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SECOND EUROPEAN CONFERENCE ON CONTROLLED 
FUSION AND PLASMA PHYSICS 

B. LEHNERT 
Royal Institute of Technology, Stockholm. Sweden 

Abstract-The Secolld European COllference 01/ COlltrolled Fusion and Plasma Physics was held at the 
Roya l Inst itute of Technology in Stockholm, Sweden, from the 14th to the 18th of August 1967. 
A total number of 249 participants from 21 countries attended. The present report summarizes the 
conference proceedings and includes the abstracts of papers presented . 

1. THE ORGANIZATION OF THE CONFERENCE 

1.1 Supporters 

Financial support from the following organizations is gratefully acknowledged: 

Konung Gustaf VI Adolfs SO-arsfond fOr svensk kultur (King Gustaf VI Adolf 's 
80th Anniversary Foundation for Swedish Culture) 

EURATOM, Brussels 

Statens rAd for atomforskning (The Swedish Atomic Research Council) 

International Atomic Energy Agency, Vienna (part of the administrative costs) 

The Organizing Committee also wishes to express its sincere thanks to Professor 
Yngve Zotterman of Wenne!"Gren Center, Stockholm and to the Swedish Atomic 
Research Council for valuable help during the preparation of the Conference. 

1.2 Organizing Committee 

Chairman of Committee and President of the Conference: Bo Lehnert 
Assistant Cbainnan : Erling Dablberg 
Head of Technical Section: J an Bergstrom 
Festivities Secretary : Bjorn Nordstrand 
Secretary: Britta Tornell 
Conference Bureau : Margareta Boman and Lena Kellennan 
Head of Ladies' Programme : Margareta Moden 
Guide of Scientific Programme : Dieter Haslbrunner 
Guide of Ladies' Programme: Diana Schwarcz 

L3 Paper Selection Commiltee 

P. C. Thonemann, Culham, United Kingdom 
G. von Gierke, Garching bei Munchen, Federal Rep. of Germany 
M. Trocheris, Fontenay-aux-Roses, France 
B. Lehnert, Stockholm, Sweden 

1.4 Session Chairmen and Secretaries 

The following persons acted as session chairmen: A. Banos, A. B. Berezin, A. S. 
Bishop, H . G . van Bueren, R. Carruthers, C. T. Chang, T. Con soli, L. Enriques, 
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r. N . Golovin, P. Hubert, M. Sadowski, R . Z. Sagdeev, A. SehlUter, P. C. Thonemann, 
S. Tjiitta, P. Vandenplas, F. Waelbroeck, E. S. Weibel. 

The following persons acted as session secretaries: L. Block, B. Bonncvicr, 
L. Egardt, C.-G. Falthammar, C. T. Jacobsen, R. Johansson, E. Karlson, L. Lind­
berg, H . Persson, S. Sandahl, E. Sm3rs, T. Stefill1sson, E. Tennfors, S. Torv':n, 
H . Wilhelmsson, B. Wilner, E. Witalis . 

2 . THE SCIENTIFIC PROGRAMME 

Monday 14 August 

Opening of the Conference (B. LHINEK"I) 

Invited Paper 

E. A. FRlEMAN, Toroidal Confinement 

Confinement and Stability-TheOl! 

D. A. DUNNETT, E. W. LAlNG and J. B. TAYLOR, Invariants in the Motion ofa Charged 
Particle in a Spatially Modulated Magnetic Field 

C. GOURDON, D . MARTY and M. VUILLEMIN, Stellarator Configurations with Strong 
Shear and Negative V" 

G. D. HODDS and J . B. TAYLOR, Some Theoretical Aspects of Multipole Devices 

C. MERCIER, Motion of Charged Particles in Toroidal Geometry 

E. KARLSON, Stationary Equilibrium of a Toroidal Plasma 

N. N . FlLONENKO, A. V. KOMIN, R . Z. SAGDEEV and G. M. ZASLAVSKI, Destruction of 
Magnetic Surfaces in Toroidal Systems 

B. LEHNERT, Plasma Confinement in Ring-Current Configurations 

J. H. HILTON, C. K . HINRICHS and A. A. WARE, Theoretical and Experimental 
Results on the Electrostatic Plugging of a Cusp Containment System 

J . LACINA, Equil ibrium of Plasma in Axially Symmetric Magnetic Fields 

W. FENEDERG, Toroidal Confinement with Temperature Gradients 

Cusped Geometry 

H . J . BELITZ and E. KUGLER, Investigations on a Cusp Compression Experiment 

H . SCHlNDLER, Experiments on Plasma Behaviour in a Stationary Cusp-Field Com­
bined with a Theta-Pinch 

Theta Pinches 
H . A. B. BODIN and A. A. NEWTON, Diffusion and Stability in an S-M Theta Pinch 

P. BOGEN, K . H. DIPPEL, P. NOLL, D. RusDuLDT, K. SUGITA, H. WITULSKI and 
F. WAELDROECK, Recent Results from the Jiilich Theta-Pinch Experiments 

R. BONO, r. FACCINI, P. L. MONDINO and G. ROSTAGNI, Breakdown and Compression 
in Superposed Fields Theta-Pinch 

F. HERTWECK and W. SCHNEIDER, A Two-Dimensional Computer-Program for 
End Losses from a Theta-Pinch 

J. G. LINHART and G. SCHENK, Use of Exploding Foils in a Rapid Theta-Pinch 
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COllfillemellt alld Stability-Experiments 

A. N. KOZYREV, B. P . PEREGOOD, L. V. HADARIN and A. F. IOFFE, Confinement of 
Electrons in "Tornado Traps" 

R. A. DEMIRKHANOV, A. G . KIROV, M . A. STOTLAND and N . 1. MALlKH, Investigations 
of Plasma Equilibrium in a Torus with High-Frequency and Longitudinal Static 
Magnetic Fields 

A. S. KAUFMAN, Principles of Electrostatic Containment of an Ionized Gas and the 
Apparatus MAY A 

Tuesday 15 August 

IlIvited Paper 

B. B. KADOMTSEV, Recent Investigations on Plasma Instabilities 

IlIstabilities-TheOlY 

R. J . HASTlE and J. B. TAYLOR, U.K.A.E .A., Drift Instability in General Magnetic 
Fields 

G. LAVAL, E . K. MASCHKE, R. PELLAT and M. VUlLLEMlN, Stabilization of Density 
Gradient Instabilities by the Dispersion of Curvature Drift Velocity 

J. E. MCCUNE and B. D. FRIED, Explicit Solution of Loss-Cone Dispersion Relations 

C. O. BEASLEY and J. G. CORDEY, Convective and Absolute Ion-Cyclotron Instabilities 
in Homogeneous Pla~mas 

A. A. GALEEV and R . Z. SAGDEEV, Equilibria, Stability and Transport Coefficients of 
Plasma in a Toroidal Geometry 

G. KALMAN, C. MONTES and D . QUEMADA, Thermally Anisotropic Plasma Instabilities 

F . R. CROWNFlELD JR. and M . R . FElx, Fourier-Hermite Expansion of the Non-linear 
Vlasov Equation 

L. S. HALL and W. HECKROlTE, Propagation and Growth of a Pulse Disturbance in an 
Unstable Medium 

F. W. CRAWFORD, J . C. LEE and J. A . TATARONIS, Some Studies of Transverse Plasma 
Wave Instabilit ies 

T . E . STRINGER, Guiding Centre Plasma Equations 

H . MELCHlOR and M . POPOVIC, Finite Larmor Radius Effect on the Kelvin-Helmholtz 
Instability 

F. HERRNEGGER, Stability of Helmholtz Flow in a Discontinous Magnetic Field 

D. K. CALLEBAUT, Second-Order Magnetodynamic Stability ofInfinite Cylinder 

Instabilities-Experiments 

V. V. ALIKAEV, V. M. GLAGOLEV and S. A. MOROZOV, Anisotropic Instability of a Hot 
Electron Plasma Confined in an Adiabatic Trap 

L. ENRIQUES, A. LEVINE and G. B. RIGHElTI, Study of Universal Drift Waves iu a 
Large Diameter" Q" Machine 
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P. EVRARD, J. JACQUINOT, C. LELOuP, J. P. POFFli, M. DE Pmins and F. WAELBROECK, 
Properties of a Pulse Heated Plasma in a Magnetic Mirror Geometry 

V. P. GORDIENKO, L. V. DunovOI and 1. M. ROIFE, D. V. EFREMov, High-Frequency 
Stabilization and Heating of the Current Carrying Plasma Column in a Longitudinal 
Magnetic Field 

P. C. T. VAN DER LAAN, R. F. DE Vries and C. BOBELDI1K, Toroidal Screw Pinch 
Experiments 

D. C. ROBrNSON, B. C. BOLAND, R. E. KING and R. S. PEASE, The Outer Regions During 
a Period of Improved Stability in ZETA 

H. lKEGAMI, H . lKEZI, M. HosoKAwA, S. TANAKA and K. TAKAYAMA, Instability of 
Hot-Electron Plasma 

Wednesday 16 August 

Invited Paper 

D. W. MAsoN, Methods for the Exploration of Plasma Confinement 

Instabilities-Experiments (cont'd) 
L. 1. ARTEMENKOV, 1. V. GALKIN, R. DEI-CAS, V. A. ZIjILTZOV, V. KH. LIECHTENSTEIN, 

D. A. PANOV and V. A. CHUYANOV, Properties of Plasma in OGRA-II 

Yu. T. BAYBORODOV, M. S. IOFFE, R. 1. SOBOLEV and E. E. YUSHMANOV, Plasma Ion­
Cyclotron Instability in Adiabatic Trap with Minimum "B" 

P. BROSSIER, Ion-Cyclotron Instability in DECA II 

W. CALVERT, L. G. Kuo-Petravic, E. G. MURPHY, M. PEillAVIC, E. THOMFSON and 
D. R. SWEETMAN, Ion Cyclotron Instabilities in a Plasma Confined in a Magnetic 
Well 

J. G. CORDEY, L. G. KUO-PETRAVIC and M. PETRAVIC, The Ion Cyclotron Drift 
Loss-Cone Instability in Mirror Magnetic Wells 

A. V. BORTNIKOV, N. N. BREVNOV, V. G. ZHUKOVSKlI and M. K. ROMANOVSKlI, 
Experimental Study of Ion-Cyclotron Plasma Instability in a Mirror Machine 

Information Lecture 

P. C. THoNEMANN, The Formation of a European Physical Society 

Toroidal and Straight Pinches and Arcs 

A. P. GORBUNOV, S. V. MraNov and V. S. STRELKOV, The Energy Replacement Time 
in TOKAMAK-3 at Various Discharge Parameters 

B. B. KADOMTSEV and O. P. POGUTSE, Resistivity of the Plasma in Strong Magnetic 
Fields 

G. A. BOBROVSKY, K. A. RAZUMOVA and J. A. SCEGLOV, Some Peculiarities of the 
Plasma Behavior in TOKAMAK TM-3 

G. ZANKL, The Influence of the Axial Heat Losses Upon the Temperature of a Station­
ary Hydrogen Discharge in a Strong Axial Magnetic Field 

1. R. JONES, A. LIETTI and J.-M. PEraY, A Rotating Magnetic Field Pinch 
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A. HEYM, Electron Line Dcnsity Measurements in a Magnetic Rotating Field Pinch 

E. S. WEIDEL, Stability of Coupling Between Plasma and r.f. Generator in a Rotating 
Field Pinch 

G. BASQUE, A. JOLAS and J. P. WATTEAU, Ball-Shaped Plasma Produced by a Non­
Cylindrical Linear Discharge 

Diagnostics 

M. HASHMl, A. J. VAN DER HOUVEN VAN OORDT, F. RAU and J. G. WEGROWE, On 
the Use of Langmuir Probes in a Q-Device 

D. BlZE, T. CONSOLl, L. SLAMA and M. ZYMANSKl, Two Microwave Cavity Device for 
the Study of Wave Scattering 

H. ROHR, A 90° Laser Scattering Experiment for Measuring Temperature and Density 
of the Ions and Electrons in a Cold Dense Theta-Pinch Plasma 

S. KULlNSKJ, J. NOWlKOWSKl and S. SUCKEWER, Use of a Monochromator for the 
Velocity and Temperature Measurements in a Coaxial Plasma Accelerator 

R. VANHAUWERMElREN, A Spectroscopic Method of Density Measurement in an 
Optically Thick Plasma 

Thursd2Y August 17 

Healing alld Acceleration of a Plasma 

M; KruSTlANSEN and A. A. DOUGAL, Plasma Heating and Wave Propagation at 
Harmonics of the Ion Cyclotron Frequency 

M. M. LARIONOV and V. V. ROZHDESTVENSKll, Investigation of Plasma Turbulence 
in a High-Current Toroidal Discharge by a Microwave Probing Method 

J. CONSOLINO, R. GELLER and J. HosEA, Collision Effects on the ClRCE Device 

P. BRIAND, T. CONSOLl, G. MOURIER, L. SLAMA and P. VIAL, The "lCARE" Experiment 

A. BUFFA, T. CONSOLI and L. DUPAS, Heating of Plasma at the Electron Cyclotron 
Resonance in Non-Uniform Fields 

D. K. AKULlNA, S. E. GREBENSCHlKOV, Yu. 1. NECHAEV, 1. S. SBlTNlKOVA and 1. S. 
SPlGEL, Investigation of Electron Plasma Heating at the Cyclotron Frequency in 
the Stellarator L-I 

E. CANOBBlO, High Frequency Electron Acceleration in a Mirror Region 

A. B. BEREZlN, V. A. IpATov, M. G. KAGANSKY, S. G. KALMlKOV, A. 1. KlSLYAKOV, 
G. M. MALlSHEV, V. A. OVSYANNlKOV, L. V. SOKOLOVA and S. S. TuLPANOV, 
Plasma Investigation in "TUMAN" Machine 

S. M. HAMBERGER, J. H. ADLAM, M. FRIEMAN and A. MALElN, Rapid Plasma Heating 
by Current Induced Turbulence in a Torus 

M. V. BABYKlN, P. P. GAVRIN, B. A. DEMlDOV, N. 1. ELAGlN, E. K. ZAVOlSKY, 
D. N. LlN, S. L. NEDOSElEV, N. F. PEREPELKlN, L. 1. RUDAKOV, D. D. RYUTOV, 
V. A. SKORYUPIN and S. D. FANCHENKO, Study of Current-Produced Turbulent­
Heating Mechanism 
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A. SCHLlhER, Pondcrolllotive Action of Light 

H. ISHlZUKA, G . MIYAMOTO. M. OKADAYASI-II and H. TOYAMA , Plasma Acceleration 
Using a High Power Microwave and a Static Magnetic Field 

M. HAEGI, Ionization and Heating of a Hypersonic Deuterium Jet 

Diffusion 

M. BERNARD, G. BRIFFOD, M. GREGOIRE and J. WmssE, Diffusion and Space and 
Time Correlation Measurements in DAPHNIS II 

P. F. LITTLE, P . E. STOTT and J. BURT, Fluctuations and Diffusion in a Lithi um Plasma 

J. POLMAN, Instability a.nd Anomalous Diffusion of a Weakly Ionized Magnetized 
Radio-Frequency Plasma 

Oscillations and Waves 

G . VOlTA and M. MOCKER, Singular Normal Modes of the Vlasov Equation with 
BGK Collision Damping 

P. G. SCI-IULLER, G . MULLER, W. ALDRINGER, E. RXUCHLE and H . J. KAEPPELER, 
Study of Torsional Alfven Waves in Inhomogeneous Plasm as 

D . KAHN, Electron and Ion Waves in Fnlly Ionized Plasmas 

Large Amplitude Waves and Shocks 

E. CANOBBIO and R. COLLET, Ion Acceleration and Shock Waves in a High F requency 
Plasma Structure 

A . M. MEssIAEN and P. E. VANDENPLAS, Non-Linear Resonance Effects at High Power 
in a Cylindrical Plasma 

H. TAsso, Shock-Like Drift Waves 

H . HARTwlG and E . HINTZ, Application of Microwave Diagnostics to a Collision 
Free Shock Wave Experiment 

M. ALlDIERES, R . AYMAR, P. JOURDAN, F . KOECHLlN and A. SAMAIN, Experimental 
Study of a Hydromagnetic Shock-Wave 

J. H. MALMBERG and C. B. WHARTON, Collisionless Damping of Large Amplitude 
Plasma Waves 

V. G . EsELEVITCH, R. H . KURTMULLAEV, K . r. MEKLER and V. r. PILSCY, Investigation 
of "Overturning" of the Strong Shock Wave in a Plasma 

Injection lvlechanisms and Devices 

M . FUfo,·tELLI, J. P . GIRARD and C . GOURDON, Kinetics of the Formation of a Plasma 
by Injection of Fast Atoms into a Closed Magnetic Configuration 

M. GRYZINSKI, J. NowlKowsKI, M . SADOWSKI, E. SKEADNIK-SADOWSKA and S. 
SUCKEWER, Research on a New Type of Plasma Injector 

M . SADOWSKI and E. SKEADNIK-SADOWSKA, Research on Magnetic Fields and Integral 
Visible Radiation of a Plasma Generated by a New Type of Injector 

E. W. BECKER, H . BURGHOFF and R . KLlNGELHOFER, Hollow Pinch Discharges in 
Condensed Molecular Beams 
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E. W. BECl(ER, K. BUCHEIT and W. HENKES, Experiments Relating to High Energy 
Injection of Charged Hydrogen Clusters 

E. D .. ANDRUKHINA, r. A. KOSSYI and r. S. SHPIGEL, The Influence of External Steady 
Magnetic Fields 011 the Operating Regime and the Properties of the Plasma 
Generated by a Hydrogen Loaded Titanium Washer Source and an Electrodeless 
Source 

Radiatioll 

J. W. LONG, N. J. PEACOCK, R. J. SPEER and P. D . WILCOCK, Electro-Magnetic Emis­
sion from Plasma Foclls. 

y . A. AURAMOV, N. D . VINOGRADOVA, V. r. KOGAN, E. r. KUSNETSOV and D. A. SCE­
GLOV, Measurements of Fluxes of Neutral H-Aton1S and Impurities by Spectro­
scopic Methods in TOKAMAK TM-3 

Friday 18 August 

Turbulence 

D. PFIRSCH, K. ELS;i.SSER and D. BISKAMP, Kinetic Equations for Microscopic Turbu­
lence 

J. L. WYATT, A Kinetic Theory for Quiescent and Weakly Turbulent Plasma In 

Nearly-Adiabatic Fields 

Technical and Economical Aspec/s of Fusion Devices 

R. CARRUTHERS, A Study of Some Technological Aspects and Economic Problems 
Associated with a Possible Fusion Reactor 

M . L. POOL, J. W. SNYDER, P. E. WEILER and P. POLISHUK, Fusion Efficiency for 
Revolving Fields 

J. G. LINHART, CH. MAlSONNIER and J. P. SOMON, Theory of Internal Confinement of 
Dense Plasmas 

Visits 

To the Division of Plasma Physics, Royal Institute of Technology, Stockholm and 
to Stockholm Observatory, Saltsjiibaden. 

3. OPENIN G ADDR ESS 

B. LEHNERT 
Royal Institute of Technology, Stockholm, Sweden 

Ladies and Gentlemen, 

DURlNG the last ten years a number of informal study groups have been organized 
on controlled fusion and plasma physics at several places in Europe. Every year these 
groups have increased in magnitude, and during last autumn they were converted ioto 
the Firs/ European Conference on Con/rolled Fusion and Plasma Physics which was 
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held in Munich. It is a great honour to Sweden, and also a difficult task for the 
present Organizing Committee, to become the host of a conference which is the 
successor to the excellent Munich meeting. 

It should perhaps be stressed that these meetings have never been organized with 
any intention to interfere with the large conferences arranged by the International 
Atomic Energy Agency at intervals of four years. It is al so obvious that there 
should be no European meeting during a year when there is a conference by the 
Agency. Neverthcless it must be admitted that the very large interest shown in this 
Stockholm conference is both surprising, encouraging and somewhat frightening. 

Far more papers have been submitted for presentation than could possibly be 
included in the programme. Unfortunately, it therefo re became necessary for a Paper 
Selection Committee to cut down the number of presented contributions. During the 
preselection of papers valuable help has been offered by several institutes in- and 
outside of Europe and also by the Soviet Embassy in Stockholm. This help is grate­
fully acknowledged . Attempts have been made to exclude only such papers which 
deal with subjects which are largely aside from the main line of the conference. The 
selection has not been based on any judgement about the quality of the submitted 
abstracts. Even with the large reduction of papers which has taken place, the pro­
gramme includes both double and triple sessions. It is still the hope that every partici­
pant will be able to attend the lectures of his main interest. 

At this occasion I wish to express the sincere gratitude of the Organizing Committee 
to EURATOM in Brussels, the International Atomic Agency in Vienna, King Gustaf 
Adolf's 80th Anniversary Foundation for Swedish Culture and to the Swedish 
Atomic Research Council without the support of which this conference would not 
have been possible to realize. 

It is a great pleasure to see so many colleagues and friends being fused together 
here from all corners in- and outside of the geographical boundaries of Europe and I 
wish you a hearty welcome in Sweden. Last but not least it is also a pleasure to an­
nounce that our dear "Father of Magnetohydrodynamics", Hannes Alfven, is among 
us during this conference. 

With the sincere hope that this will become a profitable meeting with plenty of 
interesting discussions, I hereby declare the conference open for its first session to begin. 

4. ABSTRACTS OF PAPERS PRESENTED 

Measurements of fluxes of neutral H-atoms and impurities by spectroscopic 
methods in Tokamak TM-3* 

V. A. ASRAMOV, N. D. VJNOGRADOVA, V. 1. KOGAN. E. I. KUSNETSOV 
and D. A. SCEGLOV 

1. V. Kurchatov Institute of Atomic Energy, Moscow, USSR 

ONE of the effects of the distruction of plasma thermal insulation in qU3sistationary discharges in 
toroidal Tokamak.type installations is the interaction of plasma particles with the diaphragm and 
chamber wails causing an influx of neutral gas desorbcd from the walls into the plasma . 

The experimental study of interaction processes between the plasma and the neutral particle flux 
entering the plasma column from outside enables us to understand the dynamics of Charged particle 
losses from the plasma, the energy balance and also helps us to interpret the energy distribution of 
charge-exchange H-atoms emitted from the plasma column . 

• Presented by K . A . RAZUMOVA. 
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, We prese:lt her: ~he re~ults of n:easurcmcnts of speelralline in.tensities of the H~atom (). = 6563 A, 
4861 A) and Im~ur~tles.as iOn C:V (I: = 2~71 A) acro.ss th~s':lall ~mmeter of the plasma column. From 
the measured distribution of light intensity the radial distributIOn of photon emitters was calculated 
with the use of Abe!'s transfo rmation, assuming the plasma column cross section to be of cylindrica l 
symmetry. With certain assumptions concerning the radial variation of electron density and tempera­
ture onc can determine the profile of the neutral alOm concentration from the distribution of the 
photon emitters. 

The measurements of absolute values of the above-mentioned line intensities together with the 
measurements of the photon emitter distribution as well as the measurements of the electron density 
by means of a microwave interferometer allow us to estimate tbe concentration of radiating atoms 
(iol1s) for the central region of the discharge column. In these calculations, besides the processes of 
ioniz.ation and excitation from the ground level of the H-atom, the processes of step ionization and 
cascade transi ti on were taken into account . The necessity for such a procedure arises from the 
measurements of the ratios of the hydrogen line intensities . . 

The foll owing calculation method il'i Ul'i\,;u . In calcu la ting tILl: pupula[jon at each of thl: l:M;il-.:u 
levels it is assumed, at the first stage, that this level is (apart from the ground level and the continuum) 
the only one ("binary' scheme) . The population of this level is ca lculated with a high accuracy. At 
thc second stage a certain correction factor, taking account of the prcsence of a number of excited 
levels, is introduced. The magnitude of this correction factor is obtained from addit ional theoretical 
argumcnts including a high-temperature (T. > 25 cV) extrapolation of the corresponding factor 
extracted from a comparison of the results presented in [I] with the ones obtained by the above ' binary' 
scheme for TG < 25 cV. 

The va lues obtained for the neutral atom concentration were used in the calculations of energy 
losses due to the Charge-exchange process. The impurity ion concentration was taken into considera­
tion when calculating the plasma conductivity and interpreting the results of measurements of soft 
X-ray radiation. 

The measurements of the absolute number of photons emitted by neutral H-atoms enables us to 
determine the number of ionizations and hence to estimate indirectly the life-time of plasma electrons 
in the case when the electron density during the time interval being studied changes only slightly and 
the density balance results mainly from H-atom ionizations. 

[1] R. W. P. MCWHlRTER and A. G. HEARN, Proc. Pilys. Soc. 82, 641 (1963). 

Investigation of electron plasma heating at the cyclotron frequency in the 
stellarator L-l'" 

D. K. AKuLINA, S. E. GREDENSCHIKOV, Yu. 1. NECHAEV, I. S. SBITNIKOVA and I. S. SPIGEL 

Lebedev Institu te of Physics, Moscow, USSR 

THE results of experiments on electron cyclotron plasma heating in the stellarator LIVEN-l with I = 2 
are presented . The life-time of a plasma obtained by external inject ion into ihe stellarator was 
investigated earlier [1, 2]. 

The a im of this work was to study the electron plasma heating and plasma confinement versus 
absorbed h.f. energy. The plasma with an initial density of the order of 1010 cm-3 was obtained by a 
spark plasma source. The electron cyclotron heating was produced by a h.f. wave excited in the vacuum 
chamber of the stellarator. The magnetic field intensity in the centre of the vacuum chamber corre­
sponding to the electron cyclotron frequency was ....... 2·5 kG. The h.f. impulse duration was from 2 up 
to 100 Jlsec and the power up to 10 kW. The h.f. pmver was fed into the stellarator after plasma 
filling . The main results were obtained with electron heating by a single h.f. impulse with 2-20 Jlsec 
duration aDd with an energy of (3-15) lU- a J supplied . 

The resonance absorption of the h.f. power versus the intensity of the magnetic field was studied. 
The half-width of the resonance absorption curve was in elose agreement with the inhomogene ity 
of the magnetic field along the cross section of the chamber and was of the order of 15 per cent. The 
absorption length was approximately 17 cm at the magnetic field intensity ~2'4 kG (5 per cent out of 
resonance). The energy absorbed in the plasma and correspondi ngly the electron temperature 
could be changed by varying the duration and intensity of the h.f. impulse and/or the magnetic fie ld 
intensity. The life-time of the plasma was shown to be inversely proportional to the absorbed h.f. 
energy. It was found that the electron heating occurred on lines H = const. Then the hot electrons 

* Presented by 1. S. $PIGEL. 
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fil!ed the magnetic surfaces due to the rotational transform. The radial dimension of the heating 
region was 1-5-2 cm . 

[1] M . S. BERESHETSKII. S. E. GREDENSCHIKOY, N. M. ZVEREV and 1. S. SrlGEL Trudy P. N . Lebedev 
Phys . ll1st. 32, 20 ([965). 

[2] D . K . AKULlNA, G. M. BATANOV, M. S. BERESHETSKII , S. E . GREIlENSCHIKOV. M . S. RABlNOVICH. 
1. S. SBlTNIKOVA and I. S. SPIGEL, ell/halll COllference, Report No. 21/244. 

Experimental study of a hydro magnetic shock-wave'" 

M . ALlDlERES, R. AYlo.IAR. P. ]OURDAN, F. KOECHLlN and A. SAMAIN 

Groupc de Recherchcs de l'Association EURATOM-CEA sur la Fusion 
Fontcnay·aux.Roscs (Hauls-de-Seine), F rance 

WE HAVE carried out a detailed study of a hydromagnctic shock-wave control!ed by resistivity in a 
radiating argon plasma. 

The shock-wavc appears during the implosion phase of the comprcssion of a plasma in a theta­
pinch type magnetic configuration. The preionized gas was enclosed in a spherical vessel (cp = 30 cm) 
around which was fitted a single turn coil, 24 cm long. 

We carried out the following measurements: 
(i) magnetic field profiles. by microprobes; 

(ii) electronic temperature and relative density by study of the light radiated in the visible region; 
(iii) absolute electronic density by a Jamin in terferometer; 
(iv) ionic radial velocity field and temperature by spectroscopic study of the Doppler effect. 
A magnetic field was observed to appear behind the sheath which propaga ted towards the axis at a 

velocity increasing from R:l3 to 7 cm/psec. This sheath, in which the electric current is localized, is 
cylindrically symmetrical, its thickness being nearly constant during the implosion (R:l1 cm). It 
divides the inside, containing the axis, where the field assumes its zero initial value from the outside 
where it reaches a constant value. We observed that the plasma, after being swept up by the sheath, 
gained the radial velocity of the sheath itself. On the other hand, energy supplied to the electrons by a 
dissipative process during acceleration was almost completely lost by radiation owing to the nature of 
the gas . This results in a low fina l temperature (~5 eV) and in plasma accumulation immediately 
behind the sheath . 

We explain the observed phenomenon by the existence of a stationary shock-wave, for which the 
Rankinc-Hugoniot relations are verified when radiation is taken into account . On the other hand, 
the only dissipative process at work is the electrical resistivity associated with magnetic field diffusion. 
Theoretical profiles are given , taking into account, in a collision dominated plasma, only the Lorentz 
fo rce and not viscosity or pressure gradients . Very good agreement with experimental shock thickness 
was obtained. 

+ Presented by P. J OURDAN. Paper to be published in Plasma Physics. 

Anisotropic instability of a hot electron plasma confined in an adiabatic 
trap* 

V. V. ALIKAEV, V. M . GLAGOLEV and S. A. MOROZQV 

1. V. Kurchatov Institute of Atomic Energy, Moscow, U.S.S.R. 

THE behaviour of hot electron plasma (T. = 20-30 keY) confined in an adiabatic trap is investigated . 
Plasma heating was carried out by means of pulsed fields of S-band range in a vaeuum resonator. 
The static magnetic field in the trap was changed from the vall,lc corresponding to the electron-cycJo ­
tron frequency to the second harmonic of this frequency in the centre of the trap. The pressure of the 
neutral gas was changed from (1'5-2) x 10-4 mm Hg to 6 X 10-'\ mm Hg. The plasma obtained with 
its hot component density 11. f':::J 3 X 1010 cm-3 and T" = 20-30 keY, was stable with a life-time of 
1 msec at a neut ral gas pressure from 4 X 10-4 mm Hg to 6 X 10-1 mm Hg. At a lower pressure 
[(1 '5- 2) X 10-" mm Hg] an instability was observed during the afterglOW resulting in a rOlpid loss of 
t ransverse plasma energy for < 1lJ.scc. Simultaneously there was observed an intensive monochromatic 

• Presented by M. S. IOFFE. To be published in Plasma PhYSics . 
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radiation with a rrequency close to the electron-cyclot ron frequency or to its second ha rmonic corre­
spond ing to the magnctic field at the centre axis of the tmp. The instability which is accompanied by 
radiation at the frequency W = 0·75 w/I (wil is the electron-cyclotron frequency at the centre axis) 
n!sults in a lo~s ~f transverse plasma en~rgy of up to 80 per ~e~t. Simultaneously, during the high 
frequency radiatIOn (0'25-0'5 Ilsec), an lIltense Roentgen radm tlon was observed from the cnd side 
surfaces of the resona to r as well as a burst in the visible range from the plasma . The instability with 
the frequency W = 1'8 Wn was accompanied by a lower loss of transverse energy (on the average 
I'::;i 10%) and by a lower level of the high frequency radiation . There was also observed weak mono­
chromatic radiat ion at the frequency co = 0·6 W lI without a ny noticeable loss of plasma transverse 
energy and particles. The most probable time at which the instab ili ty starts was determined experi­
mentally. It was shown that at fi rst the instability with the frequency W = 1·8 CO/l took place, then 
with W = 0·75 Wll and with co = 0·6 Wll ' The experimental results arc in agreement with the theory 
of the electron-cyclot ron instability of a plasma confined in an adiabatic trap. This instabi lity is 
connected with the anisotropy of the elect ron velocity d istribu tion . 

The influence of external steady magnetic ficlds on the operating regime and the 
properties of the plasma generated by a hydrogen-loaded titanium washer 

source and an clectrodeless sourcc* 

E. D. ANDRUKHINA , 1. A . KOSSVI and r. S. SHr'IGEL 
P. N. Lebedcv Institute of Physics, Moscow, U.S.S.R. 

IN THIS paper it is shown that the application of stcady magnetic fields to pulsed plasma sources of 
different types (hydrogen-loaded titanium washer source and electrodcless source) causes considerable 
changes in the properties of the plasma . 

At a given polarity of the VOltage on the t itanium source there ex ists a certain threshold val ue 
of the outer longitlldinal magnetic field, at which the speed of the hydrogen component of the plasma 
increases by 5-7 or more times . The th reshold value of this magnetic field grows with increasing 
voltage applied to the plasma source. When the source operates at a magnetic field larger than the 
th reshold value, the nmount of impurity decreases, the number of atomic hydrogen ions increases and 
the energy of the hydrogen ions varies approximately as the square of the applied voltage. The 
observed phenomena testify to a st rongly tu rbulent state of the plasma inside the source during the 
initial stage of the flow of discharge current. 

In the conical eleetrodeless plasma source a magnetic field which varies slowly with time is used to 
isolate the plasma and the current induced in the plasma from the walls of the discharge tube. To 
ach ieve this, a magnetic field transverse to the induced electric fie ld is applied to the discharge area . 
A certain value and shape of the transverse magnetic field (a rapid decrease of the field towards the 
axis of the discharge tube) leads to plasma isolation from the walls of the vacuum chamber. This 
results in a decrease in the qua nt ity of the impurities in the accelerated plasma by more than onc 
order of magnitude. The experimental values of the critical magneiic fields leading to plasma isola­
tion , are close to the calculated ones. The calculation is based on a study of the motion of an electron 
in induced and quasi-stat ic transverse fields . 

• Presented by 1. S. SPIGEL. 

Properties of plasma in OGRA-IT* 

L . I. ARTEMENKOV, I. V. GALKtN , R. DEI-CAS, V. A. ZHTLTZOV , V. KH. LICHTENSTEIN , 
D. A. PANOV and V. A. CHUYANOV 

1. V. Kurchatov Institute of Atomic Energy, Moscow, U.S.S.R. 

RESULTS of studying the properties of low density plasma produced by fast HO atoms injeCled into 
OGRA-II are reported in this paper. Since the 1965 Cui ham Conference, improvements of the vacuum 
system have increased the charge exchange life-time of trapped particles five times and a different 

• Presented by 1. N . GOLOVIN. Paper submitted to Plasma Physics. 
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connc)(i~n of the stabilizin,£ coils has made studies p~s~i~le with 6-P?lc and 4-polc magnetic well 
gcomctncs. A~ clcctr~statlc fC,cd-back method of sta~liI~mg the, n.u~c Instabi li ty has been proposed 
and tested. This techntque vanes the local wall potential ID the VICinity of the plasma in response to 
probe measurements of the local plasma potential. As in OGRA-I an attempt has been made to stabilize 
the flute instability by maintaining a positive potential on the end plates. 

The main results of our experiments arc as follows: 

1. There arc two instabilities in the simple mirror field: low frequency (flute) and high frequency 
(at the ion-cyclotron frequency and its harmonics). 

2. In simple mirror fields two regions of ion-cyclotron oscillations arc observed. These regions 
appear at different levels of the magnetic field strength and differ in polarization and in the axial 
distribution of the high frequency field. 

3. In a simple mirror field the particle losses are more than 20- 30 times larger than the charge 
exchange loss. The flute instability is the main cause of these losses. 

4. In the minimum-B configuration the non-charge exchange losses arc much less than in the 
simple mirror and are caused by ion-cyc1otron instabilities. These losses arc more prominent in the 
6-pole geometry than in the 4-pole. 

5. The transition from a simple mirror field to a magnetic well is described satisfactorily by the 
numerical calculations of the flute instability of Dnestrovsky et al. 

6. The feedback stabilization effectively suppresses the flute instability in the simple mirror field. 
7. The potential of the end plates has little influence on the flute instability. 

Study of current-produced turbulent-heating mechanism' 

M. V. BABYKIN,P. P. GAVRIN, B. A . DEMIDOV, N.T. ELAGlN, E.K. ZAvoISKY, D . N.LIN, 
S . L. NEDOSEIEV, N. F. P EREPELKlN , L . I. RUOAKOV, D. D. RYUTOV, V. A. SKORYUPIN 

and S. D. FANCHENKO 
I. V. Kurchatov Institute of Atomic Energy, Moscow, U .S.S.R. 

THE first part of the paper presents experimental data concerning the mechanism of plasma turbulent 
heating produced by a high-density current passing along the axis of a magnetic mirror machine. 
Healing-efficicncy-ratio vs. time curves were measured for several values of the voltage across the 
plasma. The energy accumulated in the plasma as a result of heating was shown to increase with the 
magnetic field. The electromagnetic radiation emitted during the current flow was studied in 
the 3 x 108_3 X 1010 cls frequency range for various initial conditions represented by the magnetic 
field, the longitud inal electric field and the plasma density. The radiation intensity was found to 
depend on both the electric field strength and its dist ribution over the plasma column length. The 
degree of plasma turbulence was deduced from the anomalous resistance value and a ). = 3 cm 
electromagnetic signal scattering. The results obtained demonstrate that the heating is indeed 
connected with plasma turbulence. The turbulent heating of ions in the mirror machine was studied by 
measuring both the energy and momentum of escaping charge-exchange neutrals. These neutrals 
bombarded a special external probe protected from the plasma by a triple metal grid. The probe was 
of the condenser microphone type with an aluminium membrane, one .side of which was coated with 
aluminium oxide. The momentum of charge-exchange neutral flux was transferred to the membrane, 
causing the latter to oscillate. As the thermal expansion coefficients of aluminium and alumin ium 
oxide do not coincide, the membrane heating due to absorption of neutrals resulted in its mechanical 
deformation. Measurements with the probe described above have shown that, from current-produced 
turbulent heating, the ions reach temperatures of several keV. 

The second part of the paper treats theoretically the problem of a longitud inal electric-field­
induced current in a corrugated magnetic field. Corrugation effects upon plasma conductivity are 
considered. 

The third part of the paper reports experimental results of turbulent plasma heating in the toroidal 
device V-2. The confining magnetic field (H = 15 kOe) was 'bumpy-torus' shaped in the vicinity of the 
magnetic axis with a 'picket-fence' configuration near the walls. An electric field much above the 
Dreicer limit for Ii = 1011_1012 particles/cm-' was applied around the torus by means of a 1 Mc/s 
circuit. Plasma heating was studied under different operation conditions. The plasma confinement 
'Vas found to be much in excess of the toroidal drift period . 

.• Presented by V. T. TOl.oK. Full text of paper not available. 
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Ball-shaped plasma produced by a non-cylindrical linear discharge' 

G. BASQUE, A. JOLAS and 1. P. WATTEAU 
Conmlissariat a l'Energie Atomique, B.P. 511-15, Paris 15 erne, France 
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THE discharge chamber is symmetrical about its axis, has a bulging central region, two symmetrical 
necks and cylind rica l ends. The peak current of 200 kA has an initial rise time of 3 . 1011 A . sec-1 
and the chambcr is filled with deuterium at a prcssure of 1 torr. 

The pinch eITect develops more rapidly in the necks producing an axial pressure grad ient and plasma 
jets. In the plane ofthcse necks the compression ratio (initial to minimum radius) is about 3D, and the 
temperaturc and density reach 130 eV and 5 x IOu cm-'. The interaction of the plasma jets with the 
radially compressed plasma in the bulge part ofthechambcr results inn ball-shaped plasma. This plasma 
splits ofT from the two ends of the column by instabilities that appear in the small diameter region. 

With other elcctrical conditions a pulse of 107 neutrons is observed when the plasma column 
collapsing in the necks becomes unstable. 

In order to explain the discharge dynamics a two-dimensional snowplough model was used with 
calculations performed on a computer. To check the validity of the model the momentum cquations 
wcrc first solvcd, the discharge current being set to its experimental value. The shape of the plasma 
co lumn determined by a framing camera and the onc calculated from themodel are in good agreement . 
Other calculations were then performed in which the current was deduced by simultaneously solving 
electrical and momentum equations. It was compared with the experimental current. The stored 
energy is mainly transferred to the plasma located in the small diameter region of the tube . 

• Presented by J. P. WATTEAU. Paper submitted to The PhYSics of Fluids. 

Plasma ion-cyclotron instability in an adiabatic trap with 
minimum-B· 

Yu. T. BAYBORODov, M. S. JOFFE, R. 1. SODOLEV and E. E. YUSHMANOV 
1. Y. Kurchatov Institute of Atomic Energy, Moscow, U.S.s.R. 

IT HAS been reported previously that in the experiment on the PR-5 machine plasma instability arises 
spon taneously as several short-bursts during the period of the quiet charge exchangc plasma decay. 
The instability is accompanied by the excitation of h.r. ion-cyclotron oscillations, by the acceleration 
of a small group of ions up to the energies of tens of keY, and by a sharp decrease of plasma density 
[1, 2J. 

Experimental conditions and plasma parameters arc as follows: magnetic field in the centre of the 
trap is 3000 De, longitudinal and radial mirror ratios arc 1'7 and 1·2 respectively, plasma density at 
the instant preceding the instability burst is (3-5) X 10" cm-I, proton average energy is 1 keY, electron 
tem perature is 20-50 cV, plasma radius is 5-7 cm, and plasma length is 25-30 cm. 

During one decay cycle one burst of instability is usually observed, and occasionally two or three 
bursts; the duration of each burst is 30-40 Jlsec. 

Plasma losses during a burst may reach 50-80 % of the initial amount of plasma in the trap. The 
plasma loss distribution on the vacuum chamber walls is non-uniform . Maximum losses are localized 
in the gaps between the stabilizing bars in the positions where magnetic field lines pass through the 
cent ra l region of the trap and intersect the wall. Noticable losses are also observed in the region oppo­
site to the middle of the stabilizing bars, where magnetic lines are tangential to the walls. The analysis 
of the distribution obtained results in the conclusion that the losses across the magnetic field and along 
the fie ld are of the same order of magnitude. 

The frequency spectrum of the oscillations arising during instability consist of discrete narrow 
bands around the ion-cyclotron frequency and its harmonics . The ion-cyclotron frequency corre­
sponds to the magnetic field strength in the centre of the trap. The first harmonic is the largest one. 
The amplitude of the h.f. magnetic field measured close to the walls of the chamber (in the central 
cross section) is R:llO-' Oe, and the electric field amplitude amounts to 50-70 V/cm. 

From the value of the electric field near the wall one can roughly estimate the transverse wave­
length of the oscillations in the plasma J...1; this proves to be of the order of 30 cm. Such a large value 
of)..1 does not correspond to the theoretical values of Al. for unstable ion-cyclotron oscillations of a 
homogeneous plasma (k.1Pi ~ 1) . 

• Presented by M. S. IOFPE. 

[11 Vu. Y. GOIT, M. S. IOFPE and E. E. YUSHMANOV, Conference Oil Plasma PhYSics and COlltrolled 
Nuclear Fusioll Research, Culham, CN 21/143 (1 965). 

[2J Yu. T. BAYBORODOV el al., JETP Lell. 3, 92 (1965). 
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Convective and absolute ion- cyclotron instabilities in homogeneous 
plasmas* 

C. O. BEASLEY and J. O. CORDEY 

Culbam Laboratory. Abingdon, Berkshire, United Kingdom 

ELECTROSTATIC ion--cyclotron instabi lities, caused by a combinat ion of the loss-cone effect and temper­
ature an isotropy inherent in mirror confinement mach ines, are cons idered in an infini te p lasma. For 
a loss-co ne plasma of the type discussed by Guest and Dory, the modes become absolutely unstable 
at sunlcicntly high plasma densities for any anisotropy. Moreover, they should be ex.pected in 
present-generation high-anisot ropy mi rro r machines at currently available densities. Attempting to 
prevent the occurrence of these modes under reactor conditions would impose severe restrictions on 
plasma parameters such as electron temperature and length. 

• Presented by C. O. BEASLEY. Plasma Phys. 10, 411 (1968) . 

Experiments relating to high energy injection of charged hydrogen clusters ' 

E . W. BECKER, K . Buc mmlT and W. HENKES 

Inst itut fUr Kernverfahrcnstechni k der Universittit und des Kernforschungszentrums, Karlsruhe, 
Federal Republic of Germany 

IT HAS been proposed that charged hydrogen clusters be used instead of molecular ions o r neu tral 
atoms for high energy injecti on into magnetic traps [1]. This paper describes experiments performed 
with hydrogen cluster ions accelerated to energies ranging from 25 to 150 keY cluster ion. 

M ass spectrometric observations covering the range 0 < M /Z < 150 (M = mass number, 
Z = charge number) reveal that the mass numbers of hydrogen cluster ions are predominantly odd, 
ions with even mass numbers contributing only a few per cent to the observed ion current. It is 
concluded that in solid or liquid phase the reaction Hs+ + H 2° = H,+ + H O occurs with high prob­
ability. 

The interaction of clusters with a gas target (water vapor) is investigated . Energy spectra of charged 
fragments are presented. The fractional mass loss of ions is studied as a function of beam parameter 
and of ta rget thickness. Neutral fragments are observed by means of a magnetic electron multiplier. 

• Presented by W. HENKES. Full text of paper not available. 

[11 W. HENKfS, Z. Nat"rfors,iI . 17a, 786 (1962). 
W. HENKfS, Pilys. Lell. 12,322 (1 964). 

Hollow pinch discharges in condensed molecular beams' 

E . W. B ECKER, H. BURGHOFF and R, KLINGELHOFER 
Institut flir Kernverfahrenstechnik der Universitat und des K ernforschungszentruOls 

Karlsruhe, Federal Republic of Germany 

HOLLOW beams of hydrogen or ni trogen clusters a re produced by expanding the gases through a 
precooled annular nozzle into a high vacuum. At a distance of 12 cm from the nozzle the outer 
diameter of the beam was found to be about 30 mm, the inner diameter about 20 mm and the number 
density about (3-4) x 1011 molccules/cm3 in the case of hydrogen and (3-4) x lOt~ moleeules!cm3 in 
the case of nitrogen. The beam is passed through two ring-shaped electrodes . The discharge of a 
capacitor bank of 1·5 .uF, 16 kY. along the beam converts the cluster beam into a plasma. As shoy.'Il 
by image converter pictures the hollow plasma cylinder collapses within about 1 .usec fo rming a plasma 
column having a diameter comparable with the thickness of the initial plasma layer. No instabilities 
could be detected. 

• Presented by R. KLlNGELHOFER. Parts of paper published in Z. Natllrforsch. 223, 4 (J967), 
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Investigation on a cusp compression expcrimcnt* 

H. J . BELITZ and E. KUGLER 
Institut fUr Plasmaphysik der Kcrnfo rschungsanlagc JOlich des Landcs Nordrhein-Westfalen 

e.Y., Federal Repub lic of Gcrmany, Association EURATOM-KFA 
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THE evolution of a plasma, produced by a fast crowbarred 11 kJ cusp compress ion experiment has 
bcen studied . Two din'erent conica l co il pa irs were used, producing max imum magnetic field inten­
sitics B ~ 70 kG in the line- and point-cusps, with quarter periods of 1·7 and 1'1 f,lsec, respcctively. 
The e-folding time of B afte r crowbar is 30 It,Sec. At maximum comprcss ion T~ ~ 120 cV, Tt ~ 180 
eV, 110 ~ 1 X 1017 cm- 3 (dctcrmincd from soft X-ray emission [11, from Doppler-broadening of the 
CV spectral line [2J , and from H-continuum rad iation [3], respectively) for the fastest rising coil. 

After crowbar the plasma diamcter , obtai ned photomctrically using a modificd tclev ision Olmcra 
[4] , is about 4 cm and va ries onl y slowly with time. Within the first 5 psec, Ile decreases by a facto r 
of 3; at later timcs the decay is slower (110 ~ 1 X IOu cm- 3 at 12th ,usec). A decrease of T, is probable, 
since the CV and CIV lines reappear after 8 and 12 !ISeC, respectively. At 8,tSeC, a measured T, ~ 50 
eV is found . 

The results are compared with theory, mainly with the fluid model of HODDS and SPALDING [5] . 

• Presented by E. KUGLER. Paper available as an internal report . 

[I] F. JAHODA el al., Phys. Rev. 119, 843 (1 960). 
[2J P. DOOEN and J. SCHLUTER. Nud. Fusioll S, 251 (1965). 
[3] P. DOGEN and J. SCHLVTER, Comp/es R endus de la VIe Conference III/ernatiollale sltr les Pltenomefles 

dalls des Gas , Paris , pp. 561-565 (1963). 
[4] W. HOPMANN and G. WAIDMANN, Z. allgc w. Phys. 21,480 (1966). 
[5] G. D. HOBBS and I. J. SPALDING , Cui ham Report No. CLM-R 57 (1957). 

Plasma investigation in the TUMAN machine' 

A. B. BEREZ IN, V. A. IPATOV. M. G. KAGANSKY, S. G. KALMIKOV, A. 1. KTSLYAKOV, 
G. M. MALISHEV, V. A. OVSYANNIKOV, L. V. SOKOLOVA and S. S. TULPANOV 

A. F . Ioffe Physico-Technical Institute, Leningrad , U.S.S.R. 

EXPERIMENTS undertaken in a study of ohmic heating and plasma compression in the toroidal TUMAN 
device arc descri bed in this paper. The TUMAN discharge chamber has the shape of a racetrack. In 
the toroidal sections the magnetic field reaches approximately 30 kOe and changes in the straight 
sect ions from 1- 2 kOe during the ohmic healing phase to up to 30 kOe for the compression regime. 
The lcngth of the plasma column is 250 cm. The volume filled with plasma is 15 litres for the ohmic 
heating stage and 1 litre for the maximum compression stage. 

The firs t experiments indica ted a limi tation of ohmic heating caused by a transverse magnetic 
field existing in the device. In order to reduce the transverse field the design of the magnetic field 
was improved. In the toroidal sections an add itional transverse field was produced by special coils. 
The optimum choice of the additional transverse field strength was 10- 3 of the longi tudinal one and 
permitted us to igni te the discharge at a much lower pressure and to cause an increase in plasma con­
ductivity. The latter grows with the magnetic field and at a value of 24 kOe in the toroidal parts it 
a ttains 4 X 1Ol4. CGSE (Tc = 10 eV). The plasma density for the ohmic heat ing regime equals 
1'5 X IOU cm-3 ;].t a gas pressure 3 ~t. 

The plasma compression was effected by an increase in magnetic field in the st raigh t sections of the 
racetrack from 0·5 to 10 kOe during a period of 20 flsec. In the toroidal sections the magnetic field 
was 12 kOe. The plasma compression was induced 150 flsec after the ohmic heating was switched 
on, at an instant when the plasma concentration reached its maximum. Opt ical measurements showcd 
that the luminous radius of the plasma column diminished 3-4 times by compression. The plasma 
density inside the column increases by 5-7 times. Experiments on the microwave location of plasma 
showed that, at compression, a sharp decrease of plasma concentration was observed near the dia­
phragm. It appeared that the plasma column was displaced at compression to the external wall of the 
discharge chamber in the direction of the toroidal drift . 

• Presented by A. B. BEREZIN. 
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Diffusion and space and time correlation measurements 
in DAPHN IS II* 

M . BERNARD, G. DRIFFOD. M. GnEGOIRE and J . WEISSE 
Centre J'Etudcs Nuclc~ircs de Saclay, Departcmcnt de la Physique du Plasma ct de 

la Fusion Controlcc, n.p. No 2, Gif-sur-Yvette 91, France 

THE experi ment DAPHNIS 11 was designed to produce a dense a nd macroscopically stable hydrogen 
plasma in order to study the difTusion of particles in a medium which avoids the difficulties arising 
from the presence of fast ionising parlicles (reflex: discharge) or longitudinal cu rrent (positive co lumn) . 

Production of the p lasma requ ired a proper choice of the magnetic fie ld configuration in the source. 
In particular it was necessary to avoid the development of the flute type instability wh ich was observed 
under certain conditions. 

It was then possible to obtain a macroscopically stable plasma with a density of about 5 x IOu 
cm- 3 in a strong magnetic field (up to 7 kG). 

To make our difrusion measurements we employed classical techniques such as Langmuir probes 
(al so 'plasma eater') and u.h.f. interferomctry. We also developed correlation techniques which 
enabled us to relate the radial diffusion to the instabilities by measuring the statistical product 
(lI(t) . £o(t) . These measurements indicated that the diffusion coefficient is ODe order of magnHude 
lower than Bohm's value [11. 

Preliminary stud ies of the micro instabilities present in the plasma show that the frequency range 
and the rad ial correlation length are not incompatible with the theoretical characteristics of the 
drift instability [2]. 

• Presented by R. FRANK. Paper available as an internal report. 
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Two microwave cavity device for the study of wave scatteriog* 

D. BIZE, T. CONSOLI, L. SLAMA and M. ZYMANSKI 

Centre de'Etudes Nuc1eaires de Sac1ay Departement de Physique du Plasma et de 
la Fusion Contr61ec, Service d'loniquc Generale, B.P. No 2, Gif·sur-Yvettc, 91, F rance 

T wo spherical Fabry-Perot interferometers with focussing optics, at 4 mm wavelength, the character­
istics of which have been already published, are used for measurements of the scattering of a milli­
metre wave by a plasma. The plasma is obtained by break·down in the air at the focus of a laser beam. 
The first interferometer focusses the incident h .f. beam of 35 Wand produces a h igh electric fie ld 
because of the high Q·factor of the cavity. 

The second is uscd as a fi lter with high select ivity. The scattered wave, after passing through this 
interferometer, is amplified by a superheterodyne receiver with a sensitivity of 10- 11 W. 

We have observed a scattered wave and are studying its spectrum. 

• Presented by L . SLAMA. Paper available as an internal report. 

Some peculiarities of the plasma behavior in Tokamak TM-3* 

G. A. BODROVSKY, K. A. RAZUMOVA and J. A. SCEGLOV 
I. Y. Kurchatov Insti tute of Atomic Energy, Moscow, U.S.S.R. 

As HAS been shown theoretically [1] and confirmed experimentally [2] under Tokamak conditions, 
that the shift of the plasma ring under the action of the transverse magnetic field is given by 

b . BJ. 
tJ. B 1. ~ B,(b) • ( 1) 

where fiB 1. is the sh ift of the equilibrium position, B 1. is the transverse magnetic field. b is the inner 
radius of the copper shell and B,,Ab) is the azimuthal magnetic field at the shell. The experiments using 
the model TM-3 disclosed certain conditions under which equation (1) was not valid. This discrepancy 

• Presented by K. A. RAZUMOVA. 
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occurs within a definite range of the constant BJ. perpendicular to the plane of the toroid when the 
initial hydrogen pressure po exceeds a cri tica l value (polcr . The value of (Po}cr increases when the dis­
charge currcnt and the longitudinal magnetic field increase. The phenomenon depends essentially on 
the conditions under which the plasma column is formed . 

Another interesting effect in the discharges was observed at high energy input per particle. The 
transve rse plasma energy determined under these conditions by the diamagnetic method was found to 
be higher than the electron temperature calculated from conductivity measurements, assuming that 
electron-ion Coulomb collisions take place. The value of the particle energy is about 1-2 keY. 

The investigations of the absolute intens ity and spectra of soft X-rays emitted from electron-ion 
collisions in the energy range 3-12 keY were used as an independent method of electron energy meas­
urements. If we regard the electron energy distribution within the range mentioned above as a part 
of the Maxwellian distribution, then the effective electron temperature determined by this method 
is in a good agreement with the value measured by the diamagnetic method . The possible reasons 
for the existence of both anomalous effects are discussed. 

[1] V. D. SHAFRANOY, Atollm. Eflerg. 13, 521 (1962). 
[2] V. S. MUKHOVATOV, Plasma Physics alld COlltrolled Nuclear Fusion Research, Vol. Il, 577, IAEA 

(1966). 

Diffusion and stability in an 8-metre theta pinch' 

H. A. B. BODIN and A. A. NEWTON 
Culham Laboratory, Abingdon, Berkshire, United Kingdom 

IN ORDER to study diffusion and stability a coil 8 metres long and 11 cms. in diameter was chosen. 
Using a Megajoule bank at 40 kY the magnetic field rises to 25 kG in 5 psec and decays in 160 p.sec 
when crowbarred. At 34 kV the measured temperature is 100 eV and the density on the axis is 
3 X 1016 • The plasma in the mid-plane was free of energy loss by axial conduction or convection 
and unaffected by the ends due to disturbances propagating at the Alfvcn speed, for 30 Jlsec. It 
remained stable and drift-free along its whole length for this time although some lateral motion 
developed with an amplitude less than the plasma diameter. 

Preliminary results at 34 and 40 kV indicate a radial diffusion velocity much faster than that ex­
pected from binary collisions during the early stages of the discharge; after 5 Jlsec the time variation of 
the radial density distribution agrees with computations using class ical resistivity and assuming no 
energy loss . 

• A 25 cm long axisymmetric region of adverse curvature, in which the plasma radius has been 
increased locally by a factor of 2 or 3, was generated in the mid-plane 2 Jlsec after the implosion. 
Streak photographs show a transverse (111 = I) motion of the plasma in the region at about 7 Jlsec 
but there is no evidence for higher modes. Ideal MHD computations for this conliguration predict a 
growth time for an m = 1 instability of a few microseconds . 

• Presented by H. A. B. BODIN. Full text of paper not available. 

Recent results from the Julich theta pinch experiments' 

P. BOGEN, K. H . DIPPEL, P. NOLL, D. RUSBULDT, K. SUGITA, H. WITULSKI 
and F. W AELDROECK 

Institut fUr Plasmaphysik der Kernforschungsanlage JUlich des Landes 
Nordrhcin-Wcstfalcn c.Y., Federal Republic of Germany, 

Association EURATOM-KF A 

IN THE 600 kJ experiment, the decay and the axial variation of closed field configurations produced by 
compressing pJasmas with reverse bias fields have been studied. For typical experimental conditions 
(50 mtorr D 2 , 1·9 kG bias field, Emu = 35 kG, half-period 11 jlsec) the antiparallel trapped magnetic 
flux was roughly constant during the adiabatic compression and decompression phases. After a rapid 
axial contraction, the length of the configuration remained approximately constant (~2/3 of initial 
value) . 

• Presented by F. WAELDROECK. Paper submitted to the Proceedblffs of tbe APS Topical 
Conference on Pulsed High Density Plasma, Los Alamos, September 1967. 
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In another experiment the contin,uum intensity emitted in the visible part of the spectrum wasmeas­
ured and compared to the theoretically expected values; the electron density distribution was ob­
tained by side-on interferometry. The results show a deviation which is greater than the estimated 
experimental error. The wavelength dependence of this emission was measured between 0·3 and 
61' in a third cxperinlcnt. Although a rough agreement with theoretical expectations was obtained 
the observed deviat ions arc here also greater than the experimental errors. • 

Breakdown and compression in superposed fields theta-pinch * 
R. Bor-;o, I. FACCINlt. P. L. MONDlNO and G. ROSTAGNI 

Univcrsit • .'l di Padova, Istituto di Elettroteenica, Gruppo Gas Ionizz.1.ti del CNR, Italy 

EFFICIENT production, fast heating and a long containment time of high density plasmas may be ob­
tained, in princip le, with the 'susta ined field theta pinch', in which a high frequency oscillating mag­
netic ficld with appropriate damping is superimposed on a constant, or nearly constant field of opposite 
direction and slightly smaller maximum amplitude, already present in the gas region. 

The paper describes some experiments in which the superposit ion has been obtained by means of 
two independent coaxial coils designed to give fields of good azimuthal symmetry [11. 

Measurements arc reported on hydrogen discharges at different pressures, by means of external 
magnetic probes, photomultipliers and a streak-camera. The results are discussed in relation to a 
normal theta-pinch. 

Field maps in the actual coils and in electrolytic analogue are shown ; the influence of the con­
figuration (in particular end effects and asymmetries) and wave-form of the field on the behaviour of 
the discharge is ~nalysed . 

• Presented by G. ROSTAGNI. Paper avai lable as an internal repo rt of Istituto di Elettrotecnica, 
University of Padova, Italy. 

t The untimely death of the co-author, Dr. ITALo FACCINI, ocqured on 15 December 1966. 

[1 ] G . ROSTAGNI, Magnetic field superposition technique for fast compression and long containment 
time of plasma in theta pinches. AlIa Freque"za 36,155 (1967) . 

Experimental study of ion- cyclotron plasma instability in a mirror machine* 

A . V. BORTNIKOV. N . N . BREVNOV, V. G. ZHUKOVSKII and M. K. ROMANOVSKII 
1. V. Kurchatov Ins titute of Atomic Energy, Moscow, U.S.S.R . 

ION-CYCLOTRON oscillations in a hot ion plasma have been investigated. The experiments were 
carried out in the mirror machine 'AC' [I]. In contrast to previous experiments [1] the plasma was 
generated by injection of accelerated hydrogen ions in a source which was placed at the machine axis. 
The fast ions were captured by a magnetic field growing in time in the quasistationary mirror. The 
injection current varied from 0·1 mA to 6mA, the plasma density being from 4 x 10:; to 2 X 107 cm-3 • 

As the current increased from 0·1 to 0·8 mA a threshold was observed which caused a sharp in~ 
crease in the alternating electric field amplitude at the ion-cyclotron frequency and its harmonics (more 
than two orders of magnitude). This was observed even when the ion life-time was limited by the 
time of its flight from the source to the stationary mirror (the quasistationary mirror was switched 
off). At higher injection currents the amplitude of the high-frequency oscillations was directly pro~ 
portional to the injected current. 

As a result of the oscill(ltions some of the fast ions escape to the wall of the chamber. The angula r 
distribution of the ions broadens and they penetrate deeper into the magnetic mirror. 

The threshold value of the plasma density depends on the magnitude of the magnetic field and 
sat isfies the criterion that the ion-cycJotron instability must develop with maximum increment if the 
fast ion distribution function has a positive derivative with respect to the transverse energy. This 
criterion corresponds to the cyclotron-cone instability. When a plasma is trapped, the high-frequency 
oscillations arc damped during a time less than 100 psec at the same time as low~frequency flute 
oscillations appear. They determine the life-time of the fast ions . 

• Presented by 1. N. GOLOVIN. Paper has been published in JETP 53,53 (1967). 

[I] A. B. BOPTHiII<OD I! AP. AToMuun 8Heprnn 18. 3 (1965). 
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The ICAHE experiment* 

P. BRIANot . T. CONSOLT , G. MOURIERt, L. SLAMA and P. VIALt 
Centre d' Etudes Nuclea ires de Saclay, Departement de Physique du Plasma et de 

la Fusion cont r6lce, B.P. No. 2-91, Gif-sur-YveUe, France 
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FOLLOWING the work reported at the Mun ich Conference (1966), ICARE has been operated with pu lsed 
high frequency power in an accelerating B-configurat ion at ......... 10- b to rr argon. 

The cvolution of the discharge during the pulse is described. 
It is show~ that the energy of the ions is equal to the electrostatic potential in the vicinity of the 

resonance regIon. 
The energy is accounted for by the rela tivistic theory of electron-cyclotron resonance. 
The gas injector has proved capable of injecting 50 times morc particles than was hoped, because 

of the pulsed mode of operation. 
An iun {;urrcnlllcn~ily of 50 /tAfcm 2 hus bc~n ubtained at 10 keY. 
Approximately 15 pcr cent of the usefu l r.f. energy is converted into ion k inetic energy. 
The efficiency of the device increases with part icle density and flux. 
Preliminary results with an intense source driven by a laser show an increase in ion energy (20-40 

keY) and instantaneous flux density, and an improvement in microwave absorption by the plasma. 

• Presented by G . MOURIER . Paper available as an internal report. 
t From Compagnie Generale de Telegraphic sans Fil, Corbeville , 91-0rsay, ~rancc. 

Ion- cyclotron instability in DECA 11* 

P. BRaSSIER 
Groupe de Recherches de l'Associat ion Euratom-CEA sur la Fusion 

Fontenay-aux-Roses (l-Iauts de Seine), France 

As SHOWN in 1966 (Munich conference), an ion--cyclotron instability has been detected in the magnetic 
well stabil ized plasma of DECA 11 (deuterons, 11; = 2 X 1010 cm-3 , El = 1·5 keY). 

Phase measurements showed that, for the first harmonic, the azimuthal mode is 111 = 2 (i.e. 
A..l ~ Sa; , where a; is the mean Larmor radius) and that the longitudinal wavelength is greater than 
14cm. 

The experimental observations which support the identification of this instability as the double­
distribu tion cyclot ron instability ar~ presented . 

The plasma anisotropy, deduced from energy analysis of fast neutral atoms emitted by the plasma 
[1] , is not sufficient to produce a Harris-type instability. 

The start of the oscillation seems to correspond to the arrival of the cold plasma. 
The amount of cold plasma (up to 50 per cent in density) is sufficient to produce a double-distri­

bution instabili t.y [2J. 
• Presented by the author. Paper published in C.R. Acad. Sci. 264, 1787 (1967). 

[11 P. LECOUSTEY and C. RENAUD, Plasma Physics 9, 527 (1967) 
[2] L. S. HALL, W. HECKROTIE and T . KAMMASH, Phys. Rev. 139, 1117 (1965). 

Heating of plasma at the electron- cyclotron resonance in non-uniform fields' 

A. BUFFAt. T. CONSOLI and L. DUPAS 
Centre d'Etudes Nuch~ai res de Saclay, Departement de Physique du Plasma et de 

la Fusion Contr6lee, B.P. No. 2, 91 Gif-sur-Yvette, France 

WE HAVE studied, theoretically and experimentally, the transfer of energy of a circularly polarized 
h .f. wave to a plasma at the electron-cyclotron resonance in a decreasing axial magnetic field com­
bined with a transverse magnet ic field created by 6 axial conductors. 

• Presented by L. DUPAS. 
t On leave of absence from Gruppo Gas Ionizzati del C.N.R'J Padova University , Italy. 
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The sct.up is a new version of the CIRCE experiment with a higher power (2'5 kW instead of 300 W 
at 10 GHz). The B~ field is about 4 kG with a gradient !J.BII of the o rder of 300 G cm-I and the trans­
verse field Bmu near the wavcguidc of about 2 kG. 

The study with an analogue computer shows that the plasma is maintained far from the walls . 
Moreover , with the same h.f. power fed to the plasma. the parallel energy of the ions is greater because 
the coupling is better in the new version with Ioffe-bars. Also the losses by radial diffusion are 
decreased. 

Second order magneto dynamic stability of an infinite cylinder' 

D. K. CALLEDAUT 

Physical Institute, University of Ghenl, Belgium 

THE problem of the stability of an infinitely long liqu id jet is solved analytically to second order for 
axisymmctric and incompress ible perturbations. Thc method is extended to include the effect of a 
uniform axial magnet ic fie ld. No frequency or wavenumber sh ift occurs. It is also shown that the 
'bandwidth' around the mode of maximum instabi lity is quite large. 

Good agreement is obtained with. e""perimental data which definitely cannot be explained by a 
linearized theory . 

... Presented by the author. 

Ion-cyclotron instabilities in a plasma confined in a magnetic well' 

W. CALVERTi', L. G. KUO-PETRAVIC, E. G. MURPHY, M. P ETRAVIC, E. THOMPSON 
and D. R. SWEETMAN 

Cui ham Laboratory, Abingdon, Berkshire, United Kingdom 

IN the PHOENIX 11 magnetic well plasma, formed by the injection of 20 keY hydrogen atoms, ion­
cyclotron instabilit ies arc observed to occur in millisecond bursts and electric field oscillations arc 
observed at the ion-cyclotron frequency (20 Mc/s) and its harmonics . The frequency spectrum, 
though relatively simple at densities below 10' protons cm- 3 , becomes much more complicated as 
the density is increased . The high frequency activity can be divided into three regimes with the follow­
ing properties. The emission predominates at: 

(a) the ion-cyclotron frequency; 
(b) the second and fourth harmonic of cyclotron frequency; 
Cc) the third harmonic. 

These three regimes have been observed at the densities corresponding to the value of wII,twe; of ID, 
20, and 23 respectively. fn regimes (b) and Cc) the fundamental cyclotron frequency is virtuaUy absent 
while in (c) second and fourth harmonic are less intense than in (b). It should be added that while the 
fundamental, second and fourth harmonic seem to belong to the same sequence, the third has a fre· 
quency 5-10% lower than that expected for the third member of the sequence. Emission at 3 Mc!s 
above and below these frequencies is also observed. As the density is increased the discrete frequencies 
merge into bands 6-10 megacycles wide. 

The emission at the second and fourth and the third harmonic is accompanied by particle losses . 
Despite this the central density is always equal or above that expected on the basis of simple Lorentz 
trapping of the beam and charge exchange losses only. 

Information about the wavelengths exists only for the second harmonic. It is found that the 
dominant mode has half the wavelength within the plasma, along the field lines, with a zero in the 
potent ial on the median plane. Preliminary measurements indicate the same result for the other 
observed frequencies . Also the currents in the plasma are predominantly axial indicating that the 
fluctuating electric and magnetic fields are due to axial motion of electrons. 

The instability thresholds, and weakening of the lower harmonics at higher densit ies are in 
quantitative agreement with the theory of BEASLEY and CoRDEY [1] for the absolute ion-cyclotron 
instability due to both the monoencrgetic and highly anisotropic ion distribution in the PHOENIX 11 

• Presented by M. PlITRAVIC. Paper will be available as an internal report. 
t On attachment to Culham Laboratory from Aeronomy Laboratory, Boulder, Colorado, U .S.A. 
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. experiment .. In particu!ar the theory predi~ts an increase of the parallel wavelength with density for 
each harmonic, suggestmg that the weakenmg of the lower harmonic is due to the parallel wavelength 
bccoming too long to fit in the plasma. 

[1] C. O. BEASLEY and 1. G. CORDEY, Plasma Physics to be published. 

High frequency electron acceleration in a mirror region* 

E. CANODIlIOi" 
Centre d'Etudes NucJeai rcs de Saclay. Dcpartcmcnt de Physique du Plasma et de 

la Fusion Contr6lee, B.P. No. 2-91, Gif-sur-Yvette, France 

AN ANALYTlCAL method is presented to approximate particle trajectories in a high frequency plasma 
accelerator placed in a magnetic mirror. Neither adiabatic assumptions nor the time averaged Miller's 
forces are utilized. 

The analytical expressions found are tested numerically in a number of characterist ic cases. 
The effect of relativity, Doppler frequency shift, large injection energy and initial partiele position 

on the acceleration process is calculated . 

• Presented by the author. Paper available as an internal report , IGn, RT 540. 
t Association CEA-EURATOM_ 

Ion acceleration and shock waves in a high frequency plasma structure* 

E. CANOBBlot and R. COLLET 
Centre d'Etudes Nuch!aires de SacJay, Department de Physique de Plasma et de 

la Fusion Contr6U:e, B.P. No. 2-91, Gif-sur-Yvette, France 

WHEN a resonant electromagnetic field accelerates electrons in a mirror region, an axial ion flux is 
produced by the self-consistent space charge field. 

Steady electrostatic shock waves appear in the resonance region in the high power regime and 
when the electron axial velocity exceeds a critical value. 

The self-consistent axial field and particle velocities are computed in a number of typical cases . 

• Presented by E . CANODBIO. Paper availabJe as an internal report, IGn, RT 539. 
t Association CEA·EURATOM. 

A study of some technological aspects and economic problems associated 
with a possible fusion reactor* 

R. CARRUTHERS 
U.K.A.E.A. Culham Laboratory, Abingdon, Berkshire, United Kingdom 

IT IS assumed that the problems of plasma containment have been solved and consideration is given 
to some of the technological requirements ofa fusion reactor which could generate power economically. 

Important engineering parameters are, the strength of the magnetic field, the power flux through 
the wall, the percentage of circulating power and the tritium breeding arrangements. Simple relation­
ships arc established which place definite limits on the plasma parameters which must be achieved if 
these engineering requirements arc to be sat isfied. One important result is the need for a high p, 
5-10 %. 

Various containment geometries are considered to assess their reactor potential. A steady state, 
closed line device leads to the smallest unit size which satisfies the engineering and economic require­
ments. Even so, the minimum sized unit is onc which would generate about 2000 MW of electrical 
power. 

A 2000 MW(e) unit is used as the basis of a design study to establish whether we can envisage a 
fusion reactor being competitive with other power sources. The study shows that this is possible 
but reveals some stimulating technological problems which must be solved before its realisation. 

The work has been mainly concerned with the D-T reaction but some of the requirements for a 
D-D reactor have been established. Most significant is the requirement for a much higher {J, 30-60% 
for an economic, 2000 MW(e) unit . 

.. Presented by the author. Paper will be available as a Culham Laboratory Report. 
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Collision effects on the CIRCE device" 

J. CONSOLlNO, R . GELLER and 1. HOSEA, 

Centre d'Etudcs Nuc1caircs de Saclay, Departemcnt de P hysique dlL Plasma ct de 
la Fusion Controice, B.P. No. 2, 9 1-Gif-sur-Yvcttc, France 

SmlE of the properties of the CIRCE device as well as its principle of operation have been presented 
c[scw!lcrc[ I] . This papcrcotlccrns the extension of our ClRcEstudies to include the effects of collisions on 
the acceleration mechanisms (ionization, momentum transfer, and charge exchange), Their effects on 
the CIRCE mechanism of producing high energy spiralling electrons along with energetic unidirect ional 
ions is studied with extraction, gridded probes, Langmuir probes and optical diagnostic. Also, the 
propertics of the background plasma (produced through collisions of the primary charged constituents 
with the gas molecules) , both inside and exterior to the wave-plasma interaction region, arc investi­
gatcd and thcir cflects on the collision processes are deduced . 

Finally, the interaction between the primary and background plasmas through coi!ective 'collisions' 
(collective space charge interactions) is evaluated experimentally to ascertain the role of instabilities 
in the CIRCE performance (Energy exchange from t he 'hot' primary plasma to the cold background 
plasma is the principal consideration). 

,. Presented by R. GELLER. 

[1] R. BARDET, M. CADART, T. CONSOLT, L. DUPAS, R. GELLER, J. LEROY and F. PARLANGE, Call. 
INT. UHF. Saclay, Sept. 1964; Rep. PA. IGn/RT 301; Proc . VII COIlf. Phenomella ill Ionized 
Gases, Belgrad, Vo!. Ill, p. 318, Aug. 1965. . 

The ion-cyclotron drift loss-cone instability in mirror magnetic wells' 

J. G. CORDEY, L. G. KUO-PETRAVIC and M. PETRAvrc 
Culham Laboratory, Abingdon, Berkshire. United Kingdom 

WE HAVE examined the additional effect upon the ion cyclotron drift loss-cone instabil ity [1 ] of the 
following: 

(1) lOll dellsily gradient 

Following the work of POST and ROSENDLUTH [11. we have calculated numerically the effect of 
inclusion of the ion density gradient tcrm in addition to the electron density gradient term . It is found 
that a high density and high gradient stable region no longer exists when this term is included . 

(2) MagnetiC field gradient 

The dispersion relation is solved and the real and imaginary parts o f the frequency are found for 
various values of density and kylil • where k y is the wavenumber in the direction perpendicular to the 
density gradient. and li; the average in Larmor radius . Both the uniform magnetic field case and the 
case of a realistic magnetic well are examined in the local approximatio n . The effect of the field 
gradient is to alter the freguency of the wave w to w + (kyv"t/2D.c;2)(dD.cddx) . The peak growth rate 
around kyli; ~ 2·5 is slightly reduced but the resonance in kyli j is also broadened so that the plasma is 
now unstable for kyli, < 2. 

(3) Tile po/entia I distribution illside a plasma slab 
In order to approximate more closely to a finite cylinder of plasma, we consider here a plasma slab 

with maximum density at one boundary decreasing linearly to zero density at the other. To improve 
on the local approximation we use the general form for the potential <D = cfo(x) eil:yy and obtain a 
second-order differential equat ion for rf.(x) with the assumption that rf.(x) is slowly varying over 
d istances of an ion Larmor radius. This equation is solved numerically for the boundary conditions 
</>(0) ~ 0 and 

dx -ky 

</>(x,) ~---;-

where Xo is the plasma boundary and 1< is the first diagonal component of the dielectric tensor. The 
second condition was obtained by integrating the differential eguation for rf.(x) across the boundary. 
The roots (I).:, corresponding to different radial wavenumbers kal are plotted as a function of density and 
the point at which the plasma goes unstable is found in the usual manner as the point in density at which 

• Presented by L. G. KUO-PETRAVIC. Paper to be submitted to The Physics of Fluids. 
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the two rcal roots, in the frequellcy w, disappear. It is found that for small radial wavenumb 
1 1 b . 1 . d· D· 1 . ers, a 

p. asma s a WI~ 1 a maximum ens.lty . IS on y marf?ma!ly more stable than a point with the same den-
sity D .treated Ifi the l~cal ~p~roxJ[l1atlOn .. Interestmg Information is obtained, however, concerning 
the ratio of the potcntlals 1I1sIde and outside the plasma. 

[I] R. F. POST and M. N. ROSENDLUTH, Physics Fluids 9,730 (1966). 

Some studies of transverse plasma wave instabilitics* 

F. W. CRAWfORD, 1. C. LEE and I. A. TATARONIS 
Institute for Piusma Research, Stanford University, Stanford, California, U.S.A. 

THIS paper describes studies of the plasma microinstability in which an electromagnetic plasma wave, 
circularly polarized in the right-hand sense, and propagating parallel to a uniform magnetic field 
(= 'whistler' mode) can be driven into instability by a non-Maxweltian charged particle velocity 
distribution. The results of the work are, first , some numerical estimates of the growth rates, and 
second, a demonstration of the necessity fo r carrying out a tho rough analysis of the instability accord­
ing to the recently developed criteria of Briggs and Bers, and Derfter, rather than just examining the 
dispersion relation for absolute instability. in this case, jf the plasma is assumed to be cold, and is 
assumed to contain a small group of particles with high transverse energy, an absolute instability 
(complex w for real k) is predicted . Even a modest electron temperature stabilizes this instability. 
Under these circumstances, however, an equally strong convective instability remains (complex k for 
real w) which is not so easily quenched. Preliminary comparisons with the growth rates of electro­
static instabilities occurring for the same parameters suggest that these would dominate in a practical 
situation . Experiments are being carried out to check this point. 

• Presented by F. W. CRAWFORD. Paper available as an internal report, SU-IPR 151. 

Fourier-Hermite expansion of the non-linear Vlasov equation' 

F. R. CROWNFrELD, JR 
College of William and Mary, Williamsburg, Virginia, U.S.A. 

M. R. Fmxt 
College of William and Mary and NASA Langley Research Center, Hamp~on 

Virginia, U.S.A. 

As AN approach to the non-linear problem, GRANT and FEIX [1,21 have applied a Fourier series ex­
pansion in configuration space and a Hermite polynomial expansion in velocity space to the Vlasov 
problem. They showed the relation between the F.-H. method and Landau's and van Kampen's 
solutions to the linearized problem. They showed that instabilities due to truncation in Hermite space 
can be avoided by introducing a small collision term of Fokker-Planck form (there is no truncation 
error in Fourier space for the linearized problem). We have recently found that improved con­
vergence to the Landau result can be obtained by using a very small collision frequency but applying 
the Fokker-Planck operator several times. 

For linearly stable initial conditions and for small level of non-linearity, we find that convergence 
in Hermite space is rather slow. This is due to the necessity of represen ting an important modification 
of the distribution function for velocities in a region Liv = ydk near the phase velocity (3] (Yk is the 
Landau damping). The fundamental Fourier component exhibits a relatively quick convergence 
in the number of IIcrmite coefficients retained, and behaves in a quasi-linear way. This is not true 
for the higher harmonics . For a linearly unstable (two-stream) initial condition, a pronounced 
instability occurs, arising first for the higher harmonics (only the fundamental was initially excited) 
and rapidly propagates to lower wavcnumbers . The meaning of these results will be discussed . 

• Presented by F. R . CROWNFIELD. Paper being prepared for submission , possibly to The Physics 
of Fluids. 

t NAS Senior Research Associate, on leave from Euratom. Now at: Universite de Nancy, 
Nancy, France. 
[l] F . C. GRANT and M . R. FElx, Physics Fluids 10, 696 (1967) . 

. [2] F. C. GRANl' and M . R . FEIX, Physics Fluids 10, 1356 (1967) . 
[3] Cf. S. P. GARY, Physics Fluids 10, 570 (1967) . 
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Explicit solution of loss-cone dispersion rc1ations* 

1. E. M CCUNE 
Department of Aeronautics and Astronautics and Ccnler for Space Research 

Massachusetts Institute of Technology, U.S.A. 

B. D. FRIED 

Department of Physics, University of California, Los Angeles and TRW Systems 
U.S.A. 

A CONVENIENT technique for solving dispersion equat ions of the kind encountered in plasma physics 
has been descri bed previously [1]. Application of this method to the dispersion equations associated 
with a collision less, magnetized plasma has been demonstrated effectively with the use [2] of an 
on-l ine digital computer which provides easy access to functional operations in the complex pl:lnc. 
as well as immediate displnys of arcs or contours (3]. New features and recent refinements of this 
method are discussed and the technique is then applied to the case of the Rosenbluth-Post 'loss-cone' 
instability in it s most virulent form, i.e. when the distribution function is of the form exp (-ulI ~1 
0 1l 2){j(V..L - O..L) . The transition from the case of small x s (k..LuJ./wca, where a few terms or the 
Dessel function series dominate the behaviour, to the case or large x is illustrated. The relation or these 
exact solutions to those obtained in the high-density, short-wavelength limiting case studied by 
Rosenbluth and Post [4] is shown. Some aspects of the convective vs. non-convective nature of this 
instability are discussed . 

• Presented by J. E. MCCUNE. Paper available as an internal report, Center fo r Space 
Research Report No. CSR-TR-67-1, M.l.T. (1967). 

[1] J. E . McCUNE, PI,ysics Fluids 9, 2082 (1966) . 
[2] B. D. FRIED, Oll-lille root fillding ill the complex plane, Report No. 9990-7308-ROOOO [TRW 

Systems, Redondo Beach, Calif. (1966); J. E . MCCUNE and B. D. FRIED, The Cal/chy-integral 
root-filldillg method alld the plasma loss-colle illstability. Center for Space Research Report No. 
CSR-TR-67-1, M.l.T. (1967). . 

(3] B. D. FRIED. Solving mathematical problems, in Oll-lille Computing (Ed. W. KARPLUS) Chap. VI, 
McGraw-Hill. Also G. J. CULLER, Users manflal for 011 oll-lille system , Appendix, lac. cit . 

[4] M. N. ROSENBLUTH and R . F . POST, Physics Fluids 8, 547 (1965); 9,730 (1966). 

Investigations of plasma equilibrium in a torus with high frequency 
and longitudinal static magnetic fields' 

R. A. DEMIRKHANOV, A. G. Kmov, M. A. STOTLAND and N . I. MALIKH 
Physical-Technical Institute, Sukhumi, U .S.S.R. 

TOROlDAL systems in which a strong static magnetic field is combined with a relatively small high­
frequency field appenr important . The stat ic magnetic field confines the plasma within a small radius J 

while the high-frequency magnetic field serves as a small stabilizing factor. 
In the case of a longitudinal toroidal magnetic field, a superimposed h,r. multiple magnetic field 

with E ..... IIH~ can compensate a toroidal drirt at a h.f. field pressure of a value lower than the plasma 
gas kinetic pressure. 

In the case of a helical static magnetic field, where the equilibrium problem has been resolved, a h.r. 
field, according to the theory, can stabili ze some modes of drirt instabilities. 

Toroidal drift compensation and h.r. sk in problems in a magnetoactive plasma have been studied 
in the present experiments in the equipment "RT-O" representing an extension of a previous investi ­
gation [1]. 

The range of effect ive interactions of a rotating helical quadrupole h.f. magnetic field with a plasma 
in a quasistatic longitudinal toroidal magnetic field has been invest igated . It is shown, that at H. < 
H~ crH the plasma energy parameters (liT ~ 2. IOU eV/cm9, T,mBx ~ 50 eV) are considerably higher 
than in [I}. where H. > H. crH . 

The critical field corresponds to a value of H. at which the h.f. field phase velocity component 
along the torus longitud inal axis is higher than the Alfven velocity; this fact corresponds fairly well 
to the relevant theory . 

• Presented by A. G. KIROV. 
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At 11; < H, erll a h.r. skin effect is observed; it is measured by means of magnetic probes, the skin 
depth being in rather good agreement with the expression 

C (211ti) 1 / 2 
~=- - . 

w, w 

Measurements of the main parameters of the toroidal plasma such as its diameter elp = 2r p , 

the displacement to the external wall 6., the plasma gas-kinetic pressure, the h.f. field pressure on the 
plasma boundary, and their interrelations allowed us to compare the experimental results with the 
theory of toroidal drift compensation by means o f the h.r. field. 

It is shown that the plasma column position is satisfactorily described by the expression: 

\~here rx is the minor radius of the toroidal cu rrent surface; R is the major radius of the p lasma column ; 
HJ{ the h.f. field on the current boundary; and 1/1 the h.r. Held multipole index. 

On the basis of the experimental resu lts, a model of the plasma column behaviour in an 'RT-O' 
equipment has been built at H; < 11: erH. Further, the preliminary results indicate the dependence of 
plasma parameters on the direction of the h.r. field rotation . 

The results described were obtained in the following range of conditions: H~ = Cl - 8) X 103 Oe, 
Hrp = 250 Oe o n the plasma boundary, the h.r. field frequency being 740 kc/sec and the filling gases 
Ht and He having initial pressures between 8 x 10-' and 6 x lO-a torr. 

[I] R. A. DEMIRKHANOV el al., CN-21/19I, Culham (1965). 

Invariants in the motion of a cbarged particle in a spatially 
modulated magnetic field * 

D. A. DUNNETT1, E. W. LAING' and J. B. TAYLOR3 

IDepartment of Applied Mathematics, University of Liverpool, United Kingdom 

2Department of Natural Philosophy, University of Glasgow, United Kingdom 
3U.K.A.E.A., Culham Laboratory, Abingdon, Berkshire, United Kingdom 

THE invariants of particle motion play an important role both in the trapping and containment of 
charged particles in magnet ic confinement systems. For sufficiently smooth fields the magnetic mom­
ent ,U = v.l 2/B is an adiabatic invariant. This paper considers the effect of a small spatial modulation 
on the behaviour of tt. 

When the modulation wavelength is comparable with the gyromagnetic radius of the particle, P­
is no longer an adiabatic invariant; the a im is to discover whether a new invariant exists which re­
places J.l. Wc have analysed numerically and analytically the special case of ax ial symmetry with the 
ax ial magnetic field B: = BoO + E/(Z) , a nd fez) a square oscillation, alternately ± 1. In this case the 
orbit equat ions reduce to a set of algebraic equations . 

We find numerically that, _as initial values are varied , orbits are of two types, (a) orbits which 
generate an invariant of the motion, (b) orbits which fill quasi-ergodically that part of phase space 
not mapped by orbits of type (a) . 

Analytically, we have considered the motion from the point of view of perturbation theory with E 

as a small parameter. One can then seek an adiabatic invariant J as a power series in E. The usual 
methods for generating such an invariant break down because of the resonance between the period of 
the perturbation and the cyclotron period. A modified form of perturbation theory is, therefo re, 
introduced which overcomes this difficulty. The reslllting invariant shows very good agreement with 
the numerical calculations in the regions of phase space occupied by orbits of type (a). The quas i­
crgodic behaviour is, of course , not found analy tically but the much more complicated topology of 
the invariant curves in these regions may be a clue to its origin . 

• Presented by E. W. LAING. Paper is available as an internal report and has been submitted to 
the Jotlmal of Mathematical Physics. 
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Preliminary study of the effect of density gradients in a large diameter 
' Q'~machinc 

L. ENRIQUES. A. M. LEVIN E and G. B. RIGI-mn'r 
Laboratori Gas Ionizzati, Associazionc Euratom-CNEN Frascati, Rome, Italy 

THE stabi lity of a I.:lrgc diameter (up to 8 cm), magnetized potassium plasma column is being invcstiM 
gated . The tcm pcralUrc profile of the hot plate can be changed at will a nd hence differen t density 
profiles can be obtained. In part icula r a plasma having lower density on the axis than at the edge 
can be produced. Reasonable agreement has been found between the measured density and voltage 
profiles and a modified equilibrium model. In the low density regime (from .....,lOv c01-3 to ....... 5 X 1010 

c01-3) and with magnetic fie lds between 2 and 7 kG, no evidence of large ampl itude spontaneolls 
oscillations has been found. 

• Presented by L. ENRIQUES. Full text of paper not available. 

Investigation of 'overturning' of the strong shock wa\'c in a plasma * 
V. G. EsELEVITCH. R. H. KURTMULLAEV, K . r. MEKLER and V. r. PILSCY 

Institute of Nuclear Physics, Siber ia n Bra nch of U.S.S.R. Akademy of Science, 
Novosibrisk, U.S.S.R. 

THE change of the shock front structure caused by the change of the Mach number beyond the critical 
valuc Mach Mer was invest igated . The following questions were considered: (1 ) transitional pro ­
cesses within the shock front on the stage before 'overturning' (M < Mer); (2) the stationary state 
after the 'overturning' (A1 > Mer) ; (3) non-stat ionary process and instabilities due to the mu1tiple­
velocity current arising after an 'overturning' . 

Shock waves o f cylindrical type were exited in a plasma with density 11 = lOllL2 x IOU cm-3 

and initial magnetic field H = 200--500 G . Velocity and d irection of the propagation of the shock 
and the magnetic and density profiles were determined by us ing a system of magnetic and u.h.f. probes. 

Investigations in different gases (hydrogen , helium, argon) show that the critical Mach number 
Mer and the width of the shock front ~ depend in a general way on the parameters of the experiment if 
~/R < 1 (R radius of the system) . 

Microfluctuations of the electric and magnet ic field within the shock front arc studied by means of 
the electric and magnetic measurements . These fluctuations may arise due to the instability of a 
multiple-velocity mot ion of ions after the 'overturning' of the shock fro nt . As a result of the instabi lity 
caused by the ion veloci ty aniso tropy the appearance in the experiments of the radial component of 
the magnetic field (Hr) behind the fron t of the straight shock wave can be explained. 

• Presented by R . H. K URTMULLAEV. 

Properties of a pulse heated plasma in a magnetic mirror geometry' 

P. EVRARD, J. JACQUINOT, C. LELoUP, 1. P. POFFE, M . DE PRETlS and F . WAELBROECK 
Groupe de Recherches de l'Association Euratom-CEA sur la Fus ion, Fontenay-aux-Roses 

(Hauts-de-Seine), France 

A FAST and strong magnetic disturbance of a warm plasma d ri fting slowly along a static magnetic 
mi rror system produces ill situ a hot electron and a hot ion plasma. The ma in pawmclcrs bdon:: the 
heating procedure have been varied in the range 1013 > 11. > 101'cm-3 , 7 < Te < 15 eV and 
10 < T; < 150 cV. After heating, these parameters becomell~ < 5 X 1011 cm-3 , T. ~ 10 keV for the 
hot electrons and T, ~ 400 eV for the ions. Microwave and light measurements suggest the presence 
of a cold plasma with a density of about 1012 cm- 3• The loss rate of the hot ions is much higher than 
expected from charge exchange . Their number appears lower than that of the hot elect rons. During 
their short existence (60 f.tscc) , the plasma exh ibit radial motions and electrical fluctuations with 
frequency in the 1 to 10 M Hz range. After the disappearance of the ho t ions, the hot electron com­
ponent can be confined with e-folding times of several milliseconds. Above a critical density however, 

• Presented by J. JACQUlNOT. Paper submitted to the Proceedings of the APS Topical Confer­
ence 011 Pulsed High Density Plasma, Los Alamos (1967) . 
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the plasl11a tr~lnsverse energy decreases step-wise. Two different types of instability have been identi­
fied. At. low densit.Y (s.olllewhat above 3 x 10

1
.
0 cm-3

) a ~~Iocity space instability occurs with import­
ant particle scattenng mlo the loss cone. At higher densities C::::::-l'5 x 1011 cm- J

) the plasma exhibits 
a motion in onc radial direction and a considerable amount of plasma is lost on one side orthe vacuum 
chamber. In both cases polarized microwave radiation in the vicinity of the eleclron--cyclotron fre­
quency is emitted during the instability. The anisotropy in velocity space of the electron distribution 
can be measured. It is found thatp~ lI/p • .l. is usually about 15 % and it increases during 'the instability. 

Toroidal confinement with temperature gradicnts* 

W. FENEBERG 
Institut fur Plasmaphysik, Garching bci Munchen 

Federal Republic of Germany 

THIS paper deals with a model steady-state plasma in the toroidal magnetic field of stellarator geom­
etry (fJ <i{ 1) in which a temperature gradient forms as a result of the input energy being transported to 
the wall by thermal conduction. No particle source is needed to maintain steady-state conditions. 
There is a region where the thermal conductivity parallel to the field lines is sufficiently high to keep 
the temperature constant in zeroth order on a magnetic surface. In this region the energy equat ion can 
be expanded and the temperature profile can be obtained from an ordinary second-order differential 
equation, just as in a linear discharge. Here, however, the thermal conduct ivity is increased by the 
amount of the reciprocal of the rota tional transform compared with the linear case. T he density 
profile can be derived from a solubility condition that has to be imposed on the equation of continuity. 
The thermal diffusion coefficient thereby plays an important part in Ohm's law because it establishes 
a relation between the density and temperature gradients . 

... Presented by the author. 

Destruction of magnetic surfaces in toroidal systems 

N. N. FILONENKO, A. V. KOMIN. R. Z. SAGDEEV and G. M. ZASLAVSKl 
Institute of Nuclear Physics, Novosibirsk, U.S.S.R. 

THE problem of resonances in the magnetic surface structure is discussed. The equations for the 
magnetic field lines are transformed into Hamiltonian form and asymptotic perturbation theory is 
developed which helps to determine the resonance destruction of the magnetic surfaces due to violation 
of rotational symmetry. The results of analytic considerations are compared with numerical values 
for the vacuum magnetic field which is of toroidal shape like that of the stel!arator. It was assumed 
to have the form 

q; = z + -?\Z3 sin 3(q; - z) + £f"J sin (mq; - pz), 

where qJ is the potential of the magnetic field and the parameters are £ = lO-'l-lO-\ m = 2, 4, 90; 
q = 2, 3, 4; P = 0,3 . 

... Presented by G . ZASLAVSKI. Paper submitted to Nuclear Fusioll . 

Equilibrium and stability in toroidal systems 

E. A. FRIEMAN 
Plasma Physics Laboratory, Princeton University, Princelon, New Jersey, U.S.A. 

A GENERAL survey of equilibrium and stability in low-,?' collision less plasmas is given with special 
emphasis on new results obtained by the author in collaboration with P. H. Rutherford . We first 
discuss the general problem of the containment of magn~tic field lines in toroidal configurations. We 
then go on to d iscuss single particle. confinement in these felds using the small Larmor radius approxi ­
mation. It is pointed out that different forms of the particle distribution function arc imposed depend­
ing on whether equilibrium is required on the short time scale I Rj L/vlI or on the long time scale 

o 
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LIon. ~Ve next turn to di,scussion of a, new theory of the stabili~~ of l~w ~rcqucncy modes in genera l 
magnetic field configurations. We pOint out that absolute stabI lity cnlcna can be achieved in a few 
cases. For example. of/oel,,a/1 < 0 and of/ih I"J < 0 are required for the trapped particle mode and 

"~f d/' ds (I _ J' (IVSI (2118)"') )(~ of + OF) < 0 
,:. 111 Iql " n 8 01" os 

and OF/Of, < 0 for minimum B, F(E,/t) distributions. In other cases, a normal mode analysis must 
be done . Detailed results for axisymmctric gcometrics, such as multi poles, both with and without 
shear arc given . 

• Presented by, the author. 

Kinetics of the formation of a plasma by injection of fast atoms into a 
closed magnetic configuration* 

M. FUMELLI, J. P. GIRARD and C. GOURDON 

Groupe de Recherches de l'Association Eurato-CEA sur la Fusion 
Fontcnay-aux-Roses (Hauts de Seine) France 

WE STUDY the bu ild-up of a plasma by the injection of 5 keY hydrogen atoms in a closed magnetic 
configuration. 

We investigate the detailed balance of particles by writing down the equation of evolution for the 
four following populations: fast protons, slow molecular ions, slow protons and neutral gas molecules . 
To do so, we take into account fifteen different processes producing ionization, dissociation and 
charge exchange between the different populations including the electrons. The energy dependence 
of the cross sections is also taken into account. A detailed balance of energy enables us to calculate 
the distribution function of fast ions and the temperature of electrons as well as of slow ions. The 
only energy source introduced into the system is due to the fast captured ions which give their energy 
to the electrons, the latter losing it by various reactions with the slow ions and the neutral gas. The 
study includes the temporary variation of the seven quantities quoted before, for different values of 
the injected current and pressure. We show that, if the diffusion is .collisional, the cold plasma 
eff~ctively supports the decay of the hot plasma. Currents of about 10 to 100 mA injected for a few 
seconds allow the formation of a hot plasma with high density. 

The role played in the build-up by some important factors such as capture by Lorentz forces, 
cascading, the presence of impurities, and the lifetime of the plasma is specified . 

• Presented by J. P. GlRARD. 

Equilibria, stability and transport coefficients of plasma in a toroidal geometry 

A. A. GALEEV and R. Z. SAGDEEV 
Institute of Nuclear Physics, Siberian Branch of U.S.S.R. Academy of Science, 

Novosibirsk, U .S.S.R. 

THE transport coefficient of plasma in a toroidal trap is of special interest. We start by the following 
model of the magnetic field 

H ~ Ho[(1 - s cosD)e. + DeDI; s ~ rlR; D ~ irl2"R 

where r, {} are the polar co-ordinates in the cross section of the toroidal discharge tube of radius R. 
and D(r) is a rotational transform. The particles are assigned to two species according to the set of 
their constants of motion: energy E and adiabatic invariants I'.L =' V.L z/2H, 

W,=-, v'I=(J -(£-ttl.H). eH J2 
me ' m 

(where vU is the velocity component parallel to the magnetic field) for particles oscillating between the 
magnetic mirrors, and E, tJ..L, J and a = sign VII for particles circulating around closed field lines. 

'" Presented by A. A. GALEEV. Parts of paper published in Z. e;xp. leor. Fiz. 53, 348 (1967) . 



Second European conference on controlled fusion and plasma physics 449 

The vclocity di stributions of these particles in the absence of collisions are functions of their invariants 
and are dilTercnt. 

In the singular domain between the regions of trapped and untrapped particles wc solve the Boltz­
mann equation with the collisional term in a form proposed by Landau. The enhanced collisions in 
this domain lead to large transport coeffic ien ts of plasma. The toroidal correction to the ion thermal 
conductivity. for example, is 

X.U 1'::::1 0-4j1ifird~ 4rr~e-~/2/i~ for 'riVi/;/e ~ 1 

X.lI 1'::::1 1· 5( v' rr)e2(rc;/-,{})(cT;/eHo) for 1 < ",I'/lile < e-3/2 , 

where J' i/i ~ IG(,/ rr)) .• 4J1/3I1li2V:1Ii is the ion-ion collision frequency, 'r/ = r/vflli{}ye is the period of 
trapped ion oscillation between the magnetic mirrors. The hydrOdynamic approach is valid for the 
dense plasma whcre 'ri"/l/ye ~ 1. 

In the sccond part of the paper some instabilities of the trapped particles due to the density gradient 
arc discussed. 

The ion Landau damping stabilizes the resistive drift instabili ty of the trapped particles if 

v, /OT./e > 037 (:; ;J{3(~) 

The energy replacement time in the Tokamak-3 at various 
discharge parameters· 

E. P. GORDUNOV , S. V. MIRNOV and V. S. STRELKOV 
1. V. Kurchatov Inst itute of Atomic Energy, Moscow, U.S.S.R. 

PLASMA confinement in the toroidal device Tokamak-3 (the major radius of the torus is 100 cm, the 
bore radius 20 cm, the longitud inal magnetic field up to 35 kG) was investigated . The encrgy replace­
ment ti me characterizing the plasma confinement is determined by the expression 'rE = W/(1. - r·V) 
where W is the plasma energy, X is the ohmic heat ing power. It is shown that onc can exactly deter­
mine "E without any assumption on the space distributions of the plasma parameters and heavy 
atom impurity concentrations, provided that plasma ring equilibrium takes place and the charged 
part icle tcmpcrature is isotropic. 'rE is calculated as a result of the measurements of plasma dia­
magnetism and of the plasma ring displacement together with the plasma current and e.m.f. at the 
wall. The final calculations were made by the comput,er. 're was obtained as a function of the dis­
charge parametcrs: the plasma current, charged particle concentration and longitudinal and trans­
verse magnet ic fields. Using a multi-channel probe, the distribution of electron concentration over the 
plasma column cross section was obtained. Under the assumption of the parabolic distribution of 
temperature over the plasma column cross section, the mean plasma temperature T, + yT, was 
calculated, where y is the factor which takes into account the existence of heavy impurities. It is 
shown that the observed electrical conductivity is several times lower than that calculated for a pure 
hydrogen plasma. In the concentration range (1-3) x 1013 cm-a this difference may be explained by 
the effect of heavy atom impurities . 

• Presented by K. A. RAZUMOVA. 

High frequency stabilization and heating of a current carrying plasma column in a 
longitudinal magnetic field' 

V. P. GORDIENKO, L. V. DUBOVOI and I. M. ROIFE 

D. V. Efremov Scientific Rescarch Institute of Elcctrophysical Apparature 
Lcningrad, U.S.S.R. 

THE possibility of dynamic stabiliza tion of the Kruskal-Shafranov instability in a high current dis­
charge in hydrogen was studied. The experiments were performed in a spat ially homogcneolls mag­
netic field, H, R::I 0,5-2 kOe, with a discharge current from 2 to 10 kA at an initial gas pressure of 
1O-3-10-~ mm Hg. The plasma column diameter was d = 5 cm, its length L = 100 cm and the 
quartz chamber diameter D = 12 cm. 

It is shown that at the quasi-stationary discharge with the 500 msec pulse length and current 
10 = const. the discharge is unstable if the expression (H,/H/{I) = q(L/rrc) (where Hii' is the field of , 
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the current 10 and q < 1-5) is ,satisfied. ,Typical f!SC tin,leS?f instabili,ty T arc approximately 1O-~ scc. 
The plasma column accomplishes quasl-harmomc oscl!1alLons near Its equil ibrium position with the 
frequency /0 ........ (l/ .. ) and contacts the chamber walls periodically. For stabilizing the plasma column 
in the region ofvaluesq < 1-5 the discharge current was being oscillated at the frequency f = 2 Mc/s 
so that J(/) = 10 cos 2nl! and always / "JI> /0. As the experiments have shown. the current column is 
macroscopically stable under these conditions in the whole range of the discharge parameters given 
byO·3 < g<5. 

In the r, f. current discharge the st rong screening effect of r.f. fields with a measured Skin-depth less 
than 1- 0'5 cm is observed. The diamagnetic measurements show that when the current density in 
tbe sur race layer of the co lumn exceeds some critical value, skin-effect is accompanied by an anomal­
ously strong plasma heati ng process which leads to kT ~ !O11; eV . cm-3

• As rollows rrom the experi­
mental data, the observed heating effect can be expl::tined by a beam type instability in the skin- layer 
region. W hen the transition to the turbulent state or the plasma takes place, the enhanced level or the 
Lf. field energy dissipation in the skin-layer can be used for the development or plasma heating methods. 
In developing any methods of plasma r .r. confining and stabilization one must take into account the 
possible turbulent state of the skin-layer. 

Presented by R. Z. SAGDEEV. 

Stellarator configurations with strong shear and negative V" 

C. GOURDON, D. MARTY and M . VUILLEMIN 
Groupe de Rccherches de l'Association Euratom-CEA sur la Fusion 

B. P. No. 6, 92, Fontenay-aux-Roses, France 

WE HAVE studied toroidal configurations with helical windings I = 2, 3, 4 for different vaiLles of m, 
the number of periods of the conductors a long the torus. 

The negative VMproperty can be obtained simply by adding uniform mngnetic fields parallel to the 
axis of the torus. Results of numerical calculations showing magnet ic surfaces, variations of rotational 

transrorm and V' = f dllB are presented. 
1= 2 configurations have a non-zero mea n rotational transform but practically no shear. 1=3 

configurations have strong shear without correcting B:. But coupling between helical field (l = 3) 
and uniform B::(l = I) gives an I = 2 component near the magnetic axis and the shear is strongly 
decreased . This effect does not appear in the case or I = 4 helical windings. The shear is not destroyed 
by adding a uniform B". 

However, the maximum rotational transform we can obtain does not increase continuously with 
m. For an aspect ralio of 5, no gain was observed from 11/ = 3 to 111 = 5. 

A typical configuration with 1= 4 and III = 3 is described. The average magnetic well depth 
is about 20 per cent and the variation of the rotational transform from the magnetic axis to the external 
surface (D.tI27T) is approximately 0·6. 

* Presented by E. K. MASCHKE. 

Research on a new type of plasma injector* 

M. GRYZINSKI, 1. NOWIKOWSKI, M. SADOWSKI, E . SK~ADNIK-S,\DOWSKA 
and S. SUCKEWER 

Institute for Nuclear Research, Swierk k/Otwocka, Poland 

WITHIN the scope of resea rch work on producing hot plasma of densities and energies of interest from 
the view point of thermonuclear investigations, a new type of injector has been developed [1-7] . The 
main idea of the injector lies in substituting, in the coaxial plasma gun, the solid electrodes by grid ­
type electrodes 'penetrable' for particles and ensuring their free radial motion. This modification 

• Presented by M. GRYZINSKI. Papers concerning the subject are submitted to Nuclear Fusion 
and are available as Internal Reports INR. No. 711 -720/XYII I (in Polish). 



Second European conference on controlled fusion and plasma physics 451 

permits a ~trong parlicle con~cnt:ation at th~ a.xis of .injector. Making thc .'penct rable' cylindrical 
elect:o~es In the form of.coaxla~ rims of rod~, It IS possible at p roperly chosen potentia Is and currents 
to eilmlO:lte the defocusslOg actIOn of the aXllnuthal component of the electric field existing in the real 
construction of electrodes. 

The focus radius evaluated on the basis of the single-particle model, for the injector with close 
diameters of the inner rim RI and the outer rim R'J" is given by: 

11 . 1 R2 + RI 
R loc = 2 R2 _ RI k, 

where I is the distance between the rods at the periphery of the rim and k is the magnetoelectric 
focllssing coefficient, given by 

Ze (R, - R,)I I ,' 
k ~ 1 - 8 Mc' (R2 + RIP Un' 

which depends on the actual current value IG in the electrodes and on the potential difference VG 
existing between them. 

For the verification of the concept of the injector, the following comprehensive measurements 
have been carried out: 

1. Measurements of currents and voltages in a ci rcu it; 

2. Visual observation by means of high-speed photography; 

3. Magnetic probe measuremcnts of fields inside the plasma ; 

4. Spectroscop ic measurements (static with the aid of spectrographs and dynamic with mon04 
chromator and photomultiplier sets) . 

To gain a better understanding of the processes, some measurements have been performed in the 
presence of a 5 kG magnet ic axial field. The measurements have bcen carried out for a small injec tor 
(RI = 20 mm, R~ = 30 mm, number of rods in a rim 16, length of rods SO mm) supplied from a 6·4 
I,F condenser bank at a voltage o f 20 kV (circuit frequency 75 kc/s , maximum value of the discharge 
current 50 kA). Air was normally used as the working gas, filling the whole experimcntal chamber 
uniformly. 

From the pictures obtained with a high 4speed camera it has bcen stated that the injector operates as 
a conventional plasma gun at pressures of the order of 10-1 torr (when the Larmor radius of ions is 
much smaller than the distance between electrodes) and it operates as a focussing injector at pressures 
of 1O-:LlO- 3 torr (then the Larmor radius of ions is greater than the distance between electrodes). 
In the latter case, with negative polarization of the inner electrode rim, a high concentration of particles 
at the axis has been observed. 

In spite of numerous defects in the first construction of the injector (occurrence of highly unfavour­
able surface breakdowns), it has been estimated from electric measurements that the energy introduced 
into the plasma is at a level of a few per cent. The particle densities observed in the focus were of the 
order of 1014._1015 particles/cm3 whereas the focus diameters observed were withi n the limits of severa l 
millimetres, thus being indicative of the afore-mentioned magnetic focussing mechanism. The energies 
of axial motion depended on the initial pressure and varied from 106 cm/sec at 10-1 to rr to (5-6) x 106 

cm/sec at 1O-~ torr. For the injector working in the focussing regime the energies of radial motion, 
as anticipated, were approximately of the order of the axial motion energies. 

The ion temperature as measured from Doppler broadening amounted to 1·6 x lOGoK. An ion 
temperature dependence on the charge, lypical for ion acceleration in an electric field, has becn ob­
served. The electron temperatures in all the experiments were at the level of several electronvolts. 

Detailed data concerning the injector concept and the expe rimental measurements wil l be published 
later. 

[1] M. GRYZINSKI, Concept o[ rod (maglleloelec/ric) plasma glill , INR Reports No. 711 XVIIIP?, 
No. 715 XVllIPP. Warsaw (May. 1966). 

[2] M. GRYZtNSKI. J. NOWIKOWSKl and M. SADOWSKI, INR Report No. 713 }"'VIllPP Warsaw 
(May. 1966). 

[3J S. SUCKEWER. INR Reports No. 717 XVllIPP. No. 718 XYIlIPP Warsaw (May. 1966). 
[4] M . SAoowsKland E. Sr;:(:.AONIK-SAOOWSKA, INR Reports No. 716 XVIlIPP, No. 720 XVIIIPP 

Warsaw (May. 1966). 
[5J J. Now'KowsKI. INR Report No. 714 XVIIIPP Warsaw (May. 1966). 
[6] M. GRYZINSKI, J. NOWIKOWSKI and S. SUCKEWER, INR Report No. 719 XVIIIPP \Varsaw 

(May. 1966). . 
[7J S. KULlNSKI. INR Report No. 712 XVIlIPP Warsaw (Delo.ber. 1966). 
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Ionization and heating of a hypersonic deuterium jet* 

M. H AEGI 
Ln.boratori Gas lonizzat i, Associazionc Euratom-CNEN 

Frascat i, Rome, Italy 

1N ORDE~ to achieve (as initial condition for some pinch devices) a discontinuous plasma densi ty 
distribution, an experimental study on hypersonic neutral gas injection has been carried out. 

The hypersonic jets were obtained by means of nozzles whose throat diameters were of the order of 
100 It; the density at the exit of the nozzles could be varied in the range of 101°_3 x 1017 particles/ 
cm3 , the Mach number of the jet being from 4 to 8. 

The ionization, the heat ing and the containment of such a jet by means of a Z-pinch is described. 
A string of dense plasma focuses of diameters of about 0·2 mm arc visible in the soft X-ray radiation 

spectrum . 

• Presented by the author. Full text of paper not available. 

Propagation and growth of a pulse disturbance in an unstable medium' 

L. S. HALL and W. HECKROTTE 

Lawrence Radiation Laboratory, University of California 
Livermore, California, U.S.A. 

THE response of a medium to a pulse disturbance is determined by the behaviour of the zeroes of the 
dispersion function D(k, 00) in the complex domain of both the wavenumber k and the frequency w , 
and the asymptotic nature of the response near the origin depends upon the velocity, V, of the frame 
of reference of the observer. In particular, a crucial feature fo r an unstable medium is the behaviour, 
as a function of velocity, of the position of the saddle-points of w(k) = w(k) - kV, defined by the 
requi rements 

D(k, w) ~ 0, 
oD oD 
ok + V ow ~ 0, 

since J (w) for suitably defined saddle-poin ts gives the asymptotic growth in the frame V. Thus, if 
d~oo/dk~ is taken along the contour D (k , w) = 0, the differential equations for the variation of a saddle­
point, 

ok (d'W)-' 
OV~ dk' ' 

OC;; 
OV~ -k, 

(only two of which arc independent) can be used to plot the asymptot ic pulse shape. 
The theory is applied to examples of importance to plasma physics, and a number of quantitative 

results obta ined. Of part icular interest is a new phenomenon to be described, which occurs as an 
interaction between pairs of sadd le-points separated by a finite distance in the(k , oo)-domain, and which 
can alter the significance or insignificance of a given saddle-point at some critical velocity with respect 
to its correspondence to an actual physical mode . 

.. Work performed under the auspices of the United States Atomic Energy Commission. Presented 
by L. S. HALL. Paper incl uded as a part of a report submitted to The Physical Review. 

Rapid plasma heating by current induced turbulence in a torus' 

S. M. HAMBERGER, I. H. AOLAM, M . FRIEDMAN and A. MALEIN 

U.K.A.E.A., Cui ham Laboratory, Abingdon, Berkshire, United Kingdom 

AN ELECTRIC field E", f'::j 200 V cm- i , ringing frequency 1 Mc/s is suddenly applied to a partially ionized 
hydrogen plasma (densily R::1 loa cm- 3) immersed in a toroidal magnetic field B~ f'::j 3 kG. The plasma 
exhibits a high resistance and the electric field and current are heavily damped. D uring the first 
current pulse intense microwave emission (f'::j 20 Gc/s) is observed, and large ampl itude elec tric field 
fluctuations ( f'::j 1O kV/cm, frequencies f'::j30-200 Mc/s) are seen with elect rostat ic probes. Soft X-ray 

• Presented by S. M. HAMn£RGER. Paper published in Phys . Rev. Lett. 14 August (1967) . 
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cmission frolll a carbon target in the plasma occurs at the same time, and absorption measu rements 
show this corresponds to T~ R::I 2-3 keY. ,A neutral particle detector shows that a large flux of fas t 
hydrogcn atoms leave the plasma perpendicular to the magnetic ficJd , and are emitted in a time inter­
va l sh~rtcr th:::m an ion- gyro 'period. The ions rcsponsible (by Charge exchange) for their ejection have 
a contllluous spread of energlcs betwcen 0,2 and 3 keY. On assumption that the ion energy dist ribut ion 
is isot ropic and Maxwcllian the measured rate of Charge exchange for 2 keY ions is consistent with an 
ion temperature 1'::::1 0·7 keY. 

It is argued that these observations are consistent with the development of a turbulent spectrum of 
longitudinal plasma waves excitcd by a two-stream instability, and that the elcctron and ion heating 
which occurs results from interaction of particles with the microfields of the wave spectrum , and not 
from binary coll isions or from large-scale hydromagnetie turbulence. 

Application of microwave diagnostics to a collision-free shock wave 
experiment* 

H. HARTWIG and E. HINTZ 
Institut flir Plasmaphysik der Kernforschllngsanlage Jillich des Landes Nordrhein­

Westfalen e.V., Federal Republic of Germany, Association Euratom- KFA 

SHOCK front structures are generally investigated by measuring magnetic field profiles. Depending on 
the shock wave type it may also be desirable to observe the density profile . This becomes a necessity 
if the initial magnetic ficld is very small, i.e. if Po = 81rllokTo/Bo" ~ I. For this reason a 2 mm micro­
wave probe with high space resolut ion (R:l 3 mm) has been developed which can be used between 11 . = 
1013 and 11 . = 2 X 1014 c01-3 [I]. 

Shock waves were produced in O-pinch geometry. Radial and axial density profiles in the initial 
plasma have been determined as a function of time with probes of this type. In order to resolve the 
density jump in a coIlisionless shock wave, a response time of about 10 nsec is needed. Due to the high 
impedance of 2 mm detectors and the stray capacitance of the detector mount, the time constant of the 
system is presently limited to 20 nsec, 

Interfe rometer measurements with this time resolution will be presented. From the observed 
phase shift, the density jump in the shock front is determined. In addit ion onc can relate the attenua­
tion of the signal to the effective conductivity of the plasma [2]. These measurements are compared 
with other observations, in particular with measured magnetic field profiles . 

• Presented by H. HARTWIG. 

[1] H . HARTWIG, Berichte der Kcrnforschungsanlage Julich, JU!-473 -PP (April 1967). 
[2] R. KH. KURTMULLAEV, V. L. Pilskii, Jnstitut fur Kernphysik der Sibirischen Abt. der Akademie 

der Wissenschaften der UdSSR, Proprint No. 42, Novosibirsk (1966). 

On the use of Langmuir probes in a Q-Device* 

M. HASHMI, A . J . VAN DER HOUVEN VAN O ORDT. F. RAu and J. G. WEGROWE 
Institut filr Plasmaphysik GmbH, Garching bei Munich, Germany 

ThE complexity of the theories of Langmuir probes in a magnetic fie ld and their wide application in . 
magneto-plasmas as a diagnostic tool suggests a comparison of the probes with other diagnostic 
teChniques. Recently, such a comparison has been performed in a singly ionized barium plasma for 
the single·ended operation of a Q·dcvice using resonance fluorescence scattcring of the 4554 A line by 
barium ions and microwave cavity as independent methods [I]. 

In the present work a comparison of the probe density is performed with the above·mentioned 
methods in double·ended and single-ended operation under various operating conditions, namely, by 
changing the density, magnetic field, plate temperature. degree of ionization and ion tem perature. 
The last two being changed by introducing a noble gas [2]. The density was evaluated from the 
extrapolated va lue of the ion saturation current at the plasma potential. It is found that 

IIm 
-=0'6, 
11, 

!!.!=2 and ~=1'4 
11 , ' " . • 

• Presented by M. HASHMI. Paper to be submitted to The Physics oJ Fluids . This work was 
performed under the terms of the agreement between the Tnstitut fUr Plasmaphysik Gmbh, Munich­
Garching, and EURATOM to conduct joint research in the field of plasma physics. 
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where Il m and 11 . arc the microwave and spcctroscopic densities and IIp and 11", arc densities evaluated 
from the classical Langmuir formula and Bohm's formula for st rong magnetic fields respectively [3 ], 
These factors appear to be independent of all operating conditions. 

In addition to density. total ion input flux measurements were also performed. These measure­
mCI~t~ Y.ic\d information ~n the particJ~ 10,55 rate under ~arious operating conditions. According to 
eqUIlibrium theory cD '" W [4]. However, JJ1 the low densLty range (11 < lOll cm-J), the particle losses 
become much larger than predicted by equilibrium theory. In this regime, instead of (1),...., 1I'l depend­
ence, wc observe .;I) '" 11. 

[1J M . HASH/'M, A . J. VAN DER HOUVEN VAN OORDT and 1. G. WEGROWE, Proc. COIlf. 011 Physics of 
Quiesccllt Plasmal', Frascati, Rome, Pa rt H, p. 523 (1967). 

[2] F . P. BLAU, E. GUILlNO, M. HASHMI and N. D'ANGELO, Physics Fluids 10, 1116 (1967) . 
[3] D . Bomr, E. BURHOP and H. MASSEY, Characteristics of Electrical Disclwrses ill A1aglletic Field. 

Chapter 2. M cGraw-Hill (1949). 
[4] S. VON GOELER, Physics Fluids 7, 463 (1964). 

Drift instability in general magnetic fields* 

R. J. HASTIE and J. B. TAYLOR 
U.K.A.E.A., Culham Laboratory, Abingdon, Berkshire, United Kingdom 

A THEORY is described which provides a basis for the detailed investigations of electrostatic instabil ities 
in real experimental geometries and, in particular , of dri ft instabilities in the multipole. Such 
instabil ities have frequently been discllssed in the plane slab model, and modifications of it in which 
geometrical effects are added or simulated, but our aim is to include all geomet rical effects from the 
outset. 

The starting point is the collision less Boltzmann equation and the method is based only on the 
approximation that the scale length of the equilibrium is long compared to the ion gyroradius. The 
main interest is in electrostatic pcrturbations of low frequency but of arbitrary wavelength, which 
may be comparable to the ion Larl1lor radius . Thus several classes of instability such as drift wave, 
flute or trapped particle instabilities come within the scope of the theory. 

An expression is first obtained for the contribution to the charge density produced by an arbitrary 
electrostatic perturbation affecting particles whose unperturbed orbits are (i) trapped between magnetic 
mirrors; (ii) circulating around closed field lines; (iii) tracing out a magnetic surface . In conjunction 
wi th Poisson's equation these expressions for the Charge density lead, via a study of the appropriate 
Nyquist contours, to stability criteria valid for arbitrary equilibria. 

Finally it is shown how this method leads to a differential equation whose solut ion will determine 
the stability of any specific experimental configuration such as the multipole . 

• Presented by R . J. HAsnE. Full text of paper not available. 

Stability of Helmholtz plasma flow in a discontinous magnetic field' 

F. H ERRNEGGER 
Institute for Theoretical Physics, University of Innsbruck, Austria 

THE stability of time-dependent plasma flow of the Hclmholtz type in a discontinous magnetic field 
and unstable density gradient is investigated in the BOllssinesq approximation. The stabilities are due 
to the tangential discontinuity of the kinetic energy of the different layers. 

Incompressible inviscid plasma stratifications with infinite electrical conductiviiy are embedded 
in a uniform constant grav itational field and in a shea r-free magnetic field . Linearizing the basic 
equations one obtains a third·order differential equation for the z·component of the disturbed 
flow velocity. Investigating this differenti al equat ion with the help of integral transformatio ns it is 
shown that there are modes with a signific:lOt effect on plasma confinement not having the form 
exp (irLt) and not fitting into the framework of normal mode analysis . 

• Presented by the au thor. Paper ava ilable as an internal report, Scientif. Report No. 47. 
Contract No. F61052-67-C-0014. 
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A two-dimensional computer-program for end losses from a theta-pinch* 

F. HERTWECK and W . SCHNEIDER 

lnstitut fur Plasmaphysik, Garching bei Munchen 
Federal Republic of Germany 

THE axial losses of mass and energy at the end of a theta-pinch are investigated. 

455 

The plasma is described by a onc-fluid model with the following assumptions: infinite electrical 
conductivity (a = co). electron temperature equal to ion temperature, isotropic pressure and radial 
equilibrium. 

As boundary conditions for the magnetic field B it is assumed that the current in the coil is constant 
in time and that B is continued periodically at the end-plane. For the dynamic quantities p. v 
a nd the heat flow q boundary conditions are llsed, which allow free outnow at the end-plane. The 
initial condition corresponds to an already compressed plasma in radial equilibrium. 

The resulting system of partial differential equations for the quantit ies p. v, p and B as function of 
r, z and t is so lved numerically in magnetic field line co-ordinates. The main advantage of this co­
ordinate system is the more accurate computation of efTects parallel to the magnetic field lines, 
because there is no numerical dilfusion. 

It is investigated how the disturbance due to mass and energy losses at the end of the theta~pinch 
propagates into the inner part of the vessel. The relative importance of kinetic energy, heat conduction 
and convection for the endlosses is calculated . 

This program is intended as a first step towards a more sophisticated program with a two-fluid 
model including anisotropic pressure. 

* This work was performed as part of the joint research program of the Institut fUr Plasmaphysik. 
Garc~ing and Euratom . Presented by W. SCHNEIDER. 

Electron line density measurements in a magnetic rotating field pinch* 

A. HEYM 

Laboratoire de Recherches sur la Physique des Plasmas, Lausanne, Switzerland 

Two high power generators deliver rJ. pulses each of which consists of 8 periods at a frequency of 
2 Mc. They generate a plasma in a tube of 5 cm diameter and 50 cm length. One generator produces 
an axial current of 18 kA peak amplitude while the other, which feeds a 3 turn coil , induces an 
azimuthal current of 56 kA peak amplitude in the plasma . When the two currents are 90° out of phase, 
the plasma experiences a rotating magnetic field of 1·8 kG. 

We have measured the temporal and spatial evolution of the electron line density in such a dis­
charge with a Mach Zehnder interferometer. This apparatus is equipped with a photomultiplier 
detection system which allows the electron li ne density to be measured without ambiguity. 

These measurements were made in 25 mtorr He which was preionized by an axial current pulse of 
13 kA amplitude and 15psec duration . 

The formation of a pinch is demonstrated. The elcctron density on the axis of the discharge tube 
grows during the first two microseconds until the value of 1·6 X 1016 electrons cm-3 is reached. At 
this time the density within 4 mm of the wall is zero and the integral of the electron density over the 
cross section indicates complete ionization . After about 2·5 p.sec, evolution of gases from the wall 
causes the current to switch back to the wall bringing about the formation of a 'hang-up' pinch which 
lasts for the remainder of the discharge . 

* Presented by the author . 

Theoretical and experimental results on the electrostatic plugging of a 
cusp containment system * 

J. L. HILTON, C. K . HINRICHS and A. A . WARE 

Aerojet-General Corporation, San Ramon, California, U.S.A. 

IT HAS been generally assumed that the use of electrostatic fields to suppress CllSp losses, due originally 
to LAVRENTEV [1] is limited to low densities such that the Debye length is not less than pi, the ion 

* Presented by A. A. WARE. Work sponsored by Air Force Acro Propulsion Laboratory, 
Research and Technology Division . Air Force Systems Command, United States Air force . 
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Larmor radius: Calculations 3:~ presented whic~l show that the limitation is much less stringent and 
that useful fusIon reactor densItIes can be contamed because (I) the penetration of the electric field 
depends on the :lpplicd voltage and not on T~ ; (2) the electric fields can be used to maintain sheath 
electric fields so that the line cusp p13sma thickness can be reduced to 2p.; and (3) the double clcctro~ 
static fields can be applied more than once in sequence. 

Electrodes to produce sllch potclltials have been placed around the axial and line ClISPS of a simple 
ClISP confinement system. The magnetic field strength in the cusps was 7 kG, plasma volume ........ 11.. 
base pressure about 5 x 10-7 torr. A 20 mA beam of 16-KcV hydrogen molecular ions was injected 
through an axial cusp. A collimated secondary emission detector, positioned outside the contain~ 
ment volume away from the cusps to dctect the charge exchange and dissociation neutrals, showed a 
lOO-fold increase when +8 kV and -2 kV were applied to the appropriate electrodes. It is est imated 
that a plasma density approaching 109 cm-3 was obtained. Penning discharges are at present limiting 
the maximum voltages which can be applied. Preliminary measurements with lower beam energies 
show similar enhancements. 

(11 O. A. LAVRENTEV, Ukrainian. J. Pllys. 8, 440 (1963); 8,446 (1963). The scheme has been con­
sidered also by the cusp group at Jutphaas ; private communicat ion. 

Some theoretical aspects of multipole devices· 

G. D. HODUS and 1. B. TAYLOR 
U.K.A.E.A. , CuI ham Laboratory, Abington, Berkshire, United Kingdom 

THE basic properties of a multiple device are determined by its nux distribution x(r) and in particular 
by a set of line integrals. These include the vo lume per flux tube, U(X) = P d/IB, the length of a tube , 
L(X) = ~ d/, the magnetic potential <])(1.') = f Bdl etc. The determination of these fundamental 
quantities and their relation to the current structure in the mult ipole is discussed. In linear sysetms the 
complex potential \1'" = X + icfo grcatly simplifies the problem and permits a full discussion of multi­
poles based on filamentary conductors. Detailed results are presented for the quadrupole. 

The basic line integra ls are also involved in the determination of plasma diffusion in linear multi~ 
poles, for the diffusion equation can be reduced to 

a all all 
ax D(II. X) ax ~ U(X) Tt 

where n(x. t) is the particle density. The fo rm of D(Il, X) depends on whether diffusion is classical, 
(D cc IIV(X)) or Bohm, (D cc Lex)). Characteristic difrusion times are given for both cases and for 
several multi pole configurations. 

Analogous results have also been obtained for toroidal, axisymmetric multipoles by numerical 
integration. The asymmetry introduced by toroidal effects and the associated changes in the basic 
line integrals arc in general small. The properties of a toroidal device only differ significantly from 
those of the equivalent linear system at aspect ratios less than 2: 1. 

• Presented by O. D . Honns. Plasma Pllys. 10, 207 (1968). 

Instability of hot-electron plasma' 

H . IKEGAMI, H. IKEZI, M. HOSOKAWA, S. TANAKA and K. TAKAYAMA 

Institute of Plasma Physics, Nagoya University, Nagoya, Japan 

THIS is a report of the experiment on a hot-elect ron plasma generated by a microwave discharge 
in a vacuum tank which served as a microwave resonant cavity (30 cm dia. x 40 cm) in a simple 
mirror field (4000G-1200G-4000G). The temperature of the electrons in the plasma exceeded 100 keV 
and the electron density was about 1012 cm-3 • The plasma ions in helium arc cold, having a tempera~ 
ture of about 10 cV. 

Several methods [1] were found to trigger the instability in a quasi-stable plasma. In our hot­
electron plasma (named TPM after Test Plasma by Microwave discharge), an instability can be triggered 
at will by introducing an additional small microwave pulse of the same frequency as the heating 

• Presented by K. TAKAYMA. Paper to be published in The PhysiCS of Fluids and is also available 
as an internal report, IPPJ Report No 59. 
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n~icrowave. pulse at some arbitrary ti!l1c (1 - 5.0 mse~~ after turning off the main heating pulse. No 
difference IS observed betwecn the tnggered instability ::lOd the spontaneous one which occurs un­
controllably under some conditions. The excitation or the instability is seen about 50l.lSeC behind 
the rront 01 the triggering pulse. 

The ins~~b i lity. is .accompanied .by a sudden dccax of plasma, a burst of X-rays from the cavity 
wall, fast-rlsmg semtlllator probe Signals due to the high energy electrons through the mirror throats 
and an intense microwave burst. Correlations arc not found between the signal to the probe at the 
centre of the cavity wall and that to the probe close to the cavity cnd-wall. Both probes are situated 
on the same magnetic field lines. This implies that the instability may not be a type of macroscopic 
flute instability. 
[I] W. A. PERKINS and R . F. POST, Physics Fluids 6,1537 (1963). 

Plasma acceleration using a high power microwave and a static magnetic field * 
H. ISHlzuKA, G. MIYAMOTO, M. OKABAYASHr and H. TOYAMA 
Department of Physics, Uni versity of Tokyo, Tokyo, Japan 

PLASMA acceleration in mixed fields (h.C. + stat ic magnetic) has been actively studied by Consoli and 
his co-workers. Wc m:1dc a similar stlldy in a high power range of the accelerating wave (0'2- 1 MW 
pulsed, 2998 Mc/s). Plasma was injected into an accelerating structure, e.g. a resonant cavity having 
:1 Q-valuc of 100, by means of a spark source. The static magnetic field E. at the ccntre of the cavity 
was variable up to 2700 G . In case of low plasma density ( :;;; JOIO cm-3), only clectrons wcre strongly 
accelerated along the magnetic axis. The acceleration was most effcctive when the electron cyclotron 
resonance occurred near the centre of the cavity (8, R:f 1070 G). Electrons then gained the axial 
energy of 100 keY or higher in agreemen t with numerical calculations. In case of high plasma density 
(101~-10\3 cm-3), ions wcre accelerated together with electrons. T he maximum ion energy increased 
with increasing R, and reached the 100 keY range at S , I'l::I 2000 G . Such a feature was, of course, 
affected by expcrimcntal conditions: e.g. the maximum ion energy was reduced to 70 keY, nearly 
independent of E, for B. ~ 1000 G, by replacing the cavity by a uniform waveguide. The tota l ion 
energy flux reached 10 per cent of the incident microwave energy. \Vhen the magnetic field was 
strong enough to push the position of c1ectron-cycJotron resonance outside the accelerating structure, 
the h.f. field extended beyond that position. These results can be qualitat ively explained by the 
excitation of right-handed waves in the plasma . 

... Presented by H. ISHIZUKA. Paper submitted to Plasma PhYSiCS. 

A rotating magnetic field pinch' 

r. R. JONES, A. LIETrI and J-M. PEIRY 
Laboratoire de Recherches sur la Physique des P!asmas, Lausanne, Switzerland 

H ELIUM gas at a pressure of 60 O1torr is conta ined in a discharge tube of 4·8 cm dia. and 49 cm length 
which is equipped with end electrodes and is situated within a mull i-turn solenoid. The gas is pre­
ionized by means of an axial current pulse of 9·5 kA amplitude and 32 /lsec duration. Following the 
preionization pulse, two high power r.r. generators, each capable of delivering pulses of 7 pe riods at 
a frequency of 3'10 Mc/s, are triggered. Onc generator produces an oscillating axial current in the 
preionized plasma while the other induces an oscillating azimuthal current. The generators are 
adjusted to give equal Bo and E; peak amplitudes at the inner wall of the discharge tube. Peak 
amplitudes of 2·2 kG are obtained. 

When the two oscillating currents are 90° Ollt of phase, the plasma experiences the continuous 
magnetic pressurc exerted by a rotating fie ld. Streak photographs show that the plasma separates 
rrom the tube wall and implodes towards the axis. Framing pictures show that cylindrical symmetry 
is maintained during this implosion. The implosion stage of the pinch is shown to be well represented 
by a solution of the appropriate snowplow equation . 

At 1·1 Jtsec arter the initiation of the r.f diSCharge, luminosity again :1ppears in the region of the 
tube wall and stays there for the remainder of the diSCharge. It is surmised that this li gh t appears 
because the current sheath which is driving the pinch returns to the wall and subsequently flows there 
for the remainder of the discha rge. Measurements made of the time variation of the inductance of the 
pinch. support this supposition . 

... Presented by T. JONES. Plasma Phys. 10,213 (1968) ; and is also available as an internal report, 
LRP 31/67. 
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Recent investigations on · plasma instabilities ::: 

B. B. KADOMTSEV 

1. V. Kurchatov Institute of Atomic Energy, Moscow, V.S .S.R . 

A SHORT survey of recent theoretical and experimental papers on the plasma instabilities in strooer 
magnetic fields is given. The main attention is paid to the instabilities of an inhomogeneous plasmt 
Their relation to nuclear experiments is discllssed . 

• Presented by the author. 

Resistivity of the plasma in strong magnetic fields" 

B. n. KAD01,tTSEV and O. P. l'OGUTSE 

I. V. Kurchatov Institute of Atomic Energy. Moscow, V.S.S.R. 

THE effect of anomalolls res istivity of a non isothermal plasma is considered under the conditions when 
the Larmor frequency is greater than the Langmuir frequency. It is shown that the ion-sound in­
stability does not give rise to an appreciable increase in the resistivity. When runaway electrons are 
produced their distribution function tends to be isotropic due to the anomalous Doppler effect. The 
increase in the plasma pressure and effective temperature caused by these electrons can be observed 
experimentally in the form of the anomalous res istivity . 

• Presented by B. B. KADOMTSEV. 

Electron and ion waves in fully ionized plasmas* 

D . KAHN 

NASA Electronics Research Centcr, Cambridge, Mass. , U.S.A . 

THE influence of inter- and self-particle collisions on the propagation of electron and ion disturbances 
in fully ionized thermonuclear plasmas is studied. Beginning with Max\vell's equations and the 
(collisional) Boltzmann equations for the electron and ion velocity distribution functions, a set of 
coupled equations, truncated in third order (containing the stress and heat flow terms) is derived. 
The analysis is simplified by considering only small amplitude disturbances in the presence of a purely 
longitudinal (or zero) external magnetic field. The dispersion relation for electron and ion waves is 
derived, and solved for the absorption and dispersion coefficients as a function of the elect ron-ion, 
electron-electron, and ion-ion collision to wave frequcncy ratios; as well as of the electron and ion 
plasma to wave frequcncy ratios, for cases where the self-collision fre'luencics are both less and greater 
than the corresponding plasma frequencies. In the limit of infinitely large self-collision to wave 
frequency ratios the dispersion relation reduces to that derived from continuum theory [1]; for finite 
values of the self-collision frequencies we found a rather strong absorption function dependence both 
on the self-collision to wave frequency and self-collision to plasma frequency ratios. The prec ise 
dependence predicted by this collisional theory on the collision, wave, and plasma frequency ratios 
are given by numerical solution of the dispersion relation. 

* Presented by the author. 

[I] D. KAHN, Physics Fluids 7 (1964). 

Thermally anisotropic plasma instabilities· 

G. KALMAN,t C. MONTES and D . QUEMADA 

Laboratoire de Physique des Plasmas, Faculte des Sciences, Orsay, France 

A TI-iERMALLY an isotropic plasma, whose zero-order velocity distribution function is anisotropic, 
presents an essential electromagnetic instability, produced by the magnetic interactions of current 

• Presented by C. MONTES. Paper submitted to Tlte Pltysics of Fluids . 
t Present address : Astrophysics fnstitute, Brandeis University , Waltham, Mass. and Air Force 

Cambridge Research Laboratories, Bedford, Mass. 
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fluctuatio ns. WEI~EL [I] was the [.rst to. show .this type of instability in a thermally anisotropic 
ekct~o~ plasma with a bnckground ~f statIOnary lO~s. In the absence of magnetic field . He analysed 
the 11l11lted case of large phase vcloclty compared with the lowest thermal velocity [(w /k) > b]. The 
physical mechanism responsible for these. inst~bilities has been d.iscuss~~ by FRIED [2]. They have 
shown tha~ for strong alllsotropy the amplificatIOn rate of such an. instabIlity is of the order of (a/c)wo. 
(where Wo IS the plasma frequency, a the transverse thermal velocity and c the speed of light) and thus 
much smaller than Wo. tlle ampl ification rate of the electrostatic instabilities [3]. Under certain 
conditions where electrostatic longitudinal instabilities are not present, however, electromagnetic 
instabilities might be important. We have extended the analysis of the transverse instability beyond 
the Weibel approximation, to an anisotropic collision-free Vlasov plasma. Our general dispersion 
curve.Ji w vs. k exhibits a maximum for fro , for any arbitrarily small anisotropy, Furthermore, we 
find the marginal stabi li ty criterion for finite value of k [4]. If we take as a princ ipal axis of anisolropy 
the direction of the lowest thermal velocity, we can define an angle 0 between the direction of this 
axis and the wave vector k . Taking into account the O-dependence of dispersion curves , wc show that, 
when 0 incrcases the domain of instability with respect to k will be reduced, at the same time the 
maximum growth rate decreases, An anisotropic velocity distribution function introduces a coupling 
foi' waves propagating obliquely with respect to the principal axis of anisotropy. Considering an 
electron-ion plasma, we show that the longitudinal ion acoustic mode becomes also unstable in the 
case of the oblique propagation . This ion acoustic mode, when coupled with the transverse one, is 
found to be overstab!e [5]. 

[lJ E. S. WEIBEL, Phys. Rev. Let!, 2, 83 (1959). 
[2] D. D. FRIED, Physics Flllids 2, 337 (1959). 
[31 O. PENROSE, Physics Flllids 3, 258 (1960) . 
[4] C. MONTES, These 3e Cycle, Universite de Paris (1966), 
[5] G. KALMAN, C. MONTES and D . QUEMADA, submitted to Physics Fluids. 

Stationary equilibrium of a toroidal plasma * 

E. T. KARLSON 
AB Atomenergi, Stockholm, Sweden 

THE stationary equilibrium of a low-density plasma in toroidal geometry is studied theoretically. 
The effects of finite resistivity and inertia are taken into account. It is assumed that plasma is injected 
with a source density Q and a velocity It which mayor may not be equal to the local plasma velocity 
v. rf /1 is small enough there is always a unique equilibrium solution . 1f the streaming velocity along 
the magnetic fie ld lines becomes equal to the sound velocity in the plasma, there is no longer a un ique 
equilibrium solution . The connection between this result and the character of the differential equations 
governing the motion is discussed . 

• Presented by the author. 

Principles of electrostatic containment of an ionized gas in the MAYA apparatus* 

A. S. KAUFMAN 
Department of Physics, The Hebrew Univers ity of Jerusalem, Israel 

Two of the objections to electrostatic containment, charge separation and Earnshaw's theorem, are 
irrelevant in an arrangement where a state of static equ ili brium is not demanded and expansion of the 
ionized gas to the container walls can occur slowly. The initial arrangement consists of a plasma 
cylinder situated on the axis of a conducting cylinder which is negatively charged with respect to the 
plasma; an outward radial electric field in the plasma must also exist. Polarization of the plasma 
sets in with the formation of an electric double layer, the inner electron layer of which is attracted by 
the positively charged core on the axis. The containment time, given by the speed of expansion of the 

>I< Presented by the author. Full text of paper not available. 
This research has been sponsored in part by the Air Force Cambridge Research Laboratories 

through the European Office of Aerospace Research, OAR, United States Air Force under contract 
AF61 (052)-891. 
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ion layer, is essentially determined by the ion pressure (nnd not the electron pressure) outwards , and 
the electrostatic pressure inwards due to the plasma radial field. The results with the MAYA apparatus 
(AVIVI et al. [1]) arc qualitatively in agreement with th is scheme. The prediction is made that the 
expansion of the ions can be prevented by increasing sufficiently the negative potential on the outer 
cylinder. 

[1] P. AVIVI, N. DcN-YOSEF. F . DEUTSCH and A. S. K.,\uFMAN, Slow expansion of a plasma column 
without the application of a magnetic field , Nature, Lond. 199, 1244-1246 (1963), 

Confinement of electrons in 'Tornado' traps' 

A. N. KOZYRF.V. B. P. PEREGOOD and L. V. HADARIN 
A. F. Ioffe Physico-Technicnl Institllte 
Academy of Sciences of the U.S.S .R. 

THE paper contains informat ion about the method and research results on the behaviour of electrons 
in 'Tornado' traps. The filling of the trap with electrons has been carried out by means of an injector 
located in the middle region. The electrons have been injected into the trap continuously within a solid 
angle near to 41T. A 4rr-geometry collector surrounding the trap has been used fo r the detection of 
escaping electrons. Simultaneously with the collector current measurements other measurements 
have been carried out, that is: of the now of escaping electrons on the trap spirals and of 
the current on the constructive elements of the injector. Two traps have been investigated: a 
'skin' trap, 'Tornado-I ', and a double spiral trap, 'Tornado-2' . In the case of the skin trap the flow of 
escaping electrons decreased abrupt ly as soon as the current in the spira ls appea red and became 
less than the sensitivity threshold of the detect ing system in about 2 msec. The collector flow increased 
(here the sphere \~as llsed as a collector) whilst the value of the magnetic field of the trap continued to 
be at a maximum level and in about 3 msec after current switching there appeared a specia l break on 
the electron flow curve. After that the flow of escaping electrons reached a constant value approxi ­
mately egual to one-half of the electron flow in the absence of magnetic field. The time when there 
was no flow of escaping electrons became app roximately equal to the time of field penetration through 
the skin trap sphere. In the trap 'Tornado-2', when the currents in both internal and external spirals 
were egual, there was no flow of escaping electrons. The perturbation into the system was introduced 
by disturbing the eguality of currents in the spirals. With decreasing current in the externa! spiral 
the collector flow appeared and increased sharply. It is poss ible to suggest that these phenomena are 
connected with the toroidal structure of the magnetic field in the trap and with its destruction at 
definite conditions. The results permitted to estimate the life -time of electrons leaving the traps at 
different experimental conditions. It turned out that this time was of the order of 1O-~ sec . 

• Presented by A . B. BEREZIN . Full text of paper not avai lable . 

Plasma heating and wave propagation at harmonics of the ion-cyclotron frequency' 

M. KRISTTANSEN 

Department of E lectrical Engineering, Texas Technological College 
Lubbock, Texas 79409 , U.S.A. 

and 

A. A. DOUGAL 
Department of Electrical Engineering and Laboratories for Electronics and Related Science 

Research , The University of Texas , Austin, Texas 78712, U.S.A. 

WAVE propagation and plasma heating at harmonics of the ion-cyclotron frequency (DJ have been 
investigated in a mOderately hot plasma. The t ransverse plasma temperature is T.L '< 50 eVequivalent 
and the plasma density is 1l ~ 6 X lOl7 m-3• A Faraday shielded 'Stix coil' couples r .f. power into the 

"Presented by M. Kn lsTIANSEN. Paper will be submitted to The Physics 0/ Fluids or to Physical 
Review Lellers and is also available as an internal report, Laboratories for Physical Electronics , 
Texas Tech. College, Tech . Report No. 3. 

Work supported by the National Aeronautics and Space Administrat ion and by the National 
Science Foundation . 



Second European conference on controlled fusion and plasma physics 461 

plasma from a 30 kW, 5·8 MHz driver. A 'magnetic beach' gcometry is employed for the wave 
propngation studies . Diagnostic equipment includes magnetic and diamagnetic probes, microwave 
intcrferomet ry, directional couplers, voltage and current probes and photomultipliers with narrow 
band pass filters . Waves arc obscrved to progapate for w < GO;, where G is an in teger. Wave 
attenuation and enhanced plasma heating takes place at w = GO;. The existence of higher order 
transverse modes is indicated . Thcoretical calcula tions based on the hot plasma theory and the exist­
ence of the higher order transverse modes qualitatively predict thc wave propagation and plasma 
heating at the mcasured plasma density and temperature. Stop bands in the wave amplitude vs. 
frequcncy curve arc predicted and observed . 

Use of a monochromator for the velocity and temperature measurements in a 
coaxial plasma !lccclcrator* 

S . KULlNSKI, J. Now[KOWSKI and S. SUCKEWER 

Institute of Nuclear Research, Swierk, k'Otwocka, Poland 

THE axial speeds of different groups of ions as a func tion ofa delay time T for two test gases , hydrogen 
and air, were measured in a coax ial plasma gun with the aid of a monochromator. The gun had the 
following parameters: the total length 1= 30 cm, inner radius 1'1 = 4·2 cm, outer radius 6·2 cm, 
capacitor C = GAII,F charged to Vo = 20 kY, peak current I ~ 60 kA , period of discharge T ~ 11 
{lseC, initial pressure in the gunpo = 5 X 10- 1 mmHg. In each pulseO'7 cm~ of the gas at atmospheric 
pressure was supplied to the gun. The measurements were done wi th the aid of monochromator 
UM-2 combined with a photomult iplie r FEU-33. The speed measurements were done for the follow­
ing ions : H I (486I) , Cu (4267), Nu (4630), Cm (4647) and Nm (4097) for delay times TU = 90,240 
and 370/lsec. and 'T,\ = GO and 240 flsec. Here Tn corresponds to the hydrogen gas and 'TA to air. 

Besides the measu rements of the speeds, the electron temperature was also measured from the 
ratio of the intensities of the lines Cm 4G47 A and Cn 4267 A. . 

The salient features of the results ob tained can be formulated as follows: 

1. There are at least two different plasmoids: a slow one propagating with the speed of about 
2 x 106 cm/sec and a fast one with the speed of about 5 X 106 cm/sec . 

2. The speeds of different ions were approximately equal for a given plasmoid. 
3. There is only a small difference in the axial speeds when , instead of hydrogen, air was used as a 

test gas. 
4. The speed of a given ion onl y slightly depends on the delay time. 
5. The average temperature of the electrons is approximately equal to 4 eV. 

A qualitative discussion of the results based on a single particle model of acceleration is given . 
It indicates that two groups of accelerated particles can emerge from the gun, one in which the energy 
of a particle is proportional to its mass and another onc with energy independent of the mass of a 
particle but proportional to its charge . 

... Presented by M. GRYZTNSKI, Paper to appear in Plasma Physics and is also available as Institute 
of Nuclear Research , Swierk, Report No. 781 XVIII pp (1967). 

Toroidal screlV pinch experiments· 

P. C . T. VAN DER LAAN, R . F . DE VRIES amI C . BOU1::LLlIJK 
Association Euratom-FOM, FOM-Instituut voor Plasma-Fysica RijnhuizeD, Jutphaas, 

The Netherlands 

To OBTAIN a better understanding of the unexpectedly stable behaviour of the screw pinch \VC arc 
applying marc diagnostic methods in the present arrangement [1] and are extending the parameter 
range in two new screw pinch devices . 

In the present arrangement all diagnostic methods used so far yield completely reproducible sig­
nals; recent measurements with electrostatic probes will be presented. 

A higher temperature is obtained in a small-scale experiment (2R = 32, 2r = 8 cm) in which a 

... Presented by P. C. T. VAN DER LAAN. 
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higher value of ~Bld/ is ar plicd by ~ fast capacitor ba,nk. A slow capacitor bank has been installed 
whereby the ratiO of con jll1cmcnt llllle to the theoretically predicted growth time of instabilities is 
increased beyond its presen t V~illlC of about 7. 

At the moment of writing a th ird assembly is under construction . Herein a combination of 
capacitor banks s imilar to that of the small-sca le experiment supplies energies up to 75 kJ to a torus 
with the same dimensions as the onc in the first assembly (2R = 72, 2r = 12 cm). A system for 
prcionization at filling pressures below Sit is being developed. 

[I] C . BOBELDIJK el al., P/tlSllla Phy..,.. 9, 13 (1967). 

Equilibrium of plasma in axially symmetric magnetic ficlds* 

J, LACINA 
Institute of Plasma Physics, Czechoslovak Academy of Sciences 

Prague, Czechoslovakia 

THE relations that ex ist bctwcc!1 the pressure tensor, the electric current in plasma and the self-con­
sistent ll1~gnetic field for cquilibr ium plasma configurations in magnetic mirror systems are derived 
and discussed . The analysis starts from the distribution function of equilibrium plasma derived 
ea rlicr [Nue!. FIISioll 6, 26S (1966), Nile!. Fusioll 6, 276, (1966)]. It is found Ihat the prcssllfe tensor 
(appearing in these relations) is diagonal. with Pu =F Ptp<p =F P'''I (Pi ';, P<p<p are the pressure components 
perpendicular to the lines o f force, p'}'} that along the lines of force). The plasma pressure in magnetic 
mirror systems is usually strongly anisotropic also in the plane perpendicular to the lines of force 
(p.;; differs considerably frol11 Prpfll) and the approximation Prprp ::::.:l p~.; ;:;:::: P.l can no longer be used. 
This anisotropy is due to the strong dependence of the d istribution function on the in tegral 
prp = mrV1p + e/crA1p ; the cause of this strong dependence lies in the finite Larmor radius (real 
plasma consists of spatially bounded beams with Larmor radius of the same o rder as tile plasma radius) . 
Because of the cu rvatu re of the magnetic surfaces, the relations between the macroscopic quantit ies 
are affected by both longitudinal and perpendicular plasma anisotropy. Equations describing these 
relations are derived in the paper for finite fJ = 81TPIB2 and in the approximation fJ ~ 1 as well. 

'" Presented by the author. Paper submitted to Nuclear Fusioll. 

Investigation of plasma turbulence in a high-current toroidal discharge by 
a microwave probing method'~ 

M. M. LARIONOV and V. V. ROZIIDESTVENSK II 
A. F. loffe Physico-Tcchnical Insti tute, Leningrad. U .S.S.R. 

AN ELECTROMAGNETIC wave passing through a tllfbuient medium is scattered by the refractive index 
inhomogeneities. This scattering leads to the formation of amplitude and phase fluctuations of the 
received signal. These fluctuations are often observed when a turbulent plasma is being probed by 
microwave signals . One can use this effect in a study of turbulence. 

For a wavelength of 4 mm, we observed the passage of signals through the plasma in the 'Alpha' 
machine. The plasma thickness between the transmitt ing and receiving horn a ntennas was about 
90 cm. In the received signal fast random fluc tuations of power reaching 10- 15 dB were observed . 
The frequency spect rum of fluctuations was studied by a set of resonance filters and by correlation 
technique. It was found that in the frequency range 100 kHz-2 MHz the fluctuation power steadily 
falls as the frequency increases. 

To explain the data obtained. wc used the theory of rad iowave propagation in a turbulent atmos­
phere. Jt is shown that the frequency spectrum of signal nuctuatiuu.s i.s determined by the spectrum 
of refractive index fluctuations in the turbulent medium, and the mean square of fluctuation amplitllde 
depends on the parameter 6.N 2a, 6.N being the change of refractive index in the turbulence, and a 
being the mean size of the turbulence elements. 

We llsed the mean size a obtained from probe correlation experiments . From the data on micro­
wave signal fluctuat ions we calculated the mean fluctuation of refractive index and eventually the 
mean fluctuation of electron density in plasma turbulence. In the plasma of the high-current toroida! 
discharge with force-free field configuration this value is of the order of 10 per cent, and a spectrum of 
density fluctuations covers the frequency range from tens ofkHz to the frequency limit of the apparatlls 
which is 2 MHz. 

'" Presented by M . LARIONOV. Paper submitted to Joumal of Technical Physics, U.S.S.R . 
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Stabilization of density gradient instabilit ies by the dispersion of 
curvature drift velocity'" 

G. LAVAL, E. K. MASCHKE, R. PELLAT and M. VUILLEMIN 

Groupc de Recherehes de l'Associa tion Euratom-CEA sur la Fusion, 
n.r. No. 6, 92, Fontenay.aux-Roses, France 
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THE eOcct of magnetic fie ld curvature on the drift instabi lity in an ion-electron plasma is usually 
simulated by introducing fictitious gravitational forces which produce particle drifts equal to the aver­
age drifts caused by the curvature . ThiS procedure is just ified as long as the drift velocity of the ions 
caused by such an equiva lent gravity , Vg., is much smalle r than the phase velocity wjku of the unstable 
mode in the direction of this drift. However, for large wavenum bcrs kv , and a lso for small ratios of 
electron to ion temperature , T~j T., the phase velocity w/k" becomes of the order of Vg; . In this case 
there will be a Landau efrect for the ions in the directi on of the drift motion, in addition to the usual 
Landau effect in the direction parallel to the magnetic fie ld lines. In the present paper the influence of 
thi s eITect on the drift instability is investiga ted for the case of a plasma slab in a magnetic field of 
constant favorable curvature . It is found that the Landau effect in the drift direct ion acts strongly 
stab ili zing, particularly for large wavenumbers kll ' The reason is that the poles in the dispersion rela ­
tion which yield this enect are much nea rer to tbe thermal velocity of the ions than in the case of 
gravi ty. Margi nal stability curves have been obtained by machine calculations. They are markedly 
different from the corresponding curves calculated with gravi ty. For instance, with a radius of curva­
ture twenty times the characteristic length of the density profile, and with TefTt = 1, there are unstable 
waves only for 0'5 .;;; kuat :s;.;; 4 (a/ the ion Larmor radius) and kIVt h. ~ < 6·5 k"vd8 but the gravity 
calculation yields instability for 0-5 :s;.;; k"al '" 24 and k I V/llo ' < 12k"vd. (with Vdo denot ing the 
electron diamagnet ic velocity) . 

• Presented by E. K. MASCHKE. Paper submitted to Physical Review LeJlers and is al so available 
as an internal report, EUR-CEA·FC·440 (in French). 

Plasma confinement in ring-current configurations* 

B. LEHNERT 
Royal Institute of Technology, Stockholm 70, Sweden 

THE field from onc or several ring-chaped coils can be used as a magnetic bottle for. plasma confine­
ment. In stationary operation as a fusion device the coi ls have to be suspended . A possible method is 
provided by magnetically screened leads. Earlier investigat ions by the author on thi s problem a rc 
extended by the following results: 

(i) In the confinement volume defined by field lines encircling one or several ri ng-shaped coils a 
static plasma equilibrium should be possible even in presence of the magnetic field from the leads. 

(ii) The particle losses introduced by the leads arc mainly non-adiabatic. They are partly due to 
deviat ions from the constancy of the equivalent magnetic moment in some very small regions where 
the field is weak, partly to deviations from the constancy of the longitudinal invariant which arise when 
a particle passes the lead region repeatedly and in fi ni tc steps. 

(ii i) These effects produce a scattering which displaces a particle randomly across the magnetic 
field by about one Larmor radius fo r each completc lead passage. It is equi valent to a kind of ambi­
polar diffusion across the magnetic field. 

(iv) Under thermonuclear cond it ions the losses due to the lcads become negligible compared to the 
thermonuclear power when the main field is pu rely poloidal. In a sheared field the same losses arc 
larger, but it should st ill be possible to make them less than the thermonuclear power. 

A device based on these principles is being accomplished . 

• Presented by the author. Paper published in the form of two articles in Plasma Phys. 10, 263, 
281 (1968). 

Theory of inertial confinement of dense plasmas * 
r. G. LINHART, CH. MAISONNIER and r. P. Sm,1ON 

Laboratorio Gas Ionizzati, Euratom-CNEN 
Frascati, Roma, Italy 

CYLINDR ICAL devices in which a central medium (such as a magnetic fie ld or a deuterium plasma) 
is compressed by means of a collapsing liner, are considered. The liner is supposed to be either a 

- • Presented by C. MAISONNIER. Paper submitted to Nuclear Fusion. 
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melallicshcll, nccclcmlcd by explosives, or a polytropic plasma shell , accelerated by magnetic pressure 
The results,of s~vcml studies on the dynnmics of the motion are presented (1-3] , They give in particu~ 
lar the cfficlcnclcs of the energy transfers from the external source to the liner and from the liner to the 
central medium, the confinement time, and the maximum energy density attainable in the compression. 
A more detailed ana lysis will soon be published . 

[lJ J. P. SOMON, Euratom SylllposiulIl 0 11 Theoretica l Plasma PhysiCS, Euralom15, 1244 c, f (1 966). 
[2) CH. MAISONNtER, M . HAEG I and J. G. LIt'IHART, Conference Oil Plasma Physics alld COlltrolled 

Nuclear Fusion Research, CIll/WIII 2, 345 (1965), 
[3] Proceedillgs of the COllference 011 Atlegagallss Maglletic Field Generalion by Explosives and Related 

Experiments, EUR 2750, e, Brussels (1966). 

Use of exploding foils in a rapid theta-pinch * 

1. G. LINHART and G. SCI-IENK 

Laboratorio Gas Ionizz.1 ti , Associazione Euratom-CNEN 
Frascati, Rome, Italy 

THE technique of rapidly transferring magnet ic energy by means of exploding foils is used in provid­
ing a rapid rise of magnetic field in a small theta-pinch . In this way rise-times of about 1/2/Jsec 
are achieved. The electrical and optical measuremcnts on pinches in hydrogen and inert gases are 
presented . 

These are used to calculate the over-all energy transfcr cfficicncics . 

• Presented by G. SCHENK. 

Fluctuations and diffusion in a lithium plasma * 

P. F . LlTILE, P. E. STOTI' and J. BURT 
U.K.A.E.A., Culham Laboratory, Abingdon, Berkshire, United Kingdom 

STUDIES of lithium plasmas are of interest because the ion Larmor radius can be made very small 
compared to the scale length of the radial density gradient. In experiments here a rhenium plate 2'5 
cm in diameter and 1·5 mm thick is mounted in a th in tantalum cylinder and backed by a similar disk 
of tungsten heated by electron bombardment. The temperature different ial across the rhenium plate 
is 50°1( when the plate temperature is 23000 K. A beam of lithium atoms from an oven at 9000 K is 

. directed onto the rhenium plate, creati~g a plasma ~f density " 0 < 10lo cm-a in a straight magnetic 
field of 2000 G. 

The apparatus is not accurately constructed for detailed studies of the plasma, but some measure­
ments are made to establish the feasibility of working with probes in lithium. One probe that can 
move radially and a second probe capable of axial and azimuthal motion are inserted into the plasma . 
Both show a spectrum of density fluctuations 'I similar to that observed in other alkali-mctal plasmas 
where drift waves have been identified. With about 1 cm axial separation between the probes the 
radial 'Co rrelation length for the density fluctuations is found to be about 2 mm, by measuring ( 111 li t) 
as a function of rad ial separation. The ion Larmor radius RI. is 0·8 mm, so k 1. RI. FI::S 1 as predicted 
for the drift instabil ity. _ 

The correlation between 11 and the potential fluctua tions V is measured at one radius at 110 FI::S 1010 

cm-3 ; (il l J7~) is constant within experimental error when probe 1 is fixed and probe 2 moved azi­
muthally. The radial flux 

is thus too small to observe in this crude system . The radial density profi les lIo(r) in two axial planes 
10 cm apart show no significant difference, confirming that the rad ial flux is small ; low diffusion 
rates have been seen by other workers in plasmas of comparable density . 

• Presented by P. F. LITTLE. Full text of paper is not available. 
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Elcctro·ma.gnctic emission from plasma focus* 

J. W. LoNG, N . J . PEi\COCK, R. J. SPEER-i' and P. D. WILCOCK 
Cui ham Laboratory, Abingdon, Berkshire, United Kingdom 

A SUPER DENSE pinch [1, 2] has been set up with dimensions of the inner and outer coaxial electrodes 
of 5 and 10 cm respec~ively, using a capacitor bank of 21·6 kJ at 30 kV. The initial gas current is 
formed across a pyrex Insulator at the closed cnd of the elcctrode system and the sheath is driven at a 
velocity of 107 cm/sec towards the open cnd, arriving at peak current. The maximum current of 
800 kA is reached in 2-6 /Isec . 

Framing camera and X-ray pin hole photographs show that in O-lllSCC the current sheath collapses 
to a narrow filament (---0'5 mm dia.) which breaks up in less than 50 nsec, although neutron and X-ray 
emission continue for 0-3/lsec. Filter absorption data at short wavelengths show that the electron 
temperature is sevcral kilovolts, and measurements of the radiated power using Si surface barrier 
detectors indicate nn ekclroll lll.:ll.sity of > IOI G/cm3 . 

The spectrum has been recorded using din'raction grating spec trographs at grazing angles of 
between 2° and 10 min of arc . A 2~1l1 Rowland circle, concave grating instrumenl is used down to 
about 7 A and a plane-grating insirument with approximately 2 arc min collimat ion is llsed between 1 
and 10 A. When 10 per cent argon is added to the gas filling lines at about 3·8 A arc observed. These 
a rc interpreted as emission lines from He-like AXVl I at 3·95 A and H-like AXVIII Lyman 0: at 3'75 A. 
T hese optical trans itions are more energetic than have been previously observed in the laboratory. 

• Presented by N. J. PEACOCK. Full text of paper not available. 
t Imperial college, London. 

[1] N . V. FILlPPOV, T. l. FILlPPOVA and V. P. VINOGRADOV, Nucl. Fusion. SI/ppl. Pt 2,577-587 (1962). 
[2] J . W . MATHER, Physics Fluids 3, 366-377 (1965) ; paper CN~21/8, COllferellce 011 Plasma Physics 

olld COlltrolled Fusioll Research (1965) The Culham Proceedings published by IAEA Vienna (1966) . 

Collisionless damping of large amplitude plasma. waves* 

I. H. MALMBERG and C. B. WHARTON 
General Atomic Division of General Dynamics Corporation, John Jay Hopkins, Laboratory 

for Pure and Applied Science, San Diego, California, U.S .A . 

ELECTRON plasma waves in a collisionless plasma a re damped even in the absence of close coll isions. 
This Landau damping [ l} has been experimentally verified to high precision (2, 3]. Landau's trea t~ 
ment is a perturbation theory in which the electric field is assumed smal l. The theory does not apply 
to large amplitude waves. The t ime case fo r large amplitude waves with negligible damping has been 
treated theoretically [4]. We have compared, experimentally, the damping of large amplitude plasma 
waves with that of small amplitude waves with all other conditions unchanged. The small amplitude 
waves are exponentially damped as predicted by Landau. The large amplitude waves exhibit a series 
of peaks associated with exchange of the energy between the wave and the resonant electrons analo­
gous to the effect predicted by theory (4] . 

• Presented by J. H . MALMDERG. Paper submitted to Physics Review Letters. 
This work was supported under contract DA-49-146-XZ-486 of the Defense Atomic Support 

Agency. 

[1] L. LANDAU, J. Pltys. 10,45 (1946). 
[2} J. H. MALMDERG, C. B . WHARTON and W. E. DRUMMOND, Proceedings of the Second IAEA 

COllferellce 011 Plasma Physics alld COlltrolled Nllclear Fusion Research . 1, 485 (1966). 
[3] J. H. MALMBERG and C. B. WHARTON, Pllys. Rev. Leu. 17, 175 (1966) . 
[4] T, O'NEIL. Physics Fluids 8, 2255 (1965); L. M. ALTSHUL and V. 1. KARPMAN, NOli-Linear 

Oscillatiolls ill a Collisiollless Plasma, presented at NOvo:ilbirsk Cunfereflce UII MUflY Budy Theury 
(1965), to be published in COllference Proceedillgs. 

Methods for the exploration of plasma confinement' 

D. W. MASON 
U.K.A.E.A., Cui ham Laboratory , Abingdon , Berkshire, United Kingdom 

IN THE study of plasma confinement experimentally two main Objectives are involved. These arc, 
firstly to investigate the containment properties of the device studied, Le . to evaluate the confinement 

• Presented by the author. 
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time an? m~asure the magnitude of the .classical plasma losses proc?sscs such as charge exchange and 
recombmallon a~d secondly to detcnnmc the presence, or otherwise, of instabilities and to identify 
them where possible. 

The experimental tc~h n iqllcs employed in the measure,ment of confinement time depend greatly 
?11 the means of generating the plasma . There arc th ree mam methods of plasma production currently 
In lIse : 

(a) energetic particle injection (e.g . ALICE, OGRA. PHOENIX, DCX etc.); 

(b) plasma generation by ionization within the trap (e.g. Stcllarators, Pinches, Tokamaks) ; 

(c) pulsed plasma injection (e.g. DECA H, Tablc Top. PR-5, M.T.S.E., Multipolcs), 

lnstabilitics in plasmns manifest themselves in a number of ways . In general, similar types of 
confinement geomctry yield characteristic symptoms. Thus, for example, r.f. activity at the ion­
cyclotron frequency is often observed in mirror machines whilst toroidal systems such as Stellarators, 
Tokamaks and ZETA exhibit .mUlIlalUlIS plasma diffusion . Some of the symptoms of the presence of 
instabilities are as follows : 

(a) anomalous diffusion; 
(b) fluctuations in magnetic field, electric fie ld and plasma density; 
(c) current and voltage fluctuations ; 
(d) anomalous resistivity; 
(e) scattering of microwaves ; 
([) ion-cyclotron radiation; 
(g) anomalous energy spreading. 

In this paper the most commonly used methods for measuring confinement time and detecting 
non-classical behaviour arc outlined for cach of the three methods of plasma production listed 
above and the relationship, between energy confinement time and particle confinement time, is dis­
cussed. Finally some of the observations of plasma instabilit ies in a number of containment devices 
arc described and some of the d ifficulties associated with the indentification of these instabilities is 
noted. 

Finite Larmor radius effect on the Kelvin-Helmholtz instability> 

H . MELCHIOR and M . POPOVIC 

Laboratory for Electrophysics, The Technical University, Lyngby, Denmark 
and 

Danish AEC Research Establishment, Riso, Denmark 

EXCITATION of the Kelvin-Helmholtz instability has been observed in a Q-machine when sufficiently 
large velocity shear exists between adjacent layers of the plasma column. 

In an interpretation of this work possible effects of finite Larmor radius and collisional viscosity 
were neglected. The purpose of our study is to remove the first of these simplifications . With finite 
Larmor radius included, the growth rate for the instability has been computed for several values of the 
velocity shear and different e-folding lengths of the density profiles. 

* Presented by H. MELCHIOR. Paper submitted to The Physics of Fluids and is also ava ilable 
as an internal report, Riso Report No. 158. 

Motion of charged particles in toroidaI geometry' 

C . MERCIER 
Groupe de Recherches de l'Association EURATOM-CEA sur la Fusion , RP. No. 6, 92 

Fontcnay-aux-Roses, France 

THE motion of charged particles in the region of an axis r of general form is studied. This axis is 
defined by its curvature and torsion which are functions of the curvilinear abscissa. 

* Presented by the author. Paper available as Report EUR. CEA. FC-446. 
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] f the particle remains inside a thin tube of radius ro centred about r where ro is of the order of the 
characteristic d istance of the field variation, then the particle is said to be confined and r is called the 
• I d" ' P asma ra IUS. 

By taki ng into account the expansion parameters Go (Larmor radius/plasma radius) and e (plasma 
radius/mean radius of curvature) toget her, an adiabatic type theory ean be developed, which takes 
fini te Larmor radius effects into account in the basic periodic solut ion of the problem . The expansion 
pammelcr is in fact : 

Larmor radius 
EGO = mean radius of curvature ' 

In the first-o rder approximation eGo, the principal terms which appear only in the second-order 
approximation of the cl.:tssic.:tl adiabatic theo ry (parameter Go) arc found . 

The equations arc no longer valid if the particle departs too far from the tube, but this case is not 
of in terest since these part icles arc no longer confined. 

The 'guiding cent rc' equations obtained are thus valid in the thin tube approximation, even if the 
Larmor radius is of the same order as the plasma radius. 

The cITect of singll larities in the magnetic field at in tegral values o f the rotat ional transform on the 
magnetic axis, can be s tudied, as well as the reRection of particles with Iow Vu due to a mirror effect of 
the toroidal field . Certain cases are completely .integrable to this order, and provide a s imple illustra­
tion or the phenomena. 

Non-linear resonance effects at high power in a cylindrical plasma * 

A. M. MESSIAEN and P. E . VANDENPLAS 
Laboratoire de Physique des Plasmas, Ecole Royale Mil itaire. 

Bruxelles 4, Belgium 

A PLASMA column exhibits a main resonance and series of secondary resonances whcn a low power 
electromagnetic wave (with El. axis and flU axis) is di rected on it a nd when the density is varied by 
altcring the discharge current. The co rresponding phenomena are now investigated at high power 
(E-fie lds up to 10' Vm- l). A luminosity curve gives an independent measurement of plasma dens ity as 
a function of diSCharge current. When E > 103 Ym- 1 , strong non-linear effects appear : deformation 
of the different resonance peaks and hysteresis, the corresponding luminosity cu rve exh ibits kin ks 
indicating greater perturbation of the average plasma density over a wider resonance domain. As the 
power increases, the kinks become plateaux indicating preferential absorption of energy at resonance 
and a tendency or the plasma to remain in a resonant state through h.f. ionization. 

With high incident energy. the high amount of energy absorbed at resonance is sufficient to sustain 
the plasma in a resonant state in the absence of a d.c. discharge cu rrent . The absorbed h.f. energy 
remains practically constant as a function of increasing incoming energy when the plasma is self­
sustained in one of its eigenmodes ; the corresponding density also remains practically constant as 
indicated by the luminosity. When the incoming h.f. energy is decreased below a certain minimum, 
there is a jump to the next resonance characterized by a lower density. 

'" Presented by P. E . VANDENPLAS. Paper published in Pllys. Le/l. 2SA, 339 (1967). 

Kinetic equations for microscopic turbulence' 

D. PFIRSCH, K. ELSAS.<;ER ann n. RISK AMP 
Max-PIanck-Institut fUr Physik und Astrophysik, Munich 

Federal Republic of Germany 

Two types of kinetic equations for the homogeneous microscopic ttlfbuience of a onc-dimensional 
plasma are compared with each other. These a re the usual quasilinca r approach and a theory based 
on the Hamilton-Jacobi formalism. Both theories should yicld the same results as long as particle 
trapping can be neglected. We est imate that this becomes important for times of the order of 

'" Presented by D. PFIRSCH. 

I m2 v,,(.6.v .. )3 
T= - . 2.1.:1. 

W l1 e't' 



468 B. LEHNERT 

here 11
" 

is a typical phase velocity in a reference system with vanishin rr group velocity and nu is the 
range of phase vclo~i[ics for the unstable modes . F,or times sn~all c~mparcd to T the two theories 
agree, whereas for tUlles of the order of T the Hanlllton-JacobJ approach deviates from the quasi­
linear theory in a way which can be interpreted as a relaxation effect. 

Instability and anomalous diffusion of a weakly ionized magnetized 
radio-frequency plasma * 

J. POLMAN 
Philips Research Laboratories , N . V. PhiJips' Glocilampcnfabrickcn 

Eindhovcn, Netherlands 

THE infl uence of a magnetic field on the transverse din'usion of a weakly ionized radio-frequency 
hydrogen plasma has been investigated by measuring the density decay of the plasma along the mag~ 
netic fie ld, directed parallel to the discharge tube (inner diameter 5 cm, Icngth 200 cm). Thc plasma 
is created at onc cnd of this tube. The :lxial decay length is inversely proporlional to the square root 
of the transverse diO'usion coenlcient. The range of prcssures used was 0,02-0,07 torr. At low values 
of the magnetic field (~50-70 G) the transverse diO'usion coefficient behaves c1assic;:llly, while at higher 
fields the transverse din'lIsion becomes anomalolls, its coefficient being independent of gas pressure 
and magnetic field . At the critical field Dcr , whcre anomalous diffusion begins, the plasma bccomcs 
unstable, showing oscillations with frequencies of about 100 kc/s and higher harmonics of this [rc~ 
qucncy. At highcr fields the oscillations disappear in strong random fluctuations. Dct is proportional 
to the square root of the gas pressure. An explanation of the above phenomena, based on the theory 
of the ion acoustic instability of a weakly ionized inhomogeneous plasma by Timofeev, can be given, 
from which the values of the critical field and the oscillation spectrum can be derived. The results o f 
the diffusion coefficient measurements can be explained by introducing the turbulent mixing length 
concept in the theory of a plasma, subjected to ion acoustic instability. 

'" Presented by the author. Paper published in Plasma Phys. 9, 471 (1967); also available as a 
Thesis, University of Groningen, Natuurkundig Lab. der R.U., Groningen, Netherlands . 

Fusion efficiency for revolving fields' 

M. L. POOL, J. W. SNYDER, P. E . WEtLER and P. POLISHUK 
Ohio State University, Columbus, U.S.A . 

IN A d.c. magnetic bottle a hydrogen plasma has been created by the magnctic and elcctric fields 
induced by two sets of four coils. One phase of a two~phase 4'O~MHz oscillator energizes two coils 
of each set. and the other phasc energizes the other two coils. The strength of the magnetic bottle 
fie ld is that required for ion-cyclotron resonance. Thomson scattering from a ru by laser beam 
indicates a particle density of 2 x 1013 cm-3 to date . The salient ability of the coil ensemble to (a) 
walk ions to the centre of the plasma and (b) to give them an energy corresponding to that in an 
orbit of a radius which is 5 per cent less than the radius of the vacuum chamber but no more 
energy, is corroborated. 

An extension of this coil ensemble is proposed. Two such ensembles as above would be placed 
in the same magnet ic bottle field and made to operate upon two parallel and c011linuously connected 
vacuum chambers. Onc coil ensemble would be energized at a cyclotron frequency of A and the other 
ensemble. properly phased. at a frequency of E, where AID = 3/2. A mixture of deuterium and tritium 
would be admitted . The two cyclotronic beams would react in the connected regions of the chambers. 
Calculations indicate that for the two ion beams, each at the terminal energy of 44·5 keY and at 
regional densities of about 1016 cm-3 , an energy yicld could be obtained which is equal to the energy 
inherent in the beams. 

'" Presented by M . L. POOL. 
Work sponsored by a grant from the Air Force Office of Scientific Research, Washington D .C . 

and in part by the Air Force F light Dynamics Laboratory. 
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The outer regions during a period of improved stability in Zeta 

D. C. ROBlNSON, D. C. BOLAND, R . E. KING and R. S. PEASE 

Culham Laboratory, Abingdon, Berkshire, United Kingdom 
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TilE c~istence of a period, ~"""'l msec) of ~mpro,vc.d stabi li ty and confinement is experimentally well­
esta~hs,hcd [1] . The cond~t~ons under Wlllch,thLS LS c:bscrved are not fU,lly in agreement with the early 
predlctLons of Ml-IJ? stabillly.for a low-p, dlfTLI~~ pmch [2,3]. A ~'~g~on of low conductivity at the 
Olller edge of the <lLseharge Will generate mstabLlLty unless the stablllzlOg field (BJ is reversed there . 
Measurements show a reversal in sign shor tly before and during the period of stability. The reverse B~ 
is gener~Hed during the earlier part of the discharge, presumably by the instabilities , if the discharge 
is sunicienlly constricted. Unless this reverse B: is generated, no stable period is observed. Measure­
ments made by laser light scattering show an electron temperature of about 100 eV in the central region 
of tILe uischargc at the start of the period . compared to ........ 25 eV at the wall. The resistive decay of the 
reverse B: is calculated to be about 10- 3 sec. Encrgy replacement times inferred from the central 
tem perature are (1 - 2) X ID-3 sce. This time is also comparable with the Bohm diffusion time. 

Measurements to dctcrmine the radial varia tio n of the electric field components, the density, 
plasma potential and thei r fluctuations, in the outer high shear region of the diSCharge, have been 
made. The results show an outer region which is relatively quiet during the period of improved 
stability. The fluctuation increases towards the centre of the discharge, The observed improvement 
in stability is consistent with the field configuration in the outer region conforming to the detailed 
requirements of MHD stability theory . 

• Presented by D. C. RODINSON. Paper is available as an internal report. 

[IJ E. P. BlTIT et al. I.A.E.A. CUI/Will COII/erel/ee, CN 21 /32 (1965). 
[2] K. J. WHITEMAN, Plasma Pllys. (J. Nucl. Energy Part C) 7, 293 (1965) . 
[3J E. P. BlTIT and R. S. PEASE, CuI ham Report R30 (1963) . 

A 90° laser scattering experiment for measuring temperature and density of the 
ions and electrons in a cold dense theta-pinch plasma * 

H . ROHR 
Institut fUr Plasmaphysik, Garching bei Munchen 

Federal Republic of Germany 

IN A 90° scattering experiment performed on a plasma with a density of approximately 1017 cm-3 

and a tcmperature of some cV a scattering spectfLlm is expected which consists essentially of an intense 
central part and two very weak satellite peaks. 

In this investigation the spectrum of the central part (ion line) was resolved. From the ion line 
alone which was in good agreement with calculated spect ra, the ion temperature , electron temperatu re 
and electron density wc re detcrmined, 

At somc plasma parameters only a fcw particles were included in the Dcbye volume. A lso in these 
cases no deviat ions from calculated spect ra have been observed. In addition, the posi ti on and half 
width of the satellite peaks were measured , The position of the satellite peaks yields an independent 
value of the electron density whieh agrees very well with thut determined from the ion line. 

The half-width of the satellite peaks was much broader than expected theoretically due to fluctua­
tions of the electron density within the scattering volume. 

The measurement was performed on a theta-pinch plasma , The energy of the condenser bank was 
7·5 kJ and the voltage 18 kV. As a light source a Q-switch laser was llsed with a power of approxi­
mately 100 MW. Because of beam stops to prevent stray light only a quarter of the whole power 
reached the plasma . 

• Presented by the author. Paper is available as an internal report, JPP 1/58. 
This work was performed as part of the joint research program of the Institut fUr Plasmaphysik, 

Garching and Euratom. 
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Research on magnetic fields and integral visible radiation of a plasma generated 
by a new type injector* 

M . SADOWSKI, and E. SKI:.ADNIK·SADOWSKA 

Institute for Nuclear Research, Swicrk kjOtwocka, Po land 

T I lE authors present the results of measu rements ca rried out by means of m;1gnct ic probes and a tcles· 
copie photomultiplicr set for a plasma generated by a multi-rod plasma injector [1 , 2] described also 
in another paper of the present conference. 

On the basis of oscillograms from outer magnetic probes the menn values of the plasma magnetic 
field components as well as the propagation velocities of uncompensated charges and plasmoids have 
been determined. Without outer magnetic field the velocity of uncompensated charges varied from 
10' cm/sce at 10- 1 torr to 8 X 10r cm/sce at 10-'1 torr, but in the presence of an outer field of 5 kG 
the velocities of the plasmoids were reduced to half Lh l.,; \'alul;;s jusl mentioned . 

The ti me correbtion ana lys is of probe signals and oscillations of the discharge current has shown 
that the genera tion time of the first groups of Charges depends very strongly on the initia l pressure. 
At a pressure of 10- '1 torr the first uncompensa ted charges arc ejected from the gun before the first 
cu rren t ma:ximulll . At higher pressures, c.g. 10- :l torr, such grollps arc emitted after the maximum . 
but slill before the sign reversal of the current takes p lace. 

The measurements carried Ollt with small inner magnetic probes have also delivered some informa­
tion on the operation of the injector. The inner probes enabled the cont rol of the recurrence of dis­
charges and the ageing effects of the electrodes. On the basis of the oscillograms obtained, the space 
and lime dist ri bu tions of the local magnetic field components and also the local values of the current 
density vector components have been determined . Info rmation abollt the space dist ribution of the 
axial current component j: made it poss ible to determine tbe conditions under which a phenomenon 
of a plasma focus occurs. The above effcct shows lip in the form of a jet at pressures of IO- ~_1O-3 torr . 

With the aid of the inner probes it has been found that the axial component j: wi th a maximum 
of 80 A7cm:l has a dominan t role in the plasma genera ted by the multi-rod injector. The radial 
component jr is smaller. approximately by onc order of magnitude, and the azimuthal component jo 
by two orders. 

The analysis of the results obtained from the inner and outer probes has shown. however. that in 
spite of the importance of the component j:. the azimuthal component jo plays a significant role. 
F rom computat ions based on the inner probe measurements the 1"0 time plots have been shown to 
agree wi th oscillograms of the average field 11: as obtained from the outer proqe measurements . 
This conformity of character and time correlat ions of appropriate plots [3] indicates that, in the 
plasma generated by the multi-rod injector, the leading role is played by azimuthal currents circulating 
at greater radii and ejected from the space between the rims of the rod electrodes. 

The results of luminous front velocity measmements. carried out with a telescope of photomulti­
pliers [4] were consistent with measurements performed by means of high-speed photography [5]. The 
axial veloci ty varied from (1-2) x 106 cm/sec at 10- 1 torr to (5-6) X 101 cm/sec at 10-' torr. Because 
the velocities determined on the basis of magnetic probe measurements arc greater by at least one order 
of magnitude. onc cannot identify the motion of uncompensated Charges with that of a luminous 
plasma front. Time correlations of the in tegral visible rad iation of a plasma with the discharge current 
and magnetic p robe signals have also been studied [4J . A considerable conformity has been foun d, 
bll,t at the same time there aTe some time shifts of the integral rad iation maxima relative to the 
subsequent maxima of the discharge current. Alternatively. the results obtained from measurements 
of the correlation between the signals from photomultipliers and magnet ic probes give evidence that 
the plasma radiation is well-correlated with space charge motions . 

Attention should be paid to the fact that the best conformity of signals is obtained for ax ial magnetic 
probes. This proves that azimuthal currents play a substantial role in processes that occur in the plasma 
genera ted by the multi-rod injector. 

* Presented by M. S ADOWSKI. Paper has been submitted to Nuclear F usion and is also available 
as internal Reports INR Nos 716 and 720/XVn T (in Polish). 
[IJ M. GaYZIN'KI, INR Report No. 71 1 XVlllPP Warsaw (May, 1966) . 
[2J M. GRYZINSKI. J. NOWIKOWSKI and M . SADOWSKI. INR Report No. 713 XVIIIPP Warsaw 

(May, 1966). 
[3] M . SADOWSKI and E. SKLADNIK·SADOWSKA, INR Report No. 720 A'"VIIIPP Warsaw (May . 

1966). 
[4] M. SADOWSKI and E. SKLADNIK-SADOWSKA. INR Report No. 7 16 XVIIIPP Warsaw (May . 

1966) . 
[5J M. GRYZINSKI, INR Report No. 715 XVIIIPP, Warsaw (May, 1966). 
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Experiments on plasma behaviour in a stationary cusp-field combined 
with a theta-pinch * 

H. SCHINDLER 
Research Labor.:l(ory of the Siemens AG, 852 Erlangen 

Federal Republic of Germany 
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THE plasma behaviour in a st.:ltionary cusp fiel d combined with a O.pinch in the ring CllSp region has 
been investigated. In a field combination of this type plasma acceleration as well as confinement and 
hea ling is possible. Accc\eration experiments by means of a three·stage arrangement have shown that 
directcd kinetic energies lip to 42 keV can be achieved . 

The plasma which is confined in the system is subject to an oscill.:ltory motion between the spindle 
CllSpS synchronously with the ringing current in the thet.:l·coil. The bchaviour of the plasma in such a 
system was comp.:l rcd with that of a plasma in a stat ionary ClLSp field. Preliminary results show that in 
a single stage arrangement confinement times arc equal. The advantage of the system with the super­
imposed O-pinch is that a higher temperaturc can be maintaincd for a longer time. In addition it was 
found that the axial cusp losses due to the .:lction of the the ta. pinch are enhanced and because of the 
equal confinement t ime it can be concluded that the radial CllSp losses are rcduced. In a system of 
more stages the axially 'lost' plasma can be captured in the next stage and, therefore, a prolongation of 
the confinement time seems possible . 

... Presented by H. SCHINDLER. Paper is available as an internal report. 

Ponderomotive action of light* 

A. SCHLUTER 
Institut fUr Plasmaphysik, Garching bei Munchen 

Federal Republic of Germany 

JF A plasma is produced by laser radiation, or if it, for other reasons, is exposed to intense light , then 
this light will in general exert mechanical forces on the plasma. It is shown that such a force is not 
only connected with the absorption , but that any spatial variation of the intens ity of the light and/or 
of the refractive index: of the plasma causes such a force. It can, under certain circumstances, con­
tribute appreciably to the high speeds, which arc, for example, observed in laser produced plasrnas. 
This effect can also cause a self-collimation of a narrow bundle of lase r light. 

... Presented by the author. Full text of paper not available. 

Study of torsional Alfven waves in inhomogeneous plasmas' 

P. G. SCHOLLER, G . MULLER, W. ALDINGER, E. RXucHLE 
and H. J. KAEPPELER 

Institut filr Plasmaforschung der Universitat Stuttgart 
Federal Republic of Germany 

THE propagation of torsional Alfvcn waves in a current-carrying inhomogeneous hydrogen plasma 
was investigated . The plasma is generated by a longitudinal discharge in a glass tube. The maximum 
current is 4·2 kA . The tube is designed as a waveguide. The initial gas pressure is approximately 0·1 
mm Hg. A quasi.stationary longitudinal magnetic field lip to 5 kG is applied. The device is described 
in Rept. No. 3·12 (September, 1966), Institut fUr Plasmaforschung, Stuttgart. 

The Alfven waves were excited by a short current pulse over a secondary electrode (m = 0 mode), 
or a single loop coil (!ml = 1 m~de) and were detected by magnetic probes. The probe signals were 
Fourier analysed to obtain the dispersion relat ion. By this method, the dispers ion curve was measured 
in a frequency range from 100 kc/s up to 1 Mc/s . The measured ph.:lse velocit ies are in the range of 
101 cm/sec and the damping cons tant is about 10-1 cm-l. 

The inhomogeneity of the plasma density leads to non·uniform phase velocity and damping over 
the cross section of the plasma column. This is observed experimentally. 

'" Presented by P. G. SCHULLER. Paper is availabJe as an internal report , Report No. 3·13, 
Institut fUr Plasmaforschung. Stuttgart (August, 1967). 
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In a current-carrying plasma. the inhomogeneity of the electron temperature causes a current 
convective instability which results in d iffe rent damping constants for the III = + 1 and III = -1 
mode. An initially li nc.:lrly polarized wave will therefore be transfo rmed into an elliptically polar ized 
wave. This bclw.vioUf was confi rmed in our experiment. 

In ana lysi ng the experimental results it must be considered that especially for the Ill/I = 1 mode the 
probes are strong dis turbances causing reflection of the wave. The reflection at the second probe leads 
to standing waves between the two probes. This causes humps wi th regu lar intervals in the observed 
dispersion. From the maxima and minima of these curves one can calculate the true damping con­
stant and the reflection facto r. 

Guiding centre plasma cquations* 

T. E. STRINGER 

U.K.A. E.A., Cui ham Laboratory, Abingdon, Berkshire, United Kingdom 

STARTING from the co nse rva tion equation for the guid ing centre distribution fu nction, equations are 
o bta ined for the density and current of guiding centres , and from these the density and CUrfent of the 
real particles. The well-known results for the gu id ing cent re motion of a single particle in arbitrary 
electric and magnetic fie lds are used. To include fin ite Larmor radius effects in the final equat ions, the 
guiding centre equations must be correct to second order in the ion Larmor radius. This provides a 
very general and flexi ble method for invest igating low frequency instabil ities at wavelengths greater 
than the ion Larmor radius. Resonant particle and collisiona l effects can be included . The applica­
tion of these equat ions to a number of problems will be discussed . 

• Presented by the author. Full text of paper not available. 

Shock-liI<e drift waves 

H. TASSO 

Institut fUr Plasmaphysik, Garching bei Munehen, Federal Republic of Germany 

It is shown that a s imple macroscopic plasma model allows for non-linear shock-like drift waves 
satisfying Burger's equation, when a temperature grad ient is present 

ill Presented by the author. Paper published in Pllys. Left. 24A, 618 (1967) . 

A Spectroscopic method of density measurement in an optically thick plasma' 

R. VANHAUWERMEIREN 

Universitc de Bruxelles, Belgium 

As IS known, it is possible, in an optica lly thin plasma, to measure the electron plasma density and 
temperature by performing the three following measurements : the line intensity is measured over two 
different s lit widths, together with the neighbouring continuum. Assuming Stark broadening to 
predominate, the ratio of the two first measurements yields the density, and from the dens ity so 
determined onc gets the total intensity, the ratio of which to the continuum yielding the temperature. 
In the case of an optically th ick plasma, self-absorption leads to an increase of the line width and the 
method breaks down. To overcome this difficulty, we derived the fo llowing method. 

Let us call the measured intensities Fl and F 2 , for the line, F 3 for the continuum. It is shown that 
(F1/F3 )/(F2/F3 ) = RO may be put in the form RO = (O dO~)R'1'. where R'1' is the value of the ratio for the 
same density , should the plasma be optically thin . The functions 0 depend on the opt ical depth and on 
the line-shape in absence of self-absorpt ion . We first put 0 = I, neglecting self-absorpt ion, and so 
we get too large a value for the density, whence too large an optical depth. From this value, assum­
ing the geometrical depth to be known , we calculate 0 and put it into the rel at ion giving RT, This 
gives us a more correct value for the density and enables us to resume the ca lculation with a better 
starting value . We have thus derived an iteration procedure, which converges very rapidly, provided 
the optical depth is not too large . 

• Presented by the author. Paper submitted to Journal of Qualitative Spectroscopy alld Radiative 
Trallsfer. 
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Singular normal modes of the Vlasov equation with BGK coHision damping* 

G. VOJTA',:: and M , MOCJ.:ERz 
lInstitute of Statistical Physics, German Academy of Sciences 

Leipzig, D~mocratie Republic of Germany 

Zlnstitute oC Theoretica l Physics, Karl Marx Un iversity 
Leipzig, Democratic Republic of Germany 
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THE linenrized Vlasov equation with collision damping is solved by the method of singular normal 
modes oCVan Kampen and Case. Collision damping is taken into account by two correct Dhatnagar­
Gross-Krook terms for electron-electron collisions and electron-ion collisions, respectively. (In 
the case of a partial ly ionized plasma clastic collisions bctwecn electrons and ncutrals can also be 
included.) The BG K terms fo r the electron plasma eonsidercd arc obtained from the collision models 
for a two-component plasma by means oC the straightCorward limit Ill/M --+ 0 (111,111: electron and 
ion mass, respectively). First the isothermal approximation is made, then a gcner;:1i theory including 
temperature fluctuations is given. 

Two different methods of solution are developed . The first method is characterized by a com­
plicated integral operator yielding complex normal modes of the distribution function f even if thc 
equilibrium distribution is a Maxwellian Fclv). The so lutions of the adjoint integral equation must be 
orthogonalizcd. The completeness of the sct of normal solutions can be proved by comparison \vi th 
the Landau theory which is generalized for a Vlasov plasma with collisions and recast into a very 
compact form. The second method uses an auxiliary ·function h = f - vFoflt dv for which a general­
ized Case formalism is developed. By the techniques of singular integral equations the sct of normal 
modes can be shown to be complete rendering the exact solution of the initial va lue problem possible. 
The theory given can be generalized for plasm as in constant external magnetic fields . 

>I< Presented by G. V OJTA. Paper has been submitted toPhysicaalldtoBeilriigealfsderPlasmaphysik. 

Stability of coupling between plasma and an r.f. generator in a rotating 
field pinch * 

E . S. WEIIlEL 
Laboratoire de Recherches sur la Physique des Plasm as 

Lausanne, Switzerland 

THE confinement of a cylindrical plasma by a rotating field of the form B. = Eo cos wt, Eo = Bo sin wt 
is examined. Due to the skin effect the magnet ic field penetrates only to a depth of a few times clw p 

and the interior of the plasma is field free. The alternating current induced in the boundary layer heats 
the plasma. Thus the magnetic field amplitude must increase with time to balance the rising plasma 
pressure. The field is produced by two orthogonal resonant circuits to which power is supplied from 
two r.f. pulse generators at a frequency exceeding IIda where It, is the mean ion velocity and a the 
plasma radius. The stability of the plasma column has been investigated previously for the case of 
zero generator impedance [l , 2]. For optimum transfe r of power from the generator to the plasma the 
impedance cannot be zero [3]. Under these conditions the system consisting of the plasma, the coup­
ling circuits and the genenltors may hecome unstahle at low frequencies . Only the 111 = 0, 11 = 0 
deformation of the plasma is involved because it is the only one that changes its volume. The analysis 
takes into account the variation of the plasma impedance with time and the programming of the 
generator output . I t is shown that very weak conditions suffice to keep the system stable. 

>I< Presented by the author. Paper avilable as an internal report, LRP 27/66 . 

[1] F . TROYON, Stability of a dense plasma COl/fined by a rotating magnetic field, Report LRP 25/66, 
Lausanne, to be published in Physics Fluids. 

[2] E . S. WEmEL, Dynamic stabilization of a plasma column . Physics Fluids 3, 946 (1960) . 
[3] E. S. WEIBELand R. KELLER, 011 the desigll ofa rotating fieldpillclled discharge , Report LRP 22166, 

Lausanne ; Plasma Pilys. 9, 401 (1967) . 
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A kinetic theory for quiescent and weakly turbulent plasma in 
nearly-adiabatic fields '" 

J . L. WYATI 

Aerojet~General Corporation, San Ramon , Calirornia. U.S.A. 

~ Kl~ET[C theory ha~ beet~ develop.ed base? upon appro~riate perturbation expansions for the action 
IIlvanants and the admbatlc dynamiC equations or non-unlrorm plasmas in external magnetic fields with 
li tt le or no symmetry. The effects or selr-consistent potentials, collisions, weak turbu lcncc, and wcak 
non-adiabaticities in the con taining field are included in this descri ption . The predictions of an analyt ­
ica! theo ry fo r the non-ad iabatic tra nsition probabilities arc compared with the resul ts of numerical 
integration of the cxact and adiabatic equations of motion in a four-bar mirror-cusp geometry. 
Various forms of this quas i-adiabat ic kinetic hierarchy arc applicable to the invest igation of equil ibria, 
stability, and non-linear wave and plasmoid dynamics in the appropriate ra nges of field and plasma 
pnramctcrs. Thc present description is par ticularly useful under conditions of interest for lh(.;rmo­
nuelc~r containment expcriments in which the zero-order motion of single ions is confmed to a bounded 
region of space by a complete set of exact or adiabatic invariants. 

'" Presented by the author. 
Work sponsored by Aerospace Research Laboratory. Office of Aerospace Rcsearch, United 

States Air Force. 

The influence of the axial heat losses upon the temperature of a stationary 
hydrogen discharge in a strong axial magnetic field * 

G. ZANKL 

Inst itut flir Plasmaphysik, Garching/Mtinchen 
Federal Republic of Germany 

THE temperature profile of an infinitely long stat ionary high-pressure arc discharge is governed by the 
radial heat losses . By means ofa high axial magnetic field it is possible to reduce the thermal conductiv­
ity perpendicular to the magnetic field , and hence to increase the maximum temperature. 

In a diSCharge column of finite length there is also a heat flux in the axial direction that is not 
affected by the axial magnetic field and that reduces the maximum tempera tures a ttainable. 

The axial and radial temperature profiles are calculated from the two-dimensional energy 
balance equat ion for a given diSCharge current. The maximum tempera ture of an arc increases with 
increasing arc length and attains, fo r great arc lengths, a constant value, valid for an infmitely long 
arc (an arc without axial heat losses) . With an arc length of 3 m and 'an arc radius of 2 cm we expect 
temperatures of about 800,OOooK for a current of 10 kA and a magnetic field of 50 G. These values 
can be achieved with our experimental facilities, so it should be possible to obtain by ohmic heating a 
stationary plasma with temperatures of up to 100 cV and electron densities of 1016 cm-3 • 

'* Presented by the author. Full text of paper not available . 
This work has been undertaken as part of the joint research program of the Inst itut fUr Plasma~ 

physik and Euratom. 
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ERRATUM 

COLOMEs J., LASRY J. et VERON D. (1968) Courants de depolarisation d'un plasma dans 
un champ magnetique curviligne. Plasma Phys. 10, 82. 

La phrase "Le courant de polarisation est dG. a la derive des ions _ .. acctlmules par 
le courant de polarisation", placee it la fin du paragraphe 6 (page 86), doit en fait etre 
placee dans la note en bas de page 83, il. la suite de "Definition des courants de 
polarisation et de depolarisation", comme cela etait indique dans 1'6preuve envoyee 
aux auteurs. 

The phrase "Le courant de polarisation est dli il. la derive des ions ... accumules 
par le courant de polarisation", positioned at the end of Section 6 (page 86), should 
in fact be placed at the bottom of page 83, as a footnote, after "Definition des courants 
de polarisation et de depolarisation", as was shown in the author corrected proofs . 
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