurement of the plasma current, 

of the horizontal and vertical position, and of MHD-instabilities 

with poloidal mode numbers up to m=4. One set of cosO-coils and 

cos29-coils has been corrected for the toroidal effect » 1/R to 

remove aliassing terms in the response. Extreme care has been given 

to heat resistance, to hold-off of high voltages and to reliability 

in general. The construction is similar to the one used for the coils 

on Alcator 

Furthermore, the diamagnetic coil system is being designed. 

Data acquisition 

The data acquisition system is based on fast digital recorders. 

A small computer is used to read out the information (1 or 2 k words 

for each ADC). The storage of the information on magnetic tape and 
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the preliminary treatment of the data take a relatively long time, 

due to tape movements and the handling of the large arrays. 

It is foreseen that for experiments with the modified RINGBOOG 

device the data will be doubled and, therefore, a more efficient 

system for data storage and treatment becoiaes necessary. The instal

lation of a magnetic disk will speed up the data storage and the 

use of an extended arithmetic element will increase the execution 

speed of the processor. 

A disk-based multi-user system (Multi-8) enables treatment and 

storage of the data or programming at the same time. The user will 

obtain better access to the system with 3 terminals sharing the OS-8 

background of Multi-8. A faster FORTRAN II language can be used in-
12) 

stead of the modified FOCAL 

The transfer of data to magnetic tape and the adjustment of 

diagnostics can be handled in parallel as a background activity 

during the intervals between discharges. 

A 3.2.1 Simulation of gas-blanket and tokamak experiments 

H. Schrijver. 

The simulation of the RINGBOOG experiment with the one-dimen

sional plasma diffusion code "ICARUS" has been impeded by a number of 

theoretical and experimental problems. In the regime of very high col

lision frequencies the Pfirsch-Schlüter transport model can no longer 

be applied, since it is only suited to describe the transport in the 

neighbourhood of the "plateau"-regime. Corrections have been made to 

extend the transport model to higher collision frequencies, but there 

is still a large gap between these models and the RINGBOOG conditions. 

A second problem is a consequence of recent experimental re

sults. It appears that line radiation from hydrogen can be reabsorbed 

in the plasma and thereby alter the transport of energy considerably. 

In seme conditions radiation could be the dominating energy transport 

process, and this effect could completely invalidate the transport 

model based on particle collisions. It is not a trivial task to include 

this radiative transfer model in the computer code, because of the non

local correspondence between the point of emission and tY i point of 

absorption of tho radiation. 

ICARUS has been used successfully in the "banana" and "pla-

teau"-regimes to make a comparison between a steady theoretical 

model and the evolution of a non-steady condition to the predicted 

final state. The formulation of the boundary conditions at the plasma 
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boundary is found to be too restrictive in the original ICARUS-version. 

Instead of keeping the values of temperatures and densities constant at 

the boundary it is often better to keep the gradients at fixed values, 

as determined from the (steady) particle flux. 

A 3.2.2 The energy balance of a cylindrical plasma column 

with a "gas blanket" 

W.J. Goedheer. 

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

neutral regions of a cold-plasma and gas-blanket system. 

The work of H.A. van Lint on the poloidal magnetic field 

connected with the ohmic heating current has been incorporated in the 

version of the code in which local thermodynamic equilibrium (LTE) is 

no longer assumed. The results are not much different from the ones 

obtained with the LTE-version, because the influence of the poloidal 

field is only visible at high temperatures (T > 10 eV), where the 

density (n ~ 1021 m~3) is such that there is no difference between 

the two codes. 

The code in which the influence of particle diffusion on the 

ionization balance is treated has been changed considerably. Firstly, 

it turned out that one of the assumptions, viz. that all excited levels 

of the hydrogen atom were in partial local thermodynamic equilibrium 

(PLTE), was wrong, because of the high under- or overpopulation of 

the ground state. The effect of the under- or overpopulation on the 

first and second excited level (k = 2 and 3) is now accounted for. 

Furthermore, it was found that the excited levels are so strongly cou

pled with the continuum of electrons and ions (because of the high 

ionization and recombination frequencies) that they cannot be consid

ered as diffusing neutrals. Their influence on the energy balance and 

momentum balance has therefore been neglected. Thus only the flux of 

atoms in the ground state affects the energy balance and provides a 

pressure gradient. 

A new effect which is incorporated in this code is the energy 

loss due to radiation in the Lyman series and the continuum (recombi

nation) radiation. The most important effect of this radiation is the 

flattening of the temperature profile which is in accordance with the 
4) results of the RINGBOOG experiment . Since these experimental results 

indicate a strong reabsor^tion of at least the L -line, a first 

attempt has been made to include this in the calculations. The pre

liminary results show that this reabsorption gives, even at rather low 
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neutral densities (n "~ 1017 m 3) near the wall, an energy input which 

is comparable with the local ohmic heating. 
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A 4 LONG-TERM PLANNING FUSION (B. Brandt*]) 

At the office of Prof. D. Palumbo, Euratom, Brussels, 

Dr. G. Grieger chairs a working group of six who endeavour to propose 

a long-term strategy towards the declared aim of the Fusion Programme 

of the Community which is to "judge if fusion between light nuclei can 

lead to competitive energy production; if so, prototypes and then 

fusion reactors of industrial scale should jointly be built and mar

keted" . 

The findings of the group are regularly discussed with the 

directors and with specialists and will be available by mid 1977. 

The members of this group are: B. Brandt, EUR-Jutphaas; 

G.P. Casini, JRC-Ispra; J. Darvas, KFA-Jülich; F. Engelmann, 

EUR-Jutphaas; G. Grieger, IPP-Garching - EUR-Brussels; H. Persson, 

N.E.-Stociiholm; R.J. Verbeek, EU3-Frascati. 

a) From 16-8-1976. 
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A 5 DIAGNOSTICS 

A 5.1 SPECTROSCOPY 

A 5.1.1 X-ray spectroscopy 

H.W. van der Ven; students during 1976: A.M.F.J, van de Laar, 

P.R. Jonkers. 

The Bremsstrahlung spectrum emitted from the skin region of 

the TORTUR plasma has been analyzed, using different absorption foils 

in front of a collimator-plastic scintillation counter setup. After a 

quick rise to about 5 keV the electron temperature was found to decay 

rapidly, due to the influx of cold hydrogen from the wall. An attempt 

was made to measure the decaying electron temperature with the same 

technique, using a Bendix photon counter. However, the available Be-

foils proved to be too thick to obtain sufficient signals. Therefore, 

very thin (-- 5 u) stretched polyethylene foils are being prepared. To 

enhance the photon emission locally, and to resolve the electron tem

perature spatially, a movable carbon target will be inserted. 

investigations have been started to find out which system is 

appropriate to measure the X-ray spectrum caused by runaway electrons 

in the outside plasma of the SPICA experiment. The short measuring 

time of about 10 usee, the energy range involved, the unknown electron 

distribution and the low intensity make application of commonly used 

X-ray spectrometers unlikely. As a first approach, it seems possible 

to use the "Ross"-filter method in combination with Compton scattering 

as an energy-lowering device for which commercial k-edge foils may be 

used. 

A 5.1.2 Vacuum ultraviolet spectroscopy 

A. Ravestein; students and trainees during 1976: 

P.P. van der Meer, A. Tal. 

To calibrate the vacuum ultraviolet spectrograph (a Hilger and 

Watts E580) a source of known absolute intensity, at the He-I resonance 

line (584 8) was installed (see ASR 1973, A 6.2). This source, an elec

tromagnetic "T" shock-tube, produces a helium plasma with T - 2 eV and 

n =* 1.7*1017 cm-3. Absorption between the source and the vacuum ultra

violet spectrograph was too high and had to be reduced by differential 

pumping. 
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The vacuum ultraviolet spectrograph with photoelectric detec

tion was applied at the RINGBOOG experiment (see A 3.1.1) to measure 

the radiation from a hydrogen discharge (at 10-1 torr) in the range of 

900 8 to 1200 8. The channeltron detector was saturated within the 

whole spectral range, i.e. the radiation flux exceeded 109 photons 

A-1 sec-1 cm"2. 

A holder for photographic plates, which increases the range 

of the vacuum ultraviolet spectrograph up to 1400 8 (usually up to 

9S0 A) has been mounted and the spectrograph itself was modified in 

such a way that photographic measurements could be done on a line-source 

on the RINGBOOG plasma (see A 3.1.1) and on TORTUR I (see A 2.1.2). 

In the RINGBOOG experiment it was found that the hydrogen 

Lyman lines could not be detected at the outside of the machine, but 

in the same spectral range many impurity lines could be identified: 

- 977 8 (C III) and 1175 8 (C III) from a low-current discharge in hy

drogen (2.4*10~2 torr, 20 kA, 30 shots), 

- 308 8 (He II) 833 up to 835 8 (O II and to 0 III), 977 8 (C III) and 

1175 8 (C III) from a low-current discharge in helium (4.8><10~2 torr, 

24 kA, 30 shots), 

- many lines from 308 8 (He II) up to 1360 8 (multiple ionized N and Ar) 

from high-current discharges in hydrogen (4.2xio~3 torr, 37 kA, 

16 shots). 

A 5.1.3 Optical spectroscopy 

W.J. Mastop, W. van den Boom; student during 1976: 

P.M.E. van Hooff. 

The multi-channel spectrograph equipped with fibre-optics was 

put into operation and has been used for the determination of the ion 

temperature in RINGBOOG (see A 3.1.1). The system consists of a 1-m 

GCA McPherson and a 20-channel optical fibre system with channel widths 

and channel distances of 30 pm and 55 pm corresponding to 0.23 8 and 

0.40 8 respectively. 

A 5.1.4 Neutral particle detection 

H.W. van der Ven, H.J.B.M. Broeken, B. de Stigter; students 

and trainees during 1976: C.G.M. van Leuken, A. Tal. 

The ten-channel neutral particle analyzer was installed at 

the TORTUR experiment (see ASR 1975, A 5.5). 
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The analyzer has been calibrated with a "Penning" ion source. 

A quick determination of the gain of each channel is possible by means 
239 of a Pu a-source placed in front of each channel. 

Preliminary measurements of the charge-exchange neutrals 

suggest ion temperatures in TORTUR of approximately 100-150 eV (see 

A 2.1.1). Difficulties occurred with the magnetic screening of the long 

charge-exchange cell. In order to make accurate measurements possible 

within the expected energy range of some hundred eV, the charge-exchange 

cell needs to be short and has to be placed as close as possible to the 

analyzer. This modification will also lead to a better alignment and 

magnetic screei ing. 

Another eight-channel neutral particle analyzer is under con

struction. It will be used to measure the energy distribution of the 

escaping charge-exchange neutrals from the modified RINGBOOG experiment 

(see A 3.1.2). 

A 5.2 IMTERFEROMETRY 

A 5.2.i CQ2-laser interferometry 

C.A.J. Hugenholtz, B.J.H. Meddens. 

A CO^-laser interferometer has been built to measure plasma 

line densities in the range of 3*1019 m~2 to 3*10;3 m-2 . Since it is 

not possible to determine the in- or decreasing character of fluctu

ations in the density with a simple Mach-Zehnder interferometer, a 

system with heterodyne detection and with a direct density readout 

has been built (Pig. A.28) (Refs. 1,2). 

The signal in the reference path of the interferometer is 

frequency-shifted by means of two perpendicular reflectors mounted 

on a rotating wheel with a diameter of 20 cm. When the wheel rotates 

with an angular speed of 120 r.p.m. a frequency shift p = 300 kHz is 

obtained. The interference of this frequency-shifted beam "sin(u>t+pt)" 

with the beam going through the plasma "sin (t*>t+<$ (t)) " will, after de

tection, result in a signal "cos(pt+^(t))". Here $(t) is the phase 

shift caused by the plasma. The frequency-shifted signal "sin(wt+pt)" 

is also mixed in a second (non-plasma) interferometer to obtain a ref

erence signal "cos pt". The application of this second interferometer 

is necessary because the frequency shift varies nonlinearly with the 

angular position of the reflectors. In the setup a maximum measuring 

time of 60 msec is available, in which time interval the 300 kHz fre

quency shifts about 20 kHz. The signals from both interferometers are 
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detected and are fed to a digital phase comparator, yielding a contin

uous analog signal, representing <Mt) . 

tp(t) 

cos ( p t « i p ( t ) l 

1 
dopplcr w h M l 

dig ito) 
phase 
comparator 

i ^ M ^ d ^ l - * » ^ ^ 

det. 
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sin ut ,, 

C0 2 - los«r 10.6 nm 

sin(ui t * tp( t ) ) 

windows 

r 
chopper 

Fig. A.28. Diagram of the interferometer. 

The results obtained in the RINGBOOG experiment (see A 3.1.1) 

prove that this C0?-laser interferometer is a reliable and convenient 

tool to measure plasma densities in the range of 6*1020 el m~? and 

fluctuations thereof. The main advantage of working at the C02-laser 

wavelength (10.6 pm) is that the refraction of the waves is negligible 

when applied to plasmas in this density range (< 5*10~u rad). The 

direct density readout is facilitated by the application of a calibra

tion step. The results obtained justify plans to build a 16-channel 

interferometer with a detector array and a 16-channel phase comparator; 

this setup is now under construction. 

A 5.2.2 He-Ne-laser interferometry 

W.J. Mastop. 

The heterodyne Michelson interferometer to measure the elec

tron density in SPICA (see A 1.1) performed well: the stability of the 

signals was improved by an order of magnitude compared to the earlier 
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Michelson interferometer (see ASR 1975, A 5.7). The optics are mounted 

on a plywood structure and only once a day slight re-adjustments have 

to be made. Because of the linear relationship between the phase shift 

and the electron density, the output of the interferometer can be taken 

directly as a measure for the density. 

A 5.3 THOMSON SCATTERING 

E.P. Barbian, D. Oepts, C.J. Barth, P.J. Busch. 

Thomson scattering on SPICA 

(see also A 1.*) 

The Thomson-scattering system for electron temperature and 

density measurements on SPICA is-being used routinely. On reassembly 

of the system after a shutdown for repair of the torus, the straylight 

level was found to be equal to 0.2 times the Rayleigh-scattering signal 

of 1 torr N_ (i.e. equivalent to Thomson scattering by < 2<1019 el m" 3 ) . 

This improvement on earlier values is probably due to the removal of 

baffles in the laser beam exit tube. 

For the determination of radial temperature and density pro

files in a single shot, an Optical Multi-channel Analyzer (OMA) with 

two-dimensional scanning option and ISIT detection tube has been ac

quired. Development of the associated optical system is in progress. 

Thomson scattering on TQRTUR 

(see also A 2.1.1) 

The system has been set up at a different port position so 

that a point at a radial position 22.5 mm outward from the tube axis 

can be observed. Extensive measurements have been done in the predis

charge at different times and at different filling pressures. Temper

atures in the 10-20 eV range and electron densities from 1.5 to 

4<10?0 m~3 have been observed. 

A five-channel pulse height sampling system for photomulti-

plier and laser-monitor diode signals has been built and put into use 

(see C 1.2) . 

A set of six RCA photomultipliers with GaAs photecathodes 

arrived; a gating .system for these tubes has been built, but has not 

yet been applied to the experiment. 
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Thomson scattering on RINGBOQG 

(see also A 3.1.1) 

The efficiency of the Optical Multi-channel Analyzer has been 

further improved by optimizing the number of accumulation cycles. With 

a laser energy of 2 joule at a density of 1*1021 el m"5about 1000 counts 

spread over SO channels could be achieved. 

An example of a recorded distribution with the number of 

counts plotted versus the wavelength intervals (one channel - 2.6 A) 

is shown in Fig. A.29. Before fitting of a gaussian curve to the mea

sured distribution, the straylight was corrected for. The calculated 

standard deviation of the individual number of counts with rospect to 

this curve, was determined to be equivalent to an uncertainty of 0.25 eV 

at a temperature value of 2.6 eV. 

60 
c 
u 

40 

t 
20 

O 

-100 -50 0 50 lOO 

•- AX (A) 

Fig. A.29. Determination of the electron temperature and density at 
the RINGBOOG experiment. Best fit of a gaussian distribu
tion to the observed distribution or' counts per channel 
against the wavelength scale. 
Data: T = 2.6 + 0.25 eV; n = (1.0 + Q.t)*10;1 m"^. 

E - e -

The radial distributions of the local electron temperature 

and density were measured in two parameter regimes of the RINGBOOG 

experiment within the accessible range of about 5 cm off axis (see 

Fig. A.30). The radial temperature profile is flatly peaked near the 

axis, whilst the density profile appears to be hollow. When the filling 

pressure is four times larger, the observed plasma density rises accord 

ingly. These results are compared with other observations and are dis

cussed in A 3.1.1. 
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Pig . A.30. Radial d i s t r i b u t i o n of the e l e c t r o n d e n s i t i e s and temperatures 
in the RINGBOOG experiment for two d i f f e r e n t discharge regiiaes 
with currents of ~ 20 kA, and f i l l i n g pressures of 25 mtorr (a) 
and 100 mtorr (b ) . 

A cross-cor re la t ion experiment between the Thomson-scattering 
data and the signal of a f loat ing po ten t i a l probe was successfully put 
in to operat ion. Correlation was sought between the local T - and n -
values (measured 4.5 cm off axis) and a probe signal demonstrating the 
10 kHz m=l i n s t a b i l i t y of the RINGBOOG discharge (see A 3 .1 .1 ) . The 
measurement was done by varying the moment of f i r ing the laser with 
respect to the phase of the i n s t a b i l i t y . However, the measured devia
t ions of e i t he r Te or nfi from the average value were not s i gn i f i c an t . 

The s e n s i t i v i t y of the array of the Optical Multi-channel 
Analyzer and polychromator has recent ly been improved by the use of 
two interchangeable grat ings which give a dispersion of 114 8 mm~!, to 
be used for the temperatuie range of 40 to 400 eV, and a dispersion of 
30 8 mm for the temperature range of 2 to 40 eV. 

Preparatory work was already carried out towards a more ex

tended use of the OMA-apparatus. The light scattered along the verti

cal laser beam trajectory through the plasma, will be simultaneously 

collected by means of a number of fibre-optic elements to measure the 

radial density distribution simultaneously with the determination of 

the Te~and n -values in any chosen volume element. 

A 5.4 OPTICAL DIAGNOSTICS 

W.J. Mastop. 

Work was started on an electronic streak camera. The system 
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will consist of 10 or 16 optical fibres, photodetectors, analog-buffer-

memories, multiplexer and digital signal processing. Compared to the 

photographic streak camera the new system will be cheaper, more sensi

tive to light and less sensitive to magnetic fields. It will permit 

better data handling. 

R e f e r e n c e s 

1. B . J . H . Heddens , R . J . TayLor. R i j n h u i z e n Report RR 74-85 ( 1 9 7 4 ) . 
2 . C . A . J . H u g e n h o l t z , B . J . H . Keddens, R i j n h u i z e n Report RR 7 6 - 1 0 0 ( 1 9 7 6 ) . 
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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. Engelmaan) 

R.W.B. Best, D.A. D'Ippolito, J.P. Freidberg , 

J.P. Goedbloed , J.J. Lodder, A.E.P.M. van Maanen-Abels, 

J.W. Mugge, A. Nocentinic), J. Remd), T.J. Schepe); 
student during 1976: T. Timmers. 

B 1 MAGNETOHYDRODYNAMICAL EQUILIBRIUM AND STABILITY 

B ï.i Magnetohydrodynamics of toroidal systems 

J.P. Goedbloed . 

The theory of magnetohydrodynamics of toroidal systems has 

recently seen two major new developments which increase its scope con

siderably. The first one is the establishment of the spectral analysis 

of linearized MHD, whereas the second one concerns the construction of 

two- and three-dimensional numerical codes for the time-evolution of 

the nonlinear MHD-equations. Because of these new theoretical develoo-

ments one can now think of describing plasma dynamics in the complicat

ed systems envisaged for CTR-purposes, while taking both the main phys

ical conservation laws and the geometry seriously. 

In previous years the basic spectral theory of waves and in

stabilities in MHD was investigated, where the central issue is the 

existence of three continuous soectra. Its importance for the under

standing of the structure of the spectrum and, in particular, of local 

stability was established. On the other hand, the discrete spectrum 

involves the detailed structure of the equilibrium profiles and the 

curvature of the system. In general, its study has to be undertaken nu

merically -The main effort this year was, therefore, devoted to a two-

dimensional numerical calculation, done in collaboration with J.P. 

Freidberg (LASL), of the equilibrium and stability of a diffuse high-6 

tokamak. 

a) Guest from thr> Los Alamos Scientific Laboratory, Los Alamos, U.S.A., from 1-6-1976 

to 31-8-H76. 
b) Part of this period at the Los Alamos Scientific Laboratory, Los Alamos, U.S.A. 
c) Guest from the University of Trieste, Trieste, Italy. 
ci) Until 1-9-1976 on leave of absence at the Los Alamos Scientific Laboratory, Los 

Alamos, U.S.A. 
p) Part of this period at the Massachusetts Institute of Technology, Cambridge,U.S.A. 
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The relevant regime is obtained for B ̂  *. = a/R when both 

equilibrium and stability are two-dimensional, so that the basic problem 

is one of speed and accuracy. This problem is solved by a convenient 

combination of conformal mapping and fast Fourier transforms, which re

sults in a numerical procedure that is fast enough to completely scan 

the four-dimensional parameter spac • consisting of 8/«rn~, nq, v, and 

b/a with acceptable amounts of computing cime. Here, n is the toroidal 

mode number, v is a profile factor appearing in the pressure a.r\d cur

rent distribution, anc1 b/a is the ratio of «fall radius to plasma radius. 

The replacement of the outer vacuum region by a force-free current-

carrying plasma turns the tokamak configuration into a screw pinch, and 

the resulting 8 . . with respect to the stability of gross kink modes 

is then significantly increased. 

References 

1. J . P . Fre idberg and J . P . Goedbloed, "Equi l ibr ium and s t a b i l i t y of h igh -be t a d i f fuse 
tokamaks" in Pulsed High Beta Plasmas, Suppl . t o Plasma Physics (Pergamon P r e s s , 
Oxford, 1976). 

2. D.A. D' lDDoli to , J . P . F r e i i b e r g , J . P . Goedbloed, J . Rem, •'Maximizino f in a 
tokamak with fo rce - f ree c u r r e n t s " , 6 th I n t . Conf. on Plasma Phys. arid Contr . Nucl. 
Fusion Res . , Berchtesgaden, 6-13 October , 1976 (paper E22) . 

B 1.2 S t a b i l i t y of a t o r o i d a l s c rew p i n c h w i t h e l l i p t i c a l c r o s s -

s e c t i o n 

D.A. D ' I p p c l i t o , "r.P. G o e d b l o e d . 

The e q u i l i b r i u m and s t a b i l i t y of a t o r o i d a l sc rew p i n c h w i t h 

e l l i p t i c a l c r o s s - s e c t i o n i s i n v e s t i g a t e d . S t a b i l i t y a o a i n s t e x t e r n a l 

modes i s computed u s i n g t h e e n e r g y p r i n c i p l e of i a e a l MHD w i t h t h e 

p l a s r a d e s c r i b e d by a s h a r n - b o u n d a r y s u r f a c e - c u r r e n t m o d e l . In t h i s 

model t h e p r e s s u r e i s c o n s t a n t i n t h e e l l i p t i c a l p lasma r e g i o n and a 

t o r o i d a l p lasm* c u r r e n t f lows o n l y on t h e s u r f a c e . The p lasma i s s u r 

rounded by a p r e s s u r e l e s s r ^gion c o n t a i n i n g a l a y e r of f o r c e - f r e e c u r 

r e n t s which i s e n c l o s e d by a c o n d u c t i n g s h e l l . Both e q u i l i b r i u m and 

s t a b i l i t y c a l c u l a t i o n s a r e f a c i l i t a t e d by an e x p a n s i o n i n t h e i n v e r s e 

a s p e c t r a t i o e . In p a r t i c u l a r , we employ t h e h i g h - 6 tokamak o r d e r i n g 

where b ~ c i n t h e plasma and B /BA - e on t h e s u r f a c e . 
P <P 

One of t h e m o t i v a t i o n s of t h i s work i s t o f i n d t h e t h e o r e t i c a l 

l i m i t a t i o n s on t h e p lasma S = 2u P /B ? f o r an e l o n g a t e d sc rew p i n c h o r 

h igh -S tokamak. In t h i s o r d e r i n g t h e r e i s an e q u i l i b r i u m l i m i t on $ 

(a t which a second m a g n e t i c a x i s a p p e a r s on t h e p lasma s u r f a c e ) as w e l l 
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as a stability limitation. The maximum B consistent with both restric

tions is then optimal for the given plasma parameters. There are two 

parameters to be optimized: the elongation b/a and the force-free 

current parameter r. From our numerical results it is concluded that 

the optimal configuration is given by b/a = 3.8, r = 4.0, 8A =1.17 

and q* = 2.0. The parameter q* is proportional to the inverse of the 

toroidal current and reduces to q in the limit e/e •+ 0. Comparison with 

the earlier work of Freidberg and Haas leads to the conclusion that 

the gain in 0 due to the force-free currents is far greater than the 

gain due to elongation. If both effects are optimized, the maximum 6A 

is a factor of 6 larger than a circular cross-section plasma surround

ed by vacuum. 

Reference 

1. J . P . F re idbe rg and F.A. Haas, Phys. F lu id s \1_ (1974) 440. 

B 1,3 MHD-stabil i ty of a sharp-boundary model of a h i g h - b e t a 

t o r o i d a l plasma with an a r b i t r a r y c r o s s - s e c t i o n 

J . Rem, J . P . F re idbe rg . 

Stability of a surface current model of a toroidal plasma 

against external kink modes is investigated on the basis of the energy 

principle of ideal MHD. For this model the energy principle takes on 

a simplified form in the sense that all contributions to the perturba

tion energy can be written in the form of integrals over the plasma 

surface. Application of the energy principle then requires an evaluation 

of these integrals for an arbitrary surface perturbation. The integrands, 

however, are not always explicitly expressible in terms of such a per

turbation. For the case we are interested in a sharp-boundary model sur

rounded by force-free currents, this is only possible by application of 

the high-beta tokamak ordering. This ordering leads to surface integrals 

that have as integrands functions and their normal derivatives on the 

plasma surface that are directlv related to the surface perturbation. 

These functions satisfy Laplace's equation in the plasma region or in 

the region of the force-free currents. 

In their treatment of a toroidal plasma with an elliptical 

cross-section D'Ippolito and Goedbloed (see B 1.2) evaluated the sur

face integrals by making use of the solution of Laplace's equation in 

elliptic coordinates (as appropriate for that cross-section). For a 

plasma with an arbitrary cross-section it is not possible to follow the 
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procedure of B 1.2. Here Green's theorem is used that describes how a 

function and its normal derivative on a surface are counled. For the 

minimization process - the minimum of the perturbation energy determines 

the stability - it is convenient to Fourier decompose the surface per

turbation. Like in Ref. 1 a normalized arc length along the circumfer

ence of the cross-section is used for this. 

A comparison of the results for an elliptical cross-section 

with those obtained by D'Ippolito and Goedbloed shows excellent agree

ment. However, the choice of arc length as a coordinate is seen to be 

somewhat inappropriate in the case of a surface that has sections with 

a large curvature. The required number of Fourier components in their 

work is much less than in our case. In view of the surface perturbation 

belonging to the most unstable situation this is not surprising since 

the mode is almost purely localized in the region of a strong poloidal 

curvature. The effect of the force-free currents is to decrease this 

localization. 

Since the numerical results for the elliptical cross-section 

showed that a strong poloidal curvature has a negative influence on the 

stability, a cross-section with a ra :etrack shape was investigated. In 

this case the stability diagram - 0 versus q*, see B 1.2 - is in one 

manner quite different from that for a circular or an elliptical cross-

section. Could it be argued in those cases that a stability region for 

small values of q* should be disregarded, that argument does not apply 

to the racetrack. For a range of values of the force-free currents and 

a sufficient elongation the two stability regions are observed to merge, 

i.e. for such a value of the foi^e-free currents the plasma is stable 

for all values of q* as long as 0 is not too high. 

Reference 

1. J . P . Fre idberg and W. Grossmann, Phys. F l u i d s ^8 (1975) 1494. 

B 1.4 Equi l ib r ium of a h igh-be ta t o r o i d a l plasma with fo r ce - f r ee 

c u r r e n t s 

J . Rem, J . P . F r e i d b e r g . 

The exact MIID-equilibrium of an axisyrometri c toroidal plasma 

is described by an equation for the poloidal flux that contains two 

arbitrary quantities, the pressure p(^) and RB = M'i>) , the product of 

the distance from the axis of symmetry and the toroidal magnetic field 

strength. 
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The object of this study is to investigate the effect of 

force-free currents on the equilibrium in experiments such as screw 

pinches and high-beta tokamaks. Such currents will be present if p(\p) 

and A(tjj) are chosen properly. The choice of p(ijj) is not difficult. The 

pressure profile should be close to parabolic and the function 

p(<H = p (1-4»)2 results into such a distribution. In our choice for the 

other function we were guided by the work done on screw-pinch plasmas. 

Without force-free currents, like in a tokamak discharge, A(^) has a 

minimum in the neighbourhood of the magnetic axis due to the pressure. 

In that case an appropriate choice would be 

A<4<) = C} - C2(l-*)
 2 . 

In screw pinches RB has a maximum just outside the plasma; where the 

force-free currents are flowing the plasma is paramagnetic. This leads 

to the investigation of 

v 
Adj.) = Cj - c2(\-i>)2 + c3[{i-<M

 q - (i-iM?J • 

The additional term is negative on the magnetic axis (v < 2) and has 

a positive maximum somewhere inside the wall (at the wall y = 1). 

The above choices for p and A do not specify all plasma param

eters. As the theory of low-S plasmas has shown - confirmed in low-3 

experiments - that the safety factor q must be larger than unity on the 

magnetic axis to prevent internal plasma instabilities, the equilibrium 

is subjected to this constraint. For a specific cross-section and a 

fixed aspect ratio the equilibrium is now described by three constants: 

the parameter v shapes the distribution of the force-free currents, 

the value of C, determines the strength of these currents and a param

eter related to the pressure or the toroidal current. 

The equilibrium equation is solved numerically. For a plasma 

with a circular cross-section and an aspect ratio — = 2.5 we find that 

the addition of force-free currents allows quite high <p-'s. Without 

such currents (C, = 0) the maximum attainable <$••• is 2%. Addition of 

such currents allows <B>'s in the neighbourhood of 15%. Higher <B>'s 

are possible, but then q at the wall is less than unity. The value of 

<3> * 15% is found if the parameters are chosen so that the q-profile 

is as flat as possible. 

Apart from permitting - as far as the equilibrium is concerned 

higher <@>'s, the force-free currents have the additional advantage of 

limiting the shift of the magnetic axis to reasonable values. Even at 

the highest value of <B-> the shift of the magnetic axis is less with 

force-free currents than without such currents. 
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Our functional choice for A(ij;) is a very specific one and may 

not be the best possible choice. Although our numerical results show a 

beta limitation it is not clear whether this is due to the numerical 

process or attributable to the choice of A(4i). 

B 2 WAVE DYNAMICS 

B 2.1 Wave dynamics in inhomoqeneous plasmas 

A.E.P.M. van Maanen-Abels. 

In 1975 a start was made with the development of a quasilinear 

theory for ideal MHD. Now some properties of this plasma model have been 

studied, the most important one being the balance of energy. 

Por both the perturbation and the "rest" of the system (aver

aged over fluctuations) an energy balance was derived and it could be 

shown that the sum of kinetic and magnetic energies is conserved in the 

total system, while the sub-systems separately do not conserve the sum 

of these energies in the inhomogeneous plasma region. However, a closer 

examination of the linear equations shows that the balance can be trans-

formed into -r-r {some form of energy) + — (some form of flux) = 0, 

which can be taken as a conservation of energy in the linear system.This 

would suggest that no interaction between the sub-systems is present. 

For this reason, combined with the difficulty that a further 

sub-division of the systems might be necessary to construct an actual 

quasilinear theory, a thorough re-examination of the linear theory was 

started. The general solution of the differential equation for given 

initial conditions was constructed and it is tried to find the behaviour 

of this solution (being a sum of a collective mode and of "free" modes) 

in time. For simplicity, the latter is presently done, not in MHD, but 

for electrostatic oscillations in a cold inhomogeneous plasma. 

B 2.2 Nonlinear waves in a Vlasov plasma 

R.W.B, Best. 

Two electronic Landau waves of different wavenumber set up, 

among other second-order waves, a growing wave with a wavenumber equal 

to the difference of those of the first-order waves. The growth is 

linear and chanc•. t into damping eventually. This wave was investigated 

further and it was shown that it can dominate the first-order waves 
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after a long time, which is much larger than the Landau-damping time, 

but smaller than the bounce time of electrons in the wave trough of the 

first-order waves. A considerable simplification in the mathematical 

derivation was found. 

Two ion-acoustic waves of different wavenumber set up even 

stronger growing (and eventually damped) second-order waves. A method 

to handle this secular behaviour is probably to eliminate from the 

zeroth-order electron distribution a small part which causes the damp

ing of the ionic waves and also the growing second-order waves whose 

amplitude is proportional to the first-order damping coefficient. The 

small part neglected in the zeroth-order electron distribution is re

introduced as a first-order term. This method will be investigated 

further. 

B 3 TRANSPORT PHENOMENA 

B 3.1 Time-dependent collisional transport in low-8 plasmas 

J.w. Mugge. 

The time-dependent collisional transport problem in an axi-

symmetric toroidal plasma can be formulated in terms of a two-dimen

sional integro-differential equation for the radial velocity and a 

two-dimensional differential equation for the poloidal flux, both con

taining space derivatives only and one-dimensional diffusion equations 

for the pressure and the toroidal flux. An extension could be made by 

using the complete set of classical transport equations including 

different temperatures. 

The integro-differential equation for the radial velocity is 

linear and of second order and has an inhomogeneous part representing 

the transport properties of the plasma. From this equation the rela

tions for the radial velocity in one-dimensional geometries such as 

slab and cylinder follow as limiting cases. As the limit of an axisym

metric toroidal plasma whose cross-section tends to become infinitely 

high ("ideal belt pinch"), does not necessarily lead to a one-dimen

sional problem, this case is not contained in this class. Only for a 

cylinder-symmetric ideal belt pinch (requiring the absence of vertical 

velocities other than a rigid motion), disregarding the connection 

between flux surfaces on both sides of the pressure maximum, the radial 

velocity could be calculated for arbitrary aspect ratio. 
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B 3.2 Time-dependent collisional transport in high-S plasmas 

J.W. Mugge. 

The relation between transport phenomena and plasma heating 

by "external" sources is studied using the time-dependent collisional 

transport theory. In principle two time-scales can be distinguished, 

the fast one, which is determined by the ion heat conduction, and the 

slow one, connected with the particle transport. Important points are 

1) the influence of the energy source on the transport, 

2) the influence of the boundary conditions on the heating process, 

3) the transport processes on the two time-scales. 

A fully ionized cylindrical two-species plasma surrounded by a perfect

ly electric conducting wall is taken as a model. In order to be able 

to study the above-mentioned aspects, a combined initial and boundary 

value problem is solved. 

On the fast time-scale an analytic treatment was carried out 

in the case of a uniform temperature. The inverse problem, where the 

plasma density is given as a function of space and time and the energy 

source and all other physical qua..cities (including the temperature) 

are to be calculated, could also be solved. 

Furthermore, a numerical code has been developed which permits 

to solve the complete transport problem on both time-scales, but which 

is also appropriate to treat the phenomena on the fast time-scale 

alone. 

B 3.3 Transport in the collision-dominated regime of toroidal plasmas 

F. Engelmann, A. Nocentini. 

The transport theory of toroidal plasmas in the collision-

dominated regime has been worked out for a number of subregimes, char

acterized by large collision frequency and/or large ion Larmor radius, 

in which the conditions for the validity of the usual Pfirsch-Schlüter 

result are not fulfilled. Two new effects then become important. In 

the case of large collision frequency and small Larmor radius the ener

gy transfer between electrons and ions plays an essential role, whereas 

for large Larmor radii the poloidal dependence of the plasma density 

and ion temperature must be consistently retained in the heat balances. 

In both cases the main result is that the toroidal contribution to the 

radial heat flux of the ions, outside the Pfitjch-Schlüter regime, 

decreases to reach values of the order of magnitude of the electron 

heat flux. Moreover, for high collision frequency, a Ware-like 
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contribution to the pinch effect appears. The limitation to the theory 

developed is, for large Larmor radii, that the ion heat flux is larger 

than the electron heat flux, and for small Larmor radii that the rela

tive poloidal variation of the electron and ion temperatures is smaller 

than the inverse aspect ratio. 

Furthermore, work has been started on impurity transport in 

the collision-dominated regime. The aim is here a generalization to a 

broader range of impurity concentrations and into the highly collision-

al subregimes. 

B 3.4 Application of the collisional transport model to the cold-

plasma blanket problem 

F. Engelmann, A. Nocentini, H. Schrijver. 

The cold-plasma blanket can be considered as a useful means 

to refuel the plasma, if appropriate steady states exist on a time-

scale larger than the particle-confinement time. Adopting the colli

sional transport model such steady states have been investigated for a 

clean plasma as well as for a plasma containing one impurity species. 

The density of neutrals was assumed to be negligible as expected in 

the interior of a discharge impermeable for neutrals. It is found that 

in toroidal geometry, through the action of the Nernst effect, as in 

cylindrical geometry, the steady-state solutions show the appearance 

of a cool and dense plasma blanket. Furthermore, impurities tend to 

accumulate at the edge of the discharge. How far this favourable con

clusion may have to be changed in the case of real plasmas, due to 

the effect of anomalous transport, is by now an open question. 

B 3.5 Anomalous transport 

T.J. Schep. 

By bleeding neutral gas into the discharge, recent tokamak 

experiments have reached a density regime where neutral particles can

not penetrate freely to the centre of the column. There is some doubt 

whether at these relatively high densities the characteristic time of 

the density rise can be explained by classical processes. The latter 

would lead to the formation of a density profile that is peaked near 

the edge of the column. Therefore, the possibility is explored that 

collective modes can produce the transport of cold plasma from the 

outer region toward the centre of the column. The following mechanisms 

are considered. 
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a. Micro-instabilities driven by cold ions. For this it is assumed that 

in the outer region a hot and a cold ion population can be distin

guished. Unstable collisionless modes exist with 

Re ~ ^ -:i;#i(nc/ni) (d In nc/dr)/(d In ni/dr) , 

where the subscript c and i label the cold and hot ions, respective

ly, and u.- is the (hot) ion-drift frequency. 

b. An inverted pressure profile could be established when the outer 

layer of dense gas that has become ionized is brought to a suffi

ciently high temperature. Then, almost purely growing flute-type 

modes are found at the inside of the torus where the magnetic cur

vature is unfavourable. 

c. Drift modes in the presence of opposite density and temperature 

gradients. 

In order to treat properly perturbations with perpendicular 

wavelengths of the order of the ion-gyro radius, a linearized drift-

kinetic equation is derived in the limit where the longitudinal wave

lengths are large. This equation describes finite gyro-radius effects 

and also includes magnetic perturbation perpendicular to the main mag

netic field so that (shear) Alfvén waves can be treated. 

B 3.6 Transport of highly energetic ions in the banana regime 

F. Engelmann, A. Nocentini. 

Continuing older work, the transport processes, in the banana 

regime, induced by the presence of ions with energies • T higher than 

the thermal plasma energy T have been classified for the energy range 

m^T/m. < Lj •' m-jT/m (m-j-, m. , and in being the masses of the high-

energy ions, the plasma ions, and the electrons, respectively). 

B 4 QUANTUM-MECHANICAL METHODS 

B 4.1 Quasi-linear theory with quantum-mechanical methods 

J.J. Lodder. 

The investigation of coupled harmonic oscillators as a model 

for dissipative motion was concluded as part of a dissertation 

The theory of generalized functions has been modified by in

corporating discontinuous functions, in order to avoid some of the 
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divergencies associated with perturbation expansions. 

This work is being continued in order to give it a more rigor

ous foundation and a wider applicability, for instance, to quasilinear 

theory and the radiation from turbulent plasmas. 

Preliminary work was started on radiation-driven instabilities. 

Reference 

1. J . J . Lodder, "Dissipative motion. Perturbation theory and exact solut ions" . 
Thesis University of Utrecht , 1976, Rijnhuizen Report RR 76-95. 

B 5 FUSION REACTOR PROBLEMS 

B 5 .1 Advanced f u s i o n f u e l s 

R.W.B. B e s t . 

Among the main problems of burning advanced fuels like pllB 

is the power loss of the ions to the electrons which emit this power 

as radiation. Friction between ions and electrons is due to the rela

tively small fraction of electrons having speeds of the same order as 

the ions. The possibility to deplete this small fraction of electrons 

had been investigated, with negative result. Fokker-Planck calculations 

show that electron-ion collisions only lead to a flattening of the top 

of the Maxwellian electron distribution, which is a minor effect. Fur

ther investigation is suggested by Dawson, who proposes a pB-plasma 

near ignition conditions which is kept burning by a 1 MeV proton beam 

of relatively low power. This beam-plasma system would have an energy 

multiplication factor of about 3. 

The cooperation with the Migma Institute at Princeton contin

ues. They propose to build a migma which converts a 200 kW 3He beam 

into a 220 kW 3He,a,p-beam and 40 kW electromagnetic radiation, in a 

5-year programme which will cost 66 M$. 
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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, P. Hellingman, 

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. Schrijver, H.Th.G. Spitholt, A.B. Sterk, 

J.A. Verdoes, H.J.W. de Vor, A.C.A. van Wees, N.J.K. Woudenberg; 

trainees during 1976: J. Boersma, A.C. van Dieren, 

F.J. Frielink, M.J. Goedkoop, J.A. Hazelzet, E.G. van Kalles, 

C.J. Ladage, E.G. van Leusden, S.P. Rijk, R. Simons, 

H.G. Walstra. 

C 1.1 Special design studies 

A.C.A. van Wees, P. Hellingman, P. Manintveld, M.J. Goedkoop, 

J.A. Hazelzet. 

For the reconstruction of the RINGBOOG experiment (see A 3.1.2) 

a method for the calculation of the plasma equilibrium in the vicinity 

of an iron core was set up. The computer model, using the integral of 

modified Bessel functions for calculating the extra poloidal field 

created by an infinite iron core, was tested by measurements with a 

simple current loop around the actual RINGBOOG core. In the plasma re

gion the calculated values were in between the values measured inside 

the magnetic window and those measured on the plane perpendicular to 

the yoke. With plasma equilibrium current distributions, as calculated 

by A. Kaleck, KFA, Jiilich (for the proper aspect ratio, different pro

files and plasma pressures (0 0i')» the possibility of a stable verti

cal field configuration was investigated. Due to the strong dependence 

between the iron stray field, the plasma major radius and the appear

ance of a zero field point in the plasma region, vertical and horizon

tal stability could not be achieved simultaneously. However, the 

RINGBOOG discharges (T „ * 5 us) can rely on the stabilizing effect 
exp 

of the copper shell (T * 20 nts) . An attempt was made to use the dynamic 

stabilizing effect of vertical field windings (as examined by 

H. Gerhauser, KFA, Jülich) for the tokamak mode (T 5 500 ms), but 

the available copper area for those windings was not sufficient. 

A coil configuration will be chosen for the tokamak mode, 

which, by applying the proper meer, vertical field with a sufficient 
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high gradient, guarantees an equilibrium stable in the horizontal di

rection. This implies that the horizontal field does not have the 

proper gradient. Vertical stabilization will be achieved by feed-back 

control. 

With the same computer program the new compensating turns for 

the toroidal coil set of the R1NGB00G experiment were determined. 

Assistance was given to the FOM-Institute in Amsterdam with 

the optimization of a multiple-mirror coil set for a relativistic 

electron-beam experiment (BP-I1I). 

For a gas-filled tokamak an analytical optimization was done 

by comparing the maximum flux swing with the maximum toroidal field. 

The cooling characteristics of a prototype of the new TORTUR 

coil set were measured- The results were in agreement with the previous 

thermal calculations. A modified RINGBOOG coil was also tested under 

thermal conditions. The possibilities of cooling by means of helium 

gas at cryogenic temperatures ("* 100 K) were investigated. 

Vacuum-induced stresses on a quartz belt-pinch torus were 

calculated, using a finite element program {NIFE}. 

JET contract work 

The study contract on investigation of material for the 

transformer core of the JET experiment was rounded off with a final 

repert. With the finite element program NIFE a series of numerical 

tests was done on the thermal behaviour of the central poloidal coil. 

First, the program had to be adapted to the CDC-6500 system (SARA). 

Effective plotting and mesh-generating routines had to be developed. 

The influence of the shear modules of an elastic layer between a 

steel support ring and the coil were investigated. Especially the 
2) 

thermal stresses, due to the cooling-down cycle were calculated . It 

appeared that these stresses became too high at particular spots. Re

duction of the temperature gradient by using a two-directional cooling 

flow or pyralene as cooling medium instead of water, did not give the 

reduction of the maximum stresses below the tolerable levels. Discon

nection of the support ring from the coil is now under consideration. 

Real thermal tests were carried out on a sample of the cen

tral poloidal coil. The stresses due to radial expansion could not be 

applied. The sample survived 40,000 cycli from 15 °C to 70 °C. The 

applied strains were measured with strain gauges and the results were 
3) 

corrected for the properties of the glass epoxy material 

A fatigue-test was carried out on several types of rubber. 

Pressure tests of 300 kg cm - 2 were carried out up to 20,000 times. 

64 



To investigate fatigue properties of rubbers under compression as well 

as shear, a preliminary design of a test equipment was made. 

A study on the fault conditions of the poloidal coil was 

started. 

C 1.2 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, F.J. Frielink, C.J. Ladage, H.G. Walstra. 

A continuing demand for high-frequency electronics resulted 

in the construction of a five-channel peak detector. During two variable 

gating times the peak value of the input signal is measured on all five 

channels. The results are read out sequentially. Impulse signals as 

fast as 50 nanoseconds can be measured accurately. See Fig. C.l for a 

photograph of the completed unit. 

The "slow down" of fast analog signals, referred to in the 

1975 Annual Status Report, appeared so promising - storing 10 samples 

in one microsecond and reproducing them at a 100 times slower rate -

that it practically has led to the development of a special purpose 

transient recorder. 

Concerning optical signal transmission the dynamic range of 

the optical links using F.M. could be increased to 60 dB for the DC -

100 kHz version and to 55 dB for the DC - 1 MHz type. Larger distances 

required another type of optical fibre. The accompanying mechanical 

problems have been practically solved. 

The photodetectors developed this year have a sensitivity and 

bandwidth combination approaching the noise-equivalent power of its 

photodiodes. 

Direct measurements by means of photomultiplier tubes may be 

risky since the radiated plasma light can easily destroy the tube. To 

protect the tube the averaged current has to be kept low. To this pur

pose a gating circuit had been developed, which keeps the photomulti

plier cut off, except for the measuring period of only 350 ns (see 

Fig. C.2). 

To record sixteen simultaneous measuring signals a system 

had been built with sixteen Follow-and-Hold units, sequentially read 

out by a MM-16 Multiplexer which transfers the data to a Biomation 

Transient Recorder. 
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Fig. Cl. Photograph of thu .-jdtiriy circuit. 

C 1.3 Digital instrumentation 

A.J. Putter, H.J.F, van Ramele, H.A. van der Laan' , 

A.C', van Dieren. 

On behalf of the computer department a converter has been 

developed translating normalized EIA-RS232c data signals into 20 mA 

current-loop signals, commonly used for teletype. The 20 mA current 

loop can be switched from active to passive and vice versa. It is now 

possible to connect a terminal suitable for the 20 mA loop to an 

EIA-RS232c data-line through th^s converter (active) and, inversely, a 

terminal suitable for EIA-RS232c signals can be connected to a 20 mA 

data-line through this very converter (passive). 

For the OMA - the Optical Multi-channel Analyzer - an inter

face circuit had been developed making it possible for OMA to be 

programmed on-line by a computer according to CAMAC standards. The 

command and data signals are transmitted from the CAMAC unit and from 

OMA through a 20 metre optical fibre at a speed of 1 MDaud. An inter

ference-free coupling has been achieved between OMA, situated at an 

a) From the Can-Blanket Department, 
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experiment and the CAMAC interface situated in a shielded measuring 

ca<je (see Fig. C.3). Off-line programming of OMA through the CAMAC 

interface is possible as well. 

***.„ 

Fig. C.},. Photograph of" the OMA interface circuit, 

C 1.4.1 Facilities for experimental data handling 

T.C. van der Heiden, J.A. Verdoes. 

The impression that the acquisition of the growing quantity 

of data, gathered by fast analog-to-digital converters and optical 

multi-channel analyzers, should exceed the capacity of the PDP-1S cen

tral computer system, was confirmed. A severe lack of computer time 

for users investigating their experimental data caused serious problems. 
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The development of the software, capable of driving the 

peripheral processor UC 15 (PDP 11) and replacing the stand alone 

program PIREX, is well underway and will be fini'-'ied in January 1977. 

Program development at the UC 15 will then be possible without serious

ly disturbing the heavily loaded PDP 15. This will speed up the soft

ware development of the driver programs for the asynchronous data lines 

which connect the two local computer systems at RINGBOOG (PDP 8) and 

at TORTUR (PDP 11), with the central computer system (PDP 15/76). 

Data produced by the RT-11 software system of TORTUR and 

transported on Dectape or Cartridge disk can now be read at the central 

computer. 

During 1976 a plan was developed to replace the single-user 

central computer system by a multi-user system. This should serve as 

a multi-user system for up to 20 users, concurrently working on program 

development and data processing. The existing local computer systems 

will do the real-time work. The central system will be dedecated for the 

"number crunching", while it should have enough background memory to 

store the data, produced by the three experimental groups during 2 or 3 

months, and to have them immediatly available. 

Specificitions, possibilities of the available software system 

and coupling facilities with the local computers point to a PDP 11/70 

of Digital Equipment Corporation. The system should be driven by the 

Interactive Application System software. A bench-mark test system, de

scribed in the report Jiil-1280 from the KFA at Jülich (Germany) , served 

as a basis to get an impression of the capabilities of the PDP 11/70. 

The results of these tests, compared with the runs at the CDC 6500, 

P̂ P 15 and PDP 11/10 were impressive. 

C 1.4.2 Computational physics support 

H. Schrijver. 

The connection between the CDC 731 remote batch terminal and 

the Cyber 73-28 (CDC 6500) computer of SARA has been improved by the 

installation of the Mode II protocol, early this year. The performance 

of the system profited by the change to the SCOPE 3.4.4 operating system 

and by a more efficient FORTRAN compiler. 

At the same time FORTRAN remains a source of trouble in the 

development stage of computer programs. The unrestricted and unchecked 

use of language constructions often leads to disaster, even with expe

rienced programmers. Especially two types of errors lead to more than 

90% of the program failures; 
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1. Array bound overflow» A variable, used as an array index, exceeds 

the limits of the declared array lengths, or a mismatch from arrays 

between main program and subroutine occurs. In both cases data or 

program information can be overwritten and, seemingly unrelated, a 

most peculiar program behaviour may result. 

2. Type mismatch and implicit conversion of types. Since FORTRAN uses 

an implicit type declaration for integer and real (array) variables, 

a mismatch can occur when a declaration is forgotten, for example in 

a subroutine. Since there is no syntactical check on the type when 

used in expressions and since many conversions between different 

types are implicit, these errors are difficult to find. 

The ALGOL-like languages (ALGOL 60, SIMULA 67, ALGOL 68, 

PASCAL) have banned these sources of errors, but PASCAL is the only 

one which can approach FORTRAN when run-time efficiency is concerned. 

In general, it seems to be only 10-50% slower than FORTRAN, which is 

more than compensated by a faster program development. PASCAL has been 

successfully used for the solution of the two-dimensional Laplace equa

tion for an arbitrary set of electrodes. 

Members of the theoretical division who have been visiting 

Los Alamos brought a number of (FORTRAN) programs and subroutines to 

our Institute. All necessary conversions were applied and the more 

common subroutines were added to a user library, FOMJP, residing at 

the SARA system as a permanent file. Since the Los Alamos programs use 

the excellent plotting facilities of the Los Alamos CDC-7600 system, 

the lack of a plotting system with better access and turnaround time 

than the plotters at the SARA central site has often been annoying. In 

general, the mailing service seems to be a bottleneck. 

C 1.5 High-voltage and power section 

A.B. Sterk, A.F. van der Grift, M. van der Kaay, 

S.W.Th, de Kroon, J. Boersma, E.G. van Kalles, 

E.G. van Leusden, S.P, Rijk, R. Simons. 

A power crowbar for the TORTUR experiment was constructed and 

put into use in the course of 1976. The total capacity involved is one 

farad. Charged to 500 V the stored energy amounts to 125 k J. The induc

tance of the system (see Fig. C.4) is as low as 5 nH, The capacitor 

bank includes one thousand photoflash capacitors of 1000 microfarad 

each, connected in parallel. Switching is performed by 50 thyristors 

in parallel. The maximal current is 0.6 MA at a current rise-time of 

2 kA per microsecond. 
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On behalf of the SPICA experiment the bias bank has been ex

tended from 75 to 90 kJ. At the same time a new switching unit for 

switching the sections of the capacitor bank separately, was installed. 

The 20 MW rectifier equipment was delivered this year. As part 

of this project three remote control panels were built and the con

struction of th«_ safeguard and control system was started. 

Fit}. C.-\. '. '.ipaci t o r rxmk t o r t h e power crowb-ir f o r tho T'JRTUN f-xpt-r imviit.. 

Several power supplies were built for t.he ion source (see 

A 2.3) e.g.: 

magnetic field supply 

filament current supply 

arc supply 

extraction voltage supply 

acceleration voltage supply 

0 - 60 V - 10 A DC 

0 - 20 V - 100 A DC 

0 - 300 V - 100 A during 10 msec 

40 kV 4 A during 2 msec 

5 kV - 0.2 A . 
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An equilibrium field supply, as a contribution to the RINGBOOG 

experiment, was built this year.The current is continuously variable 

trom 0 to i500 A DC. For the ohmic heating of RINGBOOG a new capacitor 

bank is being designed. Energy: 12"5 kJ; capacity: 4-0.25 farad, charged 

to 500 V. This bank should produce a plasma current of 70 kA during 

200 msec. 

References 

1. V . S . Makhova tov , Muc 1. F u s i o n !1 (1071) 0 1 4 . 
2. JET Note JUT 76/0.! ur-i 76/03 ' i n t e r n a l r e p o r t of the FOM-Inst i tute R i jnhu izen} . 
i. JET Note JUT 76/06 ( i n t e r n a l r e p o r t of the FOM-Inst i tu te R i jnhu i zen ) . 
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C 2 MECHANICAL ENGINEERING (M.F. van Donselaar) 

O.R. Blogg, J.W. Bode, E.C. de Bruin, P.F.M. Delmee, 

J.A.M. Delpeut, B.S.Q. Elzendoorn , G.E. Godschalk, 

A. van Haasteren, L. de Jong, W. Kersbergen, A.H. Kragten, 

C.Th. Kuppens, P.A. van Kuyk, J.Q.M. van Leusden, 

F.A. Meeuwissen, J. Nienhuis, W.J.Ph. Nieuwhoff, 

W.J.H. Nobbenhuis, H. Oosterom , J. Pluygers, P.R. Prins, 

P. de Rijcke, W. Tukker, D.L. Wardenaar, H. Warsen, 

G.A. Wildschut, W.J.J. Wolfis, W. van Zanten; trainees 

during 1976: O.C. van de Graaff, J.J. Zweedijk. 

The device for the belt-pinch experiment has been completed. 

Figure C.5 shows the copper shell (diameter 650 mm, wall thickness 

15 mm) before the installment of the helical windings. 

Most of the parts for the modification of the RINGBOOG exper

iment were manufactured; figure C.6 shows the parts of the vacuum ves

sel, the tube diameter is 170 mm. The only material used was stainless 

steel 304L and all joints have been made by brazing at 1200 C. Special 

techniques had to be developed for brazing the diagnostic ports with 

butt joints in 4-mm sheet material over lengths up to about 1 metre. 

Improvements have been made with the construction of subminia-

ture coils (1.4 mm square, 60 turns) for magretic probes. Figure C.7 

shows a detail of the apparatus for perpendicular alignment. 

a) from 1-5-1976. 
b) At the JET Design Team, Culham, England, until 1-12-1976. 
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Fig. C.6, Braced , •=, for thp RINGBOOG vacuum vessel, 
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C 3 JET (JOINT EUROPEAN TORUS) 

Cooperat ion FOM-Insti tuut voor Plasmafysica and JET Design Team a t Culham 

J.W.A. Z w a r t d ) , H. O o s t e r o m b ) , Th.G.A. W i n k e l c ) . 

The JET team could not start the construction phase of the 

apparatus due to the political uncertainties, especially with regard 

to the future site of the project, so they continued their work under 

the extended design agreement. For an extensive introduction to the 

aims and construction (see Fig. C.8) of the large tokamak experiment 

see ASR 1975, C 1.2. Only the contribution of the FOM members of the 

JET team is described below. 

The poloidal field coil system: material tests 

P. Hellingman 

The studies on the central coil - of modular design - have 

been finished. The coil firstly provides the flux swing necessary to 

build up the plasma current. Secondly, it serves as a central support 

for the toroidal field coils. Taking into account thermal expansion, 

the combination of these two functions makes stress analyses rather 

complicated. The aim to fulfill one hundred thousand cycles with this 

coil under extreme conditions of the machine (highest toroidal field 

and maximum plasma current of 4.8 MA) seems marginally possible. 

Material tests for copper and various insulating materials for the 

windings, coil tests, cooling and manufacturing studies are in the 

last stage. New calculations of the plasma equilibrium have shown that 

the design of the outer coils had to be modified. The currents in these 

coils are about 1.5 to 2 times higher compared with former calculations. 

ft} At Culham Laboratory, England, from the Pinch Department. 
b) At Culharn Laboratory, England, from tht Mechanical Department,until 1-12-1976. 
c) At Culham Laboratory, England, from the Turbulent Heating Department, from 

l-4-107f,. 

d) Working in the Electrotechnic.al Department, under article f> or the JET agreement. 
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V 

Fil. C.8. Revised design of the JET device. 
The main systems arc the 32 D-shaped toroidal field coils: 
B0 - 2.77 T (3.75 T), the poloidal field system consisting of 
various coils and an R-limbed iron core with a flux sw'ng 
Al'm = 2r> Vs (34 Vs), and the discharge chamber, an i no me I. 
vacuum vessel, allowing a maximum horizontal plasma rauius 
ri 1.25 m, ,i maximum vertical plasma radius b = 2,10 m, and 
a run an major radius RQ = 2.% m. The maximum plasma current 
foreseen is 3.85 MA (4.8 MA). (Numbers between brackets refer 
to future extended performance.) 
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The poloidal field coil system: circuitry 

J.W.A. Zwart, A.C.A. van WeesJ'. 

As is usual in many tokamak experiments, the plasma current 

during the ohmic phase is induced by discnarging of the primary current 

of the central coil over a resistor. The ohmic heating circuit has been 

made simpler compared with the earlier design by rearrangement of com

ponents. At the same time this circuit serves to keep the equilibrium 

of the plasma. Tests of the main circuit breaker have been finished 

and have shown that it can easily meet its design parameters (disrup

tion of current of 60-70 kA over 20 kV). So, less maintenance may be 

expected. 

Calculations of the dissipation of the current in the vacuum 

vessel in 3-i0 ms yield as a result that the maximum current to be ex

pected is 450-700 kA. Furthermore, information about voltages between 

coil layers and circuit components is obtained. 

The poloidal field coil system: numerical calculations 

J.W.A. Zwart. 

Several improvements have been introduced in the 2D-numerical 

programmes which are used to calculate the equilibrium of the plasma 

at a certain given magnetic flux state of the poloidal field transform

er: 

a. Updating of the geometrical dimensions of coils and transformer 

core. 

b. The provision to iterate with various different values of the per

meability of the iron, which makes the actual permeability compat

ible with the currents in the coils and in the plasma. 

c. Calibration of the 2D-package to a 3D-model of the transformer. The 

3D-model has no facilities to find the equilibrium of the plasma. 

The results of t..e improvement of the calculations are: 

ad a) The outer poloidal field has been redesigned. 

ad b) The permeability settings give only enhanced nonlinear effects on 

the equilibrium at high plasma cur ents. This is still acceptable 

ior design purposes tJt may effect the cc ,i:ol when the plasma 

is kopt in the equilibriur position by active Teedback 

ad c) The theoretically expected values of the transformer coefficients 

were confirmed numerically. 

ri) Work i rirf in thf: i', 1 cc:f rotfK.'hnical Dopartmt.-rir , unrler n r t i c l c f> of the JET agreement. 
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By calculations with various grid sizes and grid point distri

butions the absolute accuracy of the 2D-package could be estimated. 

In general, confidence n the model increased owing to better under

standing of the relations between all parameters. 

Experimental layout 

H. Oosterom. 

Ir cooperation with the groups working on injector systems 

at Culham and Fontenay-aux-Roses a layout of the neutral injectors for 

JET has been set up. Design studies on accelerator grids, recovery 

systems and an adjustable beam calorimeter have been made. The connec

tions between the injectors and the JET apparatus were fitted for remo

te handling. 

The layout of various diagnostic lines has been investigated 

for nonactive and active operation of the experiment. 

To save the shielding effect of the 2.5 m thick concrete wall 

various wall penetrations for access of the diagnostic lines have been 

studied. 

Vacuum vessel: leak testing 

Th.G.A. Winkel. 

The responsibilities of the JET vacuum group are the construc

tion of the vacuum discharge vessel, specification of the pumping and 

gas-inlet systems, and the study of plasma-wall interaction as well as 

tritium handling. One of these aspects concerning the design of the 

vessel and the pumping system is described here. Our aim is to evaluate 

how the required base pressure of 10~'° torr can be reached. 

To this effect the main points inves' Lgated are, on the one 

hand, the efficiency of the elaborate pumping system and, on the other 

hand, the outgassing of the wall and the leakage. Methods for the de

tection and location of leaks in vacuum systems are generally well 

known; equipment, based on well-established principles, is available 

and can cope with most circumstances encountered in practice. For many 

applications the procedures are now used routinely. In our case, how

ever, special studies are necessary because of the large size and ex

treme complexity of the vacuum vessel of JET, with its volume of 

200 mj, f.'ernal surface of 800 m2 and total length of the welds of 

approxi . jly 4.5 km. In order to achieve an adequate leak tightness, 
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studies are being made about the feasibility of applying quality con

trol alraady during the construction phase. Engineering design criteria 

ir.clude the necessity of a special design of the vessel's components, 

to permit testing of units as small as possible. The vacuum vessel is 

an all-metal, completely welded torus consisting of thirty-two rigid 

sectors which are connected by bellows. The rigid sectors (Fig. C.9), 

as well as the bellows, are double-walled structures; this makes leak 

testing of the individual components more practicable, since the pump

ing down is reduced to only the interspace. JCudies are being carried 

out to prove the possibility of tracing tho <act location of a leak 

after detection by a global leak test (acceptance test) . 

Fig. C.9. Photograph of the scale-model of an octant of the JET 
vacuum vessel, built on one tenth of the real size. 

A system has been proposed which would allow to perform these 

pinpoint leak tests with automatic leak-test trolleys, moving along the 

welds. 
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During the operational phase of JET, most welds will be in

accessible for leak testing due to the presence of the thermal insula

tion. Therefore, the installation of about two hundred helium spray 

pipes at the most critical spots is proposed, so that possible leaks 

may be located within approximately one metre. Studies are undertaken 

on how these spray pipes and the shell interspace can be used for auto

matic quasi-overall leak testing by means of computer-controlled valves. 

In the operational mode of JET, a mass spectrum of the resi

dual gas in the vacuum chamber will be taken twice a day and will be 

logged. Any deviation of normal clean conditions will necessitate cor

rective actions. 

In general, leak testing of large vacuum systems should be 

treated with the same careful engineering as the engineering of the 

vacuum system itself. 

Vacuum vessel: pumping system and components 

Th.G.A. Winkel. 

Alternatives for the pumping systems for the torus and the 

intermediate vacuum system are still under discussion. For example, 

the possibility of using non-evaporable getter pumps (SAES getters) 

instead of the cryo-pumps as originally proposed, is under investiga

tion. Furthermore, specifications for a new turbomolecular pump to be 

designed with oil-free bearings, 5000 1/sec air capacity, are being 

prepared. The design and the development work concerning two different 

types of bakeable ultra-high vacuum valves (diameter 30 cm) are of 

great interest. At present, a reduced scale model of a new type of 

rotary valve is in production (4 tons weight at full scale). 
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