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SECOND TOPICAL CONFERENCE ON PULSED HIGH-BETA PLASMAS

Program ( 6 July 1972)

Monday, > July, 09.00 - PINCHES I, Chairman: H. Zwicker
PLASMA EXPERIMENTS ON [= 1,0 HELICAL EQUILIBRIA IN THE SCYLLAC 5-METER, THETA-PINCH TCROIDAL SE
. ] = s 4 ~ 0= ~ Ll CTOR-
W.R.Ellis, C.F.Hammer, F.C.Jahoda, W.E.Quinn, F.L.Ribe, and R.E.Siemon, Los Alamos Scientifie Lab.

TOROIDAL HIGH-BETA STELLARATOR EXPERIMENTS ON ISAR Tl. E.Fiinfer, M.Kaufmann, W.Lotz, M.Minich,
J.Neuhauser, G.Schramm, and U.Seidel, Max-Planck-Institut fiir Plasmaphysik, Garching, Germany.

HIGH-BETA REVERSED FIELD DISCHARGES WITH EXTENDED LIFETIMES. C.W. Gowers, G.F.Nalesso, A.A.Newton,
D.C.Robinson, A.Verhage, and H.A.B.Bodin, Culham Laboratory, England.

THEORETICAL AND EXPERIMENTAL STUDY OF HEATING AND ENERGY LOSSES IN PINCH DISCHARGES. C.W.Gowers,
G.F.Nalesso, A.A.Newton, D.C.Robinson, A.Verhage, A.Wootton, and H.A.B.Bodin, Culham Laboratory.

RECENT RESULTS FROM THE SHOCK-HEATED TOROIDAL Z-PINCH EXPERIMENT ZT-1. L.C.Burkhardt, J.N.di Marco,
P.R.Forman, A.Haberstich, H.J.Karr, and J.A.Phillips, Los Alamos Scientific Laboratory.

OBSERVATIONS OF M.H.D. INSTABILITIES NEAR THE KRUSKAL-SHAFRANOV LIMIT IN LINEAR AND TOROIDAL HIGH-
BETA PINCHES. I.K.Pasco, D.C.Robinson, and P.P.L.Al§meulders, Culham Laboratory.

EXPERIMENTAL RESULTS ON THE HIGH-BETA COMPACT TORUS EXPERIMENT TEE. P.Noll, H.J.Belitz, E.Kugler,
F. Sand, G. Waidmann, F. Waelbroeck,Institut fir Plasmaphysik der Kernforschungsanlage Jiilich,Germany.

14.00 - THEORY OF STABILITY AND EQUILIBRIUM, Chairman: D. Pfirsch

A VLASOV-FLUID MODEL FOR STUDYING GROSS STABILITY OF HIGH-BETA PLASMAS. J.P.Freidberg, and H.R.Lewis,
Los Alamos Scientific Laboratory.

EXPANSION OF TOROIDAL EQUILIBRIUM WITH FINITE PERIODICITY LENGTH AND £ = 0,1 FIELDS IN LEADING ORDER.
F. Herrnegger and J. Nihrenberg, Max-Planck-Institut fiir Plasmaphysik, Garching.

A CLASS OF HELICALLY SYMMETRIC MHD EQUILIBRIA. D.Correa and D.Lortz, MPI fiir Plasmaphysik, Garching.
SPECIFIC MAGNETIC INDUCTANCE IN TOROIDAL SYSTEMS. G.Bateman, Courant Institute, New York University.

ON THE SPECTRUM OF IDEAL MHD. J.A.Tataronis and W.Grossmann, Max-Planck-Institut fir Plasmaphysik.

THE EXCITATION OF WAVES AND RESONANCES IN HIGH-BETA PLASMAS. W. Grossmann and J.A.Tataronis,
Max-Planck-Institut fiir Plasmaphysik, Garching.

MHD STABILITY STUDIES OF NUMERICALLY OBTAINED TOROIDAL EOUILIBRIA. D.A.Baker and L.W.Mann, Los Ala-
mos Scientific Laboratory.

STABILITY OF TWO-DIMENSIONAL MAGNETOHYDRODYNAMIC EQUILIBRIA.J.P.Freidberg and B.M.Marder,Los Alamos.
STABILITY OF A FINITE BETA, [ = 2 STELLARATOR. J.P.Freidberg, Los Alamos Scientific Laboratory.
TOROIDAL HIGH-BETA EQUILIBRIUM. H.Weitzner, Courant Institute, New York University.

Tuesday, 4 July, 09.00 - PINCHES II, Chairman: H.A.B. Bodin
COMPUTATION OF GROWTH RATES COF INSTABILITIES FOR A GENERAL PINCH CONFIGURATION. J.E.Crow and
D.C.Robinson, Culham Laboratory.
THE PADOVA HIGH-BETA PROGRAM. G.Malesani, Universitd di Padova.

PLASMA EXPERIMENTS IN THE SCYLLAC 5-METER, LINEAR THETA-PINCH. K.S.Thomas, H.W.Harris, F.C.Jahoda,
G.A.Sawyer, and R.E.Siemon, Los Alamos Scientific Laboratory.

THE PROPAGATION OF m = 1 ALFVEN WAVES IN A HIGH-BETA PLASMA COLUMN. A.Wootton, G.F.Nalesso, and
A.A.Newton, Culham Laboratory.

NEGATIVE THETA-PINCH. I.Kawakami, K.Sato, R.Akiyama, and T.Uchida, Institute of Plasma Physics,
Nagoya University, Japan.

INTTIAL PHASE OF THETA PINCH WITH MULTIPOLE CUSP FIELD. T.Miyamoto, Y.Nogi, H.Yoshimura, and
K.Hayase, Nihon University, Tokyc, Japan.

ANALYSIS OF THE ENERGY BALANCE IN THE ISAR II LINEAR THETA-PINCH BY EXPERIMENTAL AND COMPUTATIONAL
INVESTIGATIONS. W.Engelhardt, W.Kdppenddrfer, W.Schneider, and J.Sommer, MPI fiir Plasmaphysik,Garching.

TWO-DIMENSIONAL HARD CORE THETA-PINCH OBSERVATIONS OF SPIRAL STRUCTURE ASSOCIATED WITH INITIAL
BREAKDOWN. D.Diichs, R.H.Dixon, and R.C.Elton, Naval Research Laboratory, Washington.

MODELING OF LONG STRAIGHT THETA-PINCHES. W.P.Gula and R.L.Morse, Los Alamos Scientific Laboratory.

14.00 - SHOCK WAVES, Chairman: R.L. Morse

SHOCK HEATING OF LOW DENSITY PLASMAS IN A FAST THETA-PINCH. K.J.Dietz and K.Hbthker, Institut fiur
Plasmaphysik der Kernforschungsanlage Jiilich, Germany.

PROPERTIES OF A LARGE DIAMETER, FAST THETA-PINCH OPERATED AT LOW DENSITIES. K.J.Dietz, K.H.Dippel,
and E.Hintz, Institut fiir Plasmaphysik der Kernforschungsanlage Jilich, Germany.

SHEATH FORMATION AND TON HEATING IN LOW DENSITY HIGH-VOLTAGE THETA-PINCHES. M.Keilhacker, M.Kornherr,
F.Lindenberger, G.Maret, H.Niedermeyer, K.-H.Steuer, Max-Planck-Institut fir Plasmaphysik, Garching.
ELECTROSTATIC INSTABILITIES IN A COLLISIONLESS PLASMA DRIVEN BY AN ELECTRIC CURRENT PERPENDICULAR

T0 THE MAGNETIC FIELD. C.N.Lashmore-Davies and T.J.Martin, Culham Laboratory.

ION THERMALIZATION IN STRONG, HIGH-BETA SHOCKS. D.L.Morse, P.L.Auver, and W.W.Destler, Cornell Univer-
sity, Ithaca,N.Y., USA.

TWO STAGE HEATING OF THETA-PINCHES. J.P.Freidberg and R.L.Morse, Los Alamos Scientific Laboratory.

ASYMPTOTIC BEHAVIOUR OF THE ELECTROSTATIC CURRENT-DRIVEN CROSSFIELD INSTABILITY. D. Biskamp and
R.Chodura, Max-Planck-Institut fiir Plasmaphysik, Garching.
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Wednesday, 5 July, 09.00 - PLASMA FOCUS, Chairman: A.A. Coudeville

E1 NEUTRON MEASUREMENTS, THOMSON SCATTERING AND HOLOGRAPHIC INTERFERCMETRY ON THE FOCUS EXPERIMENT.
A.Bernard, A.Coudeville, J.Durantet, A.Jolas, J.Launspach, J.de Mascureau, and J.P.Watte:u, Centre
d'Etudes de Limeil, Villeneuve-Saint-Georges, France.

E2 A CRITICAL COMPARISON OF A TWO-DIMENSIONAL MHD CODE AND A FOCUS EXPERIMENT. G.Basque, C.Patou,
and R.Vezin, Centre d'Etudes de Limeil.

E3 X-RAY FINE STRUCTURE OF THE DENSE PLASMA FOCUS. W.H.Bostick, V.Nardi, and W.Prior, F.Rodriguez-Trelles,
Stevens Institute of Technology, Hoboken, N.J., USA.

E4 THEORY OF THE VORTEX BREAKDOWN IN THE PLASMA FOCUS. F.Gratton, Universidad de Buenos Alres, Argentine
E5 TOROIDAL VORTICES IN PULSED PLASMAS. V.Nardi, Stevens Institute of Technology, Hoboken,N.Jj.,USA.
E6 THEORY OF THE ADIABATIC CONTRACTION OF THE "Z-PINCH". P.Gratreau, Laboratori Gas Ionizzati, Frascati.
E7 A MODEL FOR THE DENSE PLASMA FOCUS. Ch.Maisonnier, F.Pecorella, J.P.Rager, and M.Samuelli, Labora-
tori Gas Ionizzati, Frascati, Italy.
E8 PROJECT OF A MEGAJOULE PLASMA FOCUS EXPERIMENT. C.Gourlan, Ch.Maisonnier, F.Pecorella, B. Robouch,
and M.Samuelli, Laboratori Gas Ionizzati, Frascati.
EQ*¥ MEASUREMENT OF BETA IN A PLASMA FOCUS. P.D. Morgan and N.J. Peacock, Culham Laboratory.
E10* FILAMENTS IN A SMALL 1 KJ PLASMA-FOCUS EXPERIMENT. W. Braun, Heinz Fischer, and L. Michel,
Technische Hochschule Darmstadt, Germany.

Ell‘CHARACTERISTIC PROPERTIES OF A PLASMA FLOW IN A PULSED MAGNETIC COMPRESSOR. I.N.Aretov, J.Burdonsky,
Yu.A.Valkov, V.I.Vasiljev, A.P.Lototsky, Yu.V.Skvortsov, V.Solovjova, Yu.F.Suslov, I.V.Kurchatov
Institute, Moscow.

E12¥SOME RESULTS OF THE INVESTIGATION OF HIGH ENERGY DEUTERONS IN THE PLASMA FOCUS DEVICE. I.F.Belyaeva
and N.V.Filippov, I.V.Kurchatov Institute, Moscow.

Thursday, € July, 09.00 - PINCHES III, Chairman: R.W. Gould

F1l PLASMA CONFINEMENT IN THE TOROIDAL BELT PINCH. W.Grossmann, H.Krause, R.Wilhelm, and H.Zwicker,
Max-Planck-Institut flr Plasmaphysik, Garching.

F2 BELT PINCH EQUILIBRIA WITH SMOOTH CURRENT DISTRIBUTION. F.Herrnegger, MPI fiir Plasmaphvsik, Garching.

F3 THE INFLUENCE OF THE EXTERNAL CIRCUIT ON THE DECAY OF THE INDUCED PLASMA CURRENT. A.A.M.Oomens and
B.J.H.Meddens, FOM-Instituut voor Plasmafysica, Rijnhuizen, Jutphaas, The Netherlands.

F4 NON-CYLINDRICAL Z-PINCH DENSITY PROFILES FROM HOLOGRAPHIC INTERFEROMETRY. A.Bernard, A.Jolas,
J.Launspach, and J.P.Watteau, Centre d'Etudes de Limeil, Villeneuve-Saint-Georges, France.

F5 LOW PRESSURE OPERATION OF A FAST TOROIDAL PINCH. K.Hirano, M.Ohi, S.Kitagawa, and Y.ilamada, Nagoya
University, Japan.
F6 THETA-PINCH PLASMA CONFINED IN A CAULKED-CUSP TORUS FIELD. T.Uchida, K.Sato, R.Akiyama,
N.Noda, and N.Inoue, Nagoya University, Japan.
F7 PRELIMINARY STUDY OF THE HIGH PRESSURE CONFINEMENT OF A Z-PINCH, THEORY AND SOME EXPERIMEN-
TAL RESULTS. D.Y.Cheng, Mechanical Engineering Department, University of Santa Clara, Cal., USA.
F8% MHD-STABILITY CONSIDERATIONS OF THE BELT-PINCH. W.Grossmann, MPI fiir Plasmaphysik, Garching.

F9% PULSED HIGH-BETA TOKAMAC-LIKE SYSTEM WITH RECTANGULAR CHAMBER CROSS-SECTION. V.M.Atamanov,
I.V.Kurchatov Institute, Moscow.

14.00 - MISCELLANEOUS TOPICS, Chairman: F. Waelbroek

Gl FEEDBACK STABILIZATION ON AN £ = 1 THETA-PINCH PLASMA COLUMN. R.F.Gribble, S.C.Burnett, and
C.R.Harder, Los Alamos Scientific Laboratory.

G2 DYNAMIC STABILIZATION EXPERIMENTS WITH STANDING WAVE MAGNETIC FIELDS. G.Becker, 0.Gruber, and
H.Herold, Max-Planck-Institut fir Plasmaphysik, Garching.

G3 SOLUTION TO IMAGE CURRENT PROBLEMS IN HELICAL EQUILIBRIUM TOROIDAL THETA-PINCH EXPrRIMENTS.
E.L.Cantrell, 0.M.Friedrich,Jr., and A.A.Dougal, The University of Texas, Austin.

G4 COp LASER HEATING OF A SMALL THETA-PINCH. N.A.Amherd and G.C.Vlases, Unilversity of Washington.

G5 FORMATION OF HIGH-BETA FUSION PLASMAS WITH INTENSE RELATIVISTIC ELECTRON BEAMS. 5.D.Putnam and
C.H.Stallings, Physics International Company, San Leandro, USA.

G6 INTERACTION OF INTENSE RELATIVIST1C ELECTRON BEAMS WITH LINEAR PINCHES. J.Benford, B.Ecker, and
S.Putnam, Physics International Company, San Leandro, USA.

G7 NON-THERMAL PROCESS IN A LINEAR PINCH DEVICE. T.N.Lee, US Naval Research Laboratory, Washington.

G8 THE PROPERTIES OF A COAXIAL DEFLAGRATION PLASMA GUN. D.Y.Cheng and P.Wang, University of Santa
Clara, USA.

G9* SIMULATION AND OPTIMIZATION OF THETA-PINCH IMPULSING CIRCUIT PARAMETERS, WORKING FROM CUMULATIVE
GENERATOR WITH CURRENT INTERRUPTER. V.M.Aleksandrov, A.P.Baikov, V.A.Ivanov, A.M.Iskoldski,
L.S.Krotman, Y.E.Nesterikhin, and A.A.Nesterov, Institute of Automation and Electrometry, Siberian
Academy of Sciences, Novosibirsk, USSR. B - -

G10 PARAMETRIC STUDIES GF LINUS, AN ULTRA-HIGH MAGNETIC FIELD THETA-PINCH. J.P.Beris and R.A.Shanny,
U.S. Naval Research Laboratory, Washington.

G11*A PULSED HIGH-BETA FUSION REACTOR BASED ON THE THETA-PINCH. 5.C.Byrnett, W.R.Ellis, T.Oliphant,
and F.L.Ribe, Los Alamos Scientific Laboratory.

* Post deadline papers
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ABSTRACTS SUBMITTED TO THE APS BULLETIN

A1 Plasma Experiments on £ = 1,0 Helical Equilibria
in the Scyllac 5-Meter, €-Pinch Toroidal Sector.” W. R.
ELLIS, C. F., HAMMER, F. C. JAHODA, W. E. QUIKNN, F. L.
RIBE, and R. E. SIEMON, Los Alamos Scientific Laboratory,
Los Alamos, N. Mex.--We report experiments on a sector
comprising one third of the 4.8-m diameter Scyllac torus.
The toroidal force and outward plasma drift are compen-
sated by an interference force produced by a combination
of £ = 1 helical fields and £ = O bumpy fields. We ob-
serve the toroidal equilibrium, followed by an m = 1 (side-
ward) motion of the plasma column, which is nearly the
same all along the torus, independent of the £ = 0 peri-
odicity, with plasma containment times as large as 11 psec,
comparable to times for plasma end loss. The m = 1 motions,
which occur predominantly in the horizontal plane of the
torus, suggest either an imbalance between the £ = 1,0
and toroidal forces at later times or a long wavelength
m= 1 instability. Measurements of the applied magnetic
fields show that the product of £ = 1 and £ = 0 fields
for plasma equilibrium agrees with sharp-boundary MHD
theory. Time resolved measurements of the plasma dia-
magnetism, electron density distribution, neutron emission,
and beta are reported.
* Work performed under the auspices of the U. S. Atomic
Energy Commission.
1. 5. C. Burnett, et al., Plasma Phys. and Controlled
Nuclear Fusion Research 3, 201 (1971).

A2 Toroidal High-Beta Stellarator Experiments
on ISAR T 1. E.FUNFER, M.KZAUFMINK, W.LOTZ, M.MU-
NICH, J.NEUIINUSER, G.SCHRAMM, U,SEIDEL, MPI fiir
Plasmaphysik, Euratom Association,Garching,Ger-
many.--*irst experiments on the toroidal theta-
pinch ISAR T 1 (R = 135 cm, r¢ = 4.5 cm, Bpax =
34 kG, T/4 = 7.5 ps)were performed at 1/5 of the
bank energy, using different combinations of

¢4 =1, ¢t = 2 and very small £ = O fields. Plasma
parameters (pg = 20 p, 15% preionization, =5 js)
were Ty = Te = 70 eV, n = 10l6em™3, B = 0.4.Mas
like combinations of £ = 1 and # = 2 fields on-
ly moderately reduced the toroidal drift. The
addition of only small £ = O ficlds(Ar/rp = 3%)
led to a stronger reduction of the drift or even
to an inward motion. End effects were now ob-
served in keeping with the fact that only a sec-
tor had ¢ = 2/4 = 0 fields. The formation time
of the helical equilibria is of the same order
as the toroidal drift time. Therefore the forces
of the ¢ = 1/¢ = 2/¢ = 0 fields on initially cy
lindrical plasma were calculated. The toroidal
drift force should be balanced already during
the formation of the helical distrotions.

A3 High-Beta Reversed Field Discharges with
Extended Thfetimes * C.W. GOWERS, G.F. NALESSO,

A.A. NEWTON, D.C. ROBINSON, A.J.L. VERHAGE,

H.A.B. BODIN, U.K.A.E.A., Culham Laboratory, Abingdon,
Berkshire, England. - Criteria for setting up

stable distributions are discussed. In par-

ticular, the growth of instabilities in the outer
regions of the stabilised pinch prior to field
reversal, wall contact, a negative pressure gradient
near the axis and over-compression (which can violate
wall stabilization) must be avoided. Experiments are
described in which these criteria are fulfilled and
distributions have been set with neither instability
nor wall contact which have g8 ~ 0.8 and lifetimes,
when crowbarred, of 30-40 microseconds, which is about
the classical resistive decay time for the longitud-
inal current and reversed field outside the plasma.

It is to be compared with 3 milliseconds on Zeta,
where the plasma radius was larger by a factor
approaching -10. Measurements at 40 mtorr using mag-
netic probes and Thomson scattering (mainly without
crowbar)  showed hollow pressure and density dis-
tributions and temperatures up to 20 eV. Estimates of
the conductivities, o, and o,, indicated approximately
classical values.*Submitted by R.S. PEASE.

A4 Theoretical and Experimental Study of Heating and
Energy Losses in Pinch Discharges. C.\. GOWERS,

G.F. NALESSO, A.A, NEWTON, D.C. ROBINSON, A.J.L. VERHAGE,
A, WOOTTON and H.A.B. BODIN, UKAEA Culham Laboratory,
Abingdon, Berkshire, England. - In HBTX Z-pinches, screw-—
pinches and reversed field-pinches have been investigated
with probes, Thomson scattering and spectrally resolved
photography. The measured electron temperature and den—
sity distributions have been compared with predictions
from an MHD code using a circuit. Agreement within
experinmental error is obtained in all cases for the com—
pressed regions of the column starting with partially
ionised initial conditions corresponding to the pre-
ionizatioa plasma. For example, for stabilized pinches
both computation and experiment show that the temperature
increases as I 2 with 8_ ~ 0.5; the peak temperature ob-
tained at 30 mforr with'a current of 90 kA is about

30 eV.

The effect of partial ionization in B_ compression
heated systems has been studied in poSitive and negative
bias field in order to investigate ways of controlling
beta., Experimentally and theoretically the rate of
temperature becomes sensitive to the degree of ioniza-
tion when the electric field is reduced.

AS Recent Results from the Shock-Heated Toroidal Z=-
Pinch Experiment ZT-1. L. BURKHARDT, J. DI MARCO,

P. FORMAN, A. HABERSTICH, H. KARR, J. PHILLIPS, Los
Alamos Sci. Lab., Los Alamos, New Mexico® - Preionization
in this stabilized torcidal z-pinch cxperiment is by a
longitudinal current < 20 kA and period 40 psec. The
radial distribution ¢f current density and degree of ion-
ization are functions of the fiiling pressurce and the
preionization current. When a main pinch current which
rises to 140 kA in 10 psec is applied to Lhe preionized
plasma, pressure profiles derived from mecsured radial
distributions of magnetic fields show: 1) a pressure peak
on axis and a second peak near the wall if preionization’ ‘
is < 50% and; 2) a single pressure peak on axis at 100%
ionization. In the shock heating mode, with initial
B,.'s of < 40 kG/psec, plasma pressure profiles show a
positive pressure gradient on axis, as required for MHD
stability, for times of at least 8 psec (current zero at
10 psec). The plasma B, is < 0.4 at 5 mTorr filling
pressure increasing witg £i1Ting pressure. Plasma tem-
peratures (T, + T ) of 1-4 keV are inferred from the
pressure pro%ileseand initial gas filling densities.
Work is in progress to raverse the toroidal magnetic
field outside the pinch column for MHD stability.

#Jork performed under the auspices of the U.S. A.E.C.

A B Observations of MHD Instabilities Near the
Kruskal-Shafranov Limit in Linear and Toroidal High Beta
Pinches. L.K. PASCO, D.C. ROBINSON and P.P.L.A.SMEULDERS,
UKAEA Culham Laboratory, Abingdon, Berkshire, England. -
The growth rate and wavelength of MHD instabilities have
been measured in the High Beta Toroidal Experiment and
its linear 2 metre counterpart over a wide range of pitch
lengths (2nr B /Bg). Optical and electrical measuring
techrniques are used. The wavelength of the Kruskal-
Shafranov m = 1 instabiiity varies in accordance with

q(= rB,/RBy,toroidal, = nrB,/LBg linear). The growth
rate of the instability is found to be approximdtely
proportional to the axial current in the straight system,
and this agrees with theory for small plasma displace-
ments. The m = 1 instability disappears in both cases at
the Kruskal-Shafranov limiting value of q{rp) = 1 where
I, is the radius at which q is a minimum. This lies
near the plasma boundary in the linear case and further
out in the torus. Values of q up to 3 were studied and
in the toroidal experiment evidence of anm = 2
instability was obtained when q ~ 2.5 . The field con-
figuration was varied by altering the preionisation
current induced in the plasma, and configurations were
usually of the screwpinch type, with the current flowing
principally in the outer regions. In the linear device
measurements below 12kA were made with the current flow-
ing principally in the plasma column.
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A7 Experimental Results on the High-f Cempact Torus

Experiment i. P. NOLL, H.J. BELITZ, E. KUGLER, F. SAND,
G. WAIDYMANH, T. WAELBROECK, Institut fiir Plasmaphysik
der Kernforschungsanlage Jiilich GmbE, Association Eura-
tom-KiA.~- A plasma is produced by fast simultanecusly
rising toroidal and poloidal magnetic fields ( T/ =
i.6/usec) in a Tokamak-like configuration to study its
equilibrium and stability behaviour for the case
1<RBr<R/aand q=2w/Lz1 (By = poloidal beta, R/a =
major/minor plasma radius, U = rotational transform).
The glass torus has an inner wall radius of 9.5 cm and

a major radius of 25 ecm, its outer periphery is covered
by a copper shell. With Bpay = 4.3 kG and a filling pres-
sure of 1 mtorr Dp, initial plasmas_with R=28 cm,

a=6 cm, total B=0.1, temperature T=~150 eV and q(a)=0.8
were obtained. After crowbar, the plasma current decrea-
ses at first quickly until g(a)=:1, thereafter smoothly
with a characteristic time of =50 usec. With auxiliary
resistive toroidal rings, placed near the irmer peri-
phery of the torus, the current was maintained near

the Kruskal-Shafranov limit q(a)=1 for ~50susec. No
major instabilities were observed when a(a) z 1.

B 1 A Vlasov-fluid Model for Studying Gross Stabili-
ty of High-Beta Plasmas.”™ J. P. FREIDBERC and H. R.
LEWIS, Los Alamos Scientific Laboratory.--A formulation
of the linearized Vlasov-fluid model® in a way suitable
for numerical computation is described, and application

to equilibria with axial and translational symmetry
discussed. The formulation has two very important practi-
cal features which make the study of exponential stability
feasible. Firstly, although equilibrium particle trajec-
tories do enter, they enter more simply than in the usual
procedure in which integrations along equilibrium trajec-
tories must be carried out. Secondly, the truncated
algebraic equations that result from the formulation and
which must be solved numerically are in a form that is
convenient for computation, even when the dimension of

the algebraic problem is very large. The new formulation
can be derived in part from a treatment of linearized
Vlasov plasmas that is based on Hamilton's variational
principle.? The first application of the method will be
to the sharp boundary screw pinch.

*Work was performed under the auspices of the U.S. AEC.

}J. P. Freidberg, to be published in Phys. Fluids.
®H. R. Lewis, Phys. Fluids 15, 103 (1972).

B 2 Expansion of Toroidal Equilibrium with
Finite Perjodicity Length and £=0,1 Fields in
Leading Order.F.HERRNEGGER and J.NUHRENBERG,EQE-
Planck-Institui fiir Plasmaphysik,Euratom Asscmi-
ation, Garchindg,Germany.--The existence of a
class of expandable toroidal MHD equilibria with-
out longitudinal current is investigated. The
expansion parameter is R k-~¢;R plasma or wall
radius, « lowest order curvature of the magnetic
axis;plasma B, periodicity length L, and tor-
sion 1t of the magnetic axis in lowest order arc
scaled as g-1, 2wR/L~1,Rt~1., The equilibrium is
an 1=0,1 high-8 stellarator with additional 1 =
2,3,... corrugations in first order and has a
rotational transform of order one; therefore in
general, the Pfirsch-Schliiter (PS) effect occairs.
It is shown that the necessary condition in
order to eliminate the PS-effect over the entire
cross section, is an 1=0(M&S) corrugation of
definite size which is determined by the form
of the magnetic axis. This condition is how-
ever not sufficient, therefore eguilibria of
the type characterized above do not exist.
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B 3 A class of helically symretric equilibria. D,
CORREA, D.LORTZ, Max-Planck-Institut fir Plasma Physik,
Garching b. Miinchen, West Germany.-- For MHD-equilibrium
a class of solutions (with helical symmetry) satisfying
the following conditions was investigated:

1) There is a helical magnetic axis such that in its
neighborhood the cross sections of the magnetic
surfaces are closed lines.

2) The pressure decreases continuously ocutward from the
magnetic axis and the plasma is surrounded by vacuum.

3) The current density vanishes on the magnetic axis,

4) For finite B some of these solutions are stable with
respect to all disturbances, i.e. the sufficient
criteria derived in [1] can be satisfied.

[ﬂ D.Lortz, E.Rebhan and G. Spies, Nuclear Fusion 11
(1971), 583 -

B 4 Specific magnetic Inductance in Toroidal
Systcms.G.BhTEMAN,ﬂgx—Planck Institut fiir Plagna-
physik, Euratom Association,Garching,Germany. -
The magnetic inductance matrix, which depends
upon geometry alone, has been generalized to tor-
oidal systems with distributed current',This ge-
neralization can be made after the magnetic en-
ergy is minimized on each flux surface, holding
the surface shapes and flux profiles fixed
($J.9¥=0). It then follows that the fiux between
differentially close surfaces equals the total
current within the surface times the specific
inductance(the matrix relates longitudinal and
azimuthal components). A special coordinate sys-
tem appears naturally in the derivation and pro-
vides a useful alternative to Hamada coordinates,
The coordinate system depends upon geometry
alone, but, in it,the magnetic field lines are
straight. The general formalism is being applied
to the approximation of flux surface shapes for
plasma systems with a given topology. The speci-
fic inductance can be explicitly calculated for
systems with an ignorable cocrdinate.

'The formalism was suggested by H.Grad and de-
veloped at the N.Y.U.Courant Inst. The deriva-
tion may be found in report NYO-1480-182.

B 5 On the Spectrum of Ideal MIID. J. TATARO-
NIS and W.GROSSMANN, Max-Plancrh-institut fiir
Plasmaphysik, Euratom Association, Garching bei
Miinchen, Germany. -- The assumption of el in
the linearized equations of ideal MIID, leads

to an eigenvalue problem, whose solutions may
possess singularities in space. The question
arises as to whether or not the singular eigen-
functions are physical. To answer this we leave
the time dependence of the variables arbitrary
and solve the equations as an initial value
problem. This process leads to a Green's func-
tion of the MHD operator which can be singular
in the complex frequency planc. The singulari-
ties can be divided into two groups: (1) simple
poles corresponding to a discrete spectrum and
(2) branch points corresponding to a continuous
spectrum. The branch points result from the
singularities in space of the MID operator, and
lead to modes which have a time dependence
other than exponential. The Green's function
has been derived for several configurations in
plane and cylindrical geometry. Depending on
the configuration, modes are found which decay
as 1/t% vhere a > 0, or increase either linear-
ly with time or with some other conplicated de-
pendence on time,




B 6 The Excitation of Waves and Resonarnces
in High-Beta Plasmas. W. GROSSMANN and J.A. TA-
TARONIS, Max-Planck-Institut flr Plasmaphysik,
Euratom Association, Garching bei Minchen, Ger-
many. -- The problem of the excitation of the
natural modes of any physical system can be re-
duced to the problem of the coupling of a source
to the system. Use is made of the results of a
previous paper (BS) reported at this conference
applied to high-g cylindrical plasmas (6-pinch,
screw-pinch) showing that under stable condi-
tions the natural modes form a continuous spec-
trum of singular Alfvén waves if the density and
magnetic field profiles are diffuse. We show
here that the continuous spectrum implies (1)
the excitation of Alfvén waves only if the
source spectrum is sharply peaked somewhere with-
in the continuous spectrum of the plasma and (2)
the decay of the excited signal, due to phase
mixing, at all points in the plasma except at
the point where the applied frequency equals the
local Alfvén frequency. This result would tend
to explain the failure in several experiments to
observe propagating Alfvén waves at appreciable
distances away from the imposed disturbance.

BT MHD Stability Studies of Numerically Ob-
tained Toroidal Equilibria. D.A.BAKER,L.W.MANN,
University of California,Los Alamos Scientific
Laboratory,Los Alamos, New Mexico.--This work
pertains to axisymmetric toroidal MHD equili-
bria and their stability. Of particular interest
are high p equilibria with hollow pressure pro—
files as observed experimentally in the Los Ala-
mos toroidal =z-pinch.

This study includes an examination of toroidal
curvature effects and a determination of MHD
stable toroidal z-pinch configurations. Diffuse
profile toroidal equilibria free from limita-
tions on aspect ratio, were obtained numer ical-
ly. These solutions are analyzed for MHD sta-
bility by means of a double Fourier expansion of
W in the poloidal and toroidal variables and
finite differencing the remaining variable.

The resulting large, guadratic form is then
tested for positive definiteness corresponding
to stability.

B 8 Stability of Two-Dimensional Magnetohydro-
dynamic Equilibria.” J. P, FREIDBERG and B. M. MARDER,
Los Alamos Scientific Laboratory.--A method is developed
to study the stability properties of general two-
dimensional magnetohydrodynamic equilibria. With the
equilibrium given either analytically or on a numerical
grid, the perturbation functions are expanded in a trun-
cated Fourier series of admissible functions. A varia-
tional approach is used in which the quotient BW/K is
minimized over the coefficients of the expansion. Numer-
ically, this means computing the eigenvalues and eigen-
vectors of a symmetric matrix. The stability of the
bumpy pinch is investigated as a trial problem. It was
found that if the expansion functions are carefully
chosen, very few are actually needed for convergence.

*Work was performed under the auspices of the U.S. AEC.

B9 Stability of a Finite B, £=2 gtellerator.”

J. P, FREIDBERG, Los Alamos Scientific Laboratory.--
The stability of an infinitely long, high B, 4=2
stellerator is investigated. The calculation is carried
out by using the new scyllac expansion in the sharp
boundary ideal magnetohydrodynamic model, It is found
that for any given size f£=2 field and mode number m, an
infinite but discrete set of wave numbers k exist for
which the plasma is unstable to all B; that is the
critical B equals zero. These modes can be described
as long wavelength interchanges. Thus, with regard to
sharp boundary stability, neither £=0 nor fL=2 offer any
particular advantage over the other as a sidcband field
required to produce toroidal equilibrium in the £=1
scyllac configuration.

*Work was performed under the auspices of the U.S. AEC.

B 10 Toroidal High Beta Eguilibrium. |
H.WEITZNER. Courant Inst. Math.Sei.,N.Y.U.- ‘
Most toroidal high beta equilibrium studics have been ‘
based on the piecewise constant pressure, sharp boundary ‘
model. Here, equilibrium is obtained by formal expan-

sion for the case of a continuous pressure profile in

ideal magnetohydrodynamics. The small parameter on

which the expansion is based is the approximate helical

wave number times plasma radius;hence the equilibrium is
assumed to vary slowly the long way around the torus.

With the assumption that there be no net current flowing

the long way around the torus on any flux surface, or

with any other constraint on this current, the equili-

brium is essentially uniquely determined for any value

of beta. Numerical work indicates that the expansion

breaks down at low beta and that the distortions of the

flux surfaces from cylinders are not small. Numerical

results of the approximate equilibrium equations are

given and the pressure profiles appear to be quite

reasonable. Preliminary comparisons with the Seyllac
experiment indicate that the distributed pressure

equilibrium condition is a closer approximation to the
experiment than the sharp boundary model. Some comments

on the stability of such configurations will be included.

c1 Computation of Growth Rates of Instabili-

ties for a General Pinch Configquration. J.E.

CROW and D.C. ROBINSON, U.K.A.E.A., Culham La-
boratory, Abingdon, Berksh., England. -- A com=-
prehensive 1D computer code has been written to
calculate growth rates of instabilities in both
experimental and theoretical situations, and

their associated eigenfunctions. Completely gen=-

eral field and density profiles are used, in-

cluding cases in vhich a true vacuum exists be-

tween the conducting and the insulating wall.

Both incompressible motions and compressible

have been considered. The results for growth

rates, wavelengths and eigenfunctions show good
agreement with experiment. The computed stabili-

ty of theoretical field configurations has Dbeen
compared with that obtained using an existing

code based on Newconb's analysis, and the cor-
relation between growth rate and stability es-
tablished. The program uses a matrix method to

obtain eigenvalues of the second-order ordinary
differential equation. The dependent variable

may be chosen as either the radial displacement |
g, or the radial magnetic field bp. The compu- |
tfation includes a full treatment of the vacuum |
region.
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c 2 :
The Padova High Beta Program, G,MALESANI, Centro di stu-

dio sui Gas Tonizzati, CNR — Universita di Padova,

via Gradenigo, 6a — Padova — A short account is given of

the work in progress concerning the study of the early

stages, and expecially the plasma heating in detail, in

various toroidal configurations. The works described are:

a) Experimental observations of the ionization growth and
efforts to improve density distribution, gas purity
and ionization degree, in a low energy toroidal device.

b) Numerical computations on the heating of a pinched
column, to investigate mainly the effect of a rever-
sed bhias field, Heating and diffusion and their
dependence on the plasma behaviour and on the circuit
configurations will be investigated in a new toroidal
experiment,

¢) The construction of a very flexible axisymmetiric to-
roidal device; main parameters of the new machine are:

Nc =120k] ; R=40em; r ., = 6 cm ;

I =200kA ; B =25 kG ; T/4 = 1.5+50 ps,
z

Cc 3 Plasma Experiments in the Scyllac 5-Meter,
Linear 6 Pinch.” K. S. TH(MAS, H. W. HARRIS, F. C.
JAHODA, G. A. SAWYER, R. E. STEMON, Los Alamos Scien-
tific Laboratory, Los Alamos, New Mexico--Experiments
are reported on the behavior of the plasma column in a
straight high-voltage 6 pinch which may be operated
both with and without strong magnetic mirrors. Opera-
tion without mirror fields produced a high temperature
(2 - 3 keV) plasma column which lasted about 15 usec,
showed considerable '"wobble," and also showed effects
due to plasma contamination of the discharge tube by
material '"boiled" off the quartz discharge tube by the
previous discharge. Enlarging the discharge tube out-
side the coils reduced this problem. In the data so
far, when mirror fields which give a mirror ratio of 2 -
3 are applied at the same time as the main field the
plasma column shows evidence of a m = 1 instability.

* Work performed under the auspices of the U. S.
Atomic Energy Commission.

C 4 The Propagation of m = 1 Alfvén Waves in a
High Beta Plasma Column. A, WOOTTON , G F NALLSSO

and A A NEWTON , UKAEA, Culham Laboratory, Abingdon,
Berkshire, UK, --Observations have been made of the dis-
placemencs of a plasma column by the magnetic field of
a small nearby coil, The column is generated by a
iheta pinch (peak field 18 kG, rise time 9 psec) in
preionised deuterium and has a maximum electron tem-
perature and density on axis of 60 eV and 10°7 em™
With an overall length of 350 cm end effects can be
neglected for at least 10 psec and both high and low
beta plasma were obtained.

The perturbing field was produced by 20 kA in a three
turn scetor coil (16 em?® area) placed outside the dis-
charge tube at the mid plane of the pinch driven by a
small capacitor (¢ = 0.4 pF, V = 40 kV and o =

1.35 x 100 yad sec™l). Gross displacemenis of several
millimeters were observed which propagated away from
the sector coil region at about 10-20 em/pus with a
damping lengih of 10 to 20 cm.

This propagation is expected from ideal hydromagnetic
theory and is included in a simple model based on the
equation for m = 1 waves with a spatially distributed
forcing term,
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C5 Negative Theta-Pinch. I. KAWAKAMI% K. SATO, R.
AK1YAMA and T. UCHIDA, Institute of Plasma Physics,
Nagoya University, Nagoya, Japan--Numcrical computations
on a negative theta-pinch process are carried out. An
artificial resistivity often serves to suppress the
onset of some numerical instabilities in the computa-
tion, and is chosen relating to the anomalous resis-
tivities which are studied theoretically. Several types
of artificial resistivity are examined in the computa-
tion and it is found that one which is one-hundredth of
the Sagdeev resistivity seems to be most plausible, even
in the case of the negative theta-pinch. Using this
resistivity, numerical calculations arc made on both
negative and ordinary theta-pinch processes. Compared
with the ordinary pinch, the negative theta-pinch builds
a higher temperature region necar the wall and a lower
one near the center of the plasma column, at the maximum
contraction. Stored energy per unit length in the
negative theta-pinch plasma is comparable with that of
the ordinary pinch plasma.

* On leave from Nihon University, Tokyo.

cé Initial Phase of Theta Pinch with Multipole Cusp
Field. T. MIYAMOTO, Y. NOGIL, H. YOSHIMURA and K. HAYASE*
Department of Physics, College of Scicence and Engineer-
ing, Nihon University, Tokyo, Japan--ihic Lheta pinch ex-
periment with the sixteen-pole cusp ficld, which could
produce the circular isobar in the vicinity of the dis-
charge tube, was carried out. The plasma was strongly
affected by the multipole cusp field at the initial phase
of pinch. The main part of the plasma current was sepa-
rated from the tube wall and was on the cylindrical sur-
face with small ripples. The cusp losses existed and the
plasma contacted with the tube wall through the line
cusps. The trapped reverse ficld increascd by the super-
imposing of the multipole cusp field at the start of the
second half cycle. The results suggest that the multi-
pole cusp fielid makes the prcheating effective or that

it permits the powerful prehcating. For the rotating
plasma the average radius and the ripples of the column
were calculated. The cusp losses and the ripples of the
plasma column corresponding to the cusps vanished after

_ the pinch. The instabilities were observed. It is, how-

ever, presumed that they do not directly relate with the
multipole cusp field.

* Present address: Nagoya University, Nagoya, Japan

c 17 Analysis of the Energy Balance in the
ISAR IT Linear Theta-Pinch by Experimcental and
Computational Investigations. W.ENGELIARDT, W.
KOPPENDORFER, W. SCHNEIDER, J.SOMMER,Max-Plancle
Institut fiir Plasmaphysik, Euratom Association,
Garching bei Minchen,Germanv.--For a fast Theta
Pinch discharge (coil length 1m, energy 300 kJ)
a detailed energy balance was obtained by com-
parison of measured guantities with results of
a two dimensional (r,z) MHD-code. The measure-
ments were carried out at filling pressuresfiom
10 to 80 mTorr deuterium. They encompassed the
electron density, the electron temperature by
laser scattering, the ion temperature from neu-
tron fluxes, diamagnetic fluxes and the line ra-
Giation of impurities in the x-ray region, in
the vacuum ultra violet and in the visible. In
addition the radial and axial velocities of im-
purity ions could be determined from side on and
end on measured Doppler profiles. Plasma heating,
mass-and energy losses in regimes of isotropic
and anisotropic plasma pressures are discussed.
The distribution of energy losses into kinetic
energy, convection, thermal conduction and ra-
diation losses is analysed.




C 8 Two-Dimensional Hard Core Theta-Pinch Observa-
tions of Spiral Structure Associated With Initial Break-
down. D. DUCHS,™ R. H. DIXON, and R. C. ELTON, Naval
Research Laboratory, Washington, D.C.=-The luminous
plasma structure in a theta-pinch has been studied in
two dimensions (r,z) in both the conventional configura-
tion and the hard-core configuration (with spiral field
lines). Parallel, antiparallel, and zero bias field
conditions were analyzed. At the time of initial gas
breakdown by 8-currents, a distinct axial structure is
formed. Inthe conventional theta-pinch case, segmen-
tation is axial and the "wavelength" of the structure
increases with decreasing pressure, i.e., the structure
is a plasma effect. In the antiparallel field case,
locally-closing field lines accent the structure. In
the hard-core case the initial axial plasma segmenta-
tion from the 8-preheater changes to a spiral-sheath,
and coalesces into a few distinct spirals with anti-
parallel bias. The pitch of the spiral increases with
axial compression, creating the illusion of rotating
flutes when viewed through radial coil slots. Further
observations through the current-feed slot with a solid
rather than a perforated coil confirm these results.

#Present address: Institut fur Plasmaphysik, Garching

co9 Modeling of long straight Theta-Pinches.
W.P.GULA and R.L.MORSE,University of California,
Los Alamos Scientific Leaboratory,l.os Alamos,New
Mexico,--Theoretical models of straight 6-pin-
ches, including a two-dimensional (r&Z) transport
code, have been constructed.

Ions and electrons are treated separately and
electron thermal conduction is included. Preli-
minary results agree well with previous 0-pinch
experiments. The results of these models will
be compared with recent experimental measure-
ments on the five meter Los Alamos O-pinch at
the time of the meeting.

D1 Shock Heating of Low Density Plasmas in
a Fast Theta Pinch. K.J. DIETZ and K. HOTHKER,
Institut flr Plasmaphysik der Kernforschungsan-—
lage Juilich GmbH, Assoziation BEURATOM/KFA, Cer-
many. -- Investigations are made during the im-
plosion phase of a large diameter 120 kV theta-
pinch at low initial densities. The ion energy,
the compression ratig and the magnetic field
diffusion rates are measured as a function of
the initial electron density and the coil volt-
age. In the parameter range investigated (1012
< ny = 1013cem™ 60 kV < U < 120 kV) mean ion
energies between 5 and 15 keV are found. The
volume compression ratio is 10 and is indepen-
dent on initial voltage and density. Measured
values of piston velocity, compression ratio
and ion energy agree well with those obtained
from the "free particle" model. The width of
the current sheath is time dependent during the
implosion. A diffusion profile is formed. The
observed effective collision frequency scales
~fny and is two orders of magnitude larger than
the classical collision frequency in the initial
plasma.

D2 Properties of a Larage Diameter, Fast The-
ta Pinch operated at Low Densities. K.J.DIETZ,
K.H. DIPPEL, and E. HINTZ, Institut fir Plasma-
physil: der Kernforschungsanlage Jilich, 2ssozia-
tion EURATOM/NI'A, Germany. -- Studies of the dy-
namic phase of a high voltage theta pinch, /1/,
are extended to times where pressure equilibrium
exists. At current maximum mean ion energies are
derived from neutron yield and from pressure ba-
lance equation (electron temperatures are neg-
ligible, ion temperature is constant across the
radius) . Comparison shows cood agreement. Ion
energies E vary between 3 and 20 kevaﬁspending
on density and coil voltage (E ~ njy~ ). The
width of the plasma boundary is about c/wyi .
the peak B varies between 1 and 0.6, decreas

ing rapidly. foy densities below Ne=w(cMgy)ny,
Ne = 3.1077em™. There is no indication that
the insertion of probes does change the plasma
properties. Observations show that the plasma

is rapidly lost near current maximum caused by
end losses.

/1/ K.J. Dietz, and K. Héthker, Proc. 2nd Conf.
High-Beta, Garching, 1972

D3 Sheath Formation and Ion Heating in Low
Density iligh-Voltage Theta Pinches. M. KEIL-
HACKER, M.KORNHERR, F.LINDENBERGER, G.MARET, H.
NIEDERMEYER, and K.-H. STEUER, Max-Planck-Insti-
tut filr Plasmaphysik, Euratom Association, Gar-
ching bei Miinchen, Germany. =-- {ast magnetic com-
pression of a low density (3x10-°-3x1l0l2cm-3)
magnetic field free deuterium plasma in a large
diameter (2R_ = 40cm) high-voltage (U_ = 500 kV)
theta pinch fs investigated. In the whole range
of densities effective piston heating is ob-
served resulting in ion energies of a fewliokeg.
For an initial deuteron density of 2.5x10 “cm™
(U_ = 420 kV) the sheath thickness during im-
ploésion is B c/ eo OF 3 ¢/w__. At maximum com-
pression the megg fon energy®fs 15 to 20 kev,
the deuteron density 4x10l3cm=3 and the plasma
radius 6 cm. After expansion to an equilibrium
radius the plasma B is about 0.5. From a model
of anomalous sheath broadening a scaling law
for the low density limit n_ . of shock compres-
sion is derived: g

n nR2~R4}32

o,c O o o'

D4 Flectrostatic Instabilities in a Collisionless
Plasma driven by an Electric Current Perpcendicular to the

Magnctic Field. C.N. LASHMORE-DAVIES, and T.J. MARTIN,
Culham Laboratory - The growth rates and frequencies of
fast growing instabilities, ¢y > w.j, are computed for a
wide range of parameters ( y is the growth rate and wqy
the ion cyclotron frequency). The many instabilities
which can occur are related to cach other and compared
in an attempt to decide under what conditions a given
instability will dominate.
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D5 TIon Therzalizerion in Strong, Nigh-Beta Shocks.
D. L. HORSE, P. L. AUER, and W. W. DESTLER, Laboratorvy
of Plasma Studies, Cornell University, Ithaca, N.V.-—
Strong, high-beta collisionless shocks are generated by
the interaction of a flowing plasua with a magnetic
obstacle in a plasma wind tunnel device. The shock
waves thus formed are grossly stationary in the labor-
atory reference frame, and simulate in many respects the
carth's bow shock. The upstream plasma flow is
characterized by beta = 3 and magnetosonic Mach number
M = 7, and the duration of the cxperiment is greater than
one-half millisecond, or 10 ion gyro-periods. The shock
waves are observed to be nonstationary on a time scale
comparable with the upstream ion gyro-period. The elec-
trons arc heated only moderately, and the bulk of the
upstrean flow energy appears as thermal energy of the
ions. In this paper w2 report measurcments of the ion
energy distribution function as the shock wave is tra-
versed, and space-resolved density measurements of the
shock transition using guided microwaves. The results
~will be discussed in the context of current theories of
particle thermalization in the bow shock.

*
Work supported by MNational Science Foundation under
Grant GA 31175.

D6

Two_Stage Heating of Theta-Pinches.* J.P.
FREIDBEHRG and R.L.MORSE , Los Alamos Scientific
Labevratory, Los Alamos, N.M. -- The heating of
G-Pincnes by fast implosion, followed by slow
adiabatic compression will be discussed. Numeri-
cal simulations of the initial fast implosion
will be shown, which indicate the technologiceal
reguirements for this stage of the heating, and
a scheme will be shown by which the efficiency
of this stage can be improved. From estimates of
the effects of the thermalization on the subse-
quent slow compression, the fractional filling
of the pinch tube can then be estimated.

* \ork was performed under the auspices of the
United States Atomic Energy Commission.

D17 Asymptotic Behaviour of the Electrostatic
Current-Driven Cross Field Instability., D.BIS-

KAMP and R.CHODURA, Max-Planck-Institut £fiir
Plasmaphysik, Euratom Association, Garching bei
Miinchen, Germany. -- Onset, evolution, and final
state of the instability driven by a current
perpendicular to a magnetic field are investi-
gated in one- and two-dimensional computer simu-
lation experiments. Though the influence of the
magnetic field is quite different in one- and
two-dimensional plasmas the final state is char-
acterized by U ~ cg (U drift-, cg ion-acoustic
velocity) where the instability switches off.
Peak values of the effective collision frequen-
cy during the heating perlod are ~ 5.10°3 Who
independent of ion mass in two-dimensional
calculations.
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E 1 Neutron measurements, Thomson Scatiering and
Holographic Interferom=try on the Ifocus experiment.

A, BERNARD, A, COULEVILLE, J. DURANTET, A. JOLAS,

J. LAUNSPACH, J. de MASCUREAU and J.P. WATTEAU, Centre
d'Etudes de Limeil, B.P. 27 - G4, Villenauve-Saint-
Gecrpes, France,-- Heutron measuremants have b=en made on
a newer apparatus (100 kJ - 40 kV) designed mechanically
to prevent scattering so that fluences can be measured in
three directions : at 0°, 90° and 180° with respect to
the axis directed from the center electrode outwards.
Also the encrgy spectrum at 0° is obtained by time of
flight at 120 meters., It is confirmed that the Focus ma-
chine can be operated at different regimes. At high
enough filling pressures there are discharges with neu-
tron fluence isotropy, mean energy of 2.5 MeV ¥ 0,1 MeV
and broadening in agreement with a 2 keV or less deuteron
temperature, which is evidence for a thermonuclear origin
of the neutrons, At lower filling pressures the neutron
emission exhibits essentially the same lack of isotropy
as was found in other laboratories. On smaller devices
(15 xJ - 18 kV - 0.5 MA) the ion temperature and the
electron density are measured by forward Thomson scatte-
ring and holographic interferometry, respectively.

E 2 A Critical Comparison cf
Code and a Focus
R. VEZI1l, Centre - VILIEEJVE-ST-~
GEORGES, France, -- ‘R 13D codel
adapted to the fOO‘CLP] of t“e flrst FCCUS oxperimenu
used in Limeil= to mzke a direct comparison between com-
putational results and experimental measurements, First
runs with a gross secale mesh (LAX-WERDROFEF double step
0.3 cm) gave a dynamics a little slower than in the
experiment, same maximum densities, but maximum tempera-
tures (500 eV) much lower than the several keV estimated
by the X-ray absorbing foil teclmique, After correction
of several transport coefficients we obtained an enhan~
cement of the maximum temperature of less than 20 %, To
increase the precision of the computation, as a first
step, we have divided the linear mesh size by two

(0.15 cm, 5 hours run). This middle scale mesh run gave
us a good dynamics and maximum temperatures of the crder
of one keV. Then the computation is much more sensitive
te the choice of the transport coefficients and artifi-
clal viscosity.

1sicnal el
C. PATOU and

1, POTTER D.E., Phys. Fluids 14, 9 sept. 1971, p. 1911
2. PATCU C. Journal cde Physique, 21, avril 1970, p. 339

E3 X-ray Fine Structure of the Dense Plasma Focus
W. H. BOSTICK, V. NARDI, W. PRIOR, F. RODRIGUEZ-TRELLES,
Stevens Inst. of Tech-X-ray photos with 0.075 mm dia.
pinholes and Be screens of 0.018 mm and 0.050 mm in
front of the film show finer detail than has hitherto
been reported in plasma focus measurements. Several
small intense x-ray (> 2Kev) sources ~ 0.1 mm in dia.
and ~ 0.3 mm long in the general axial rcgion can be re-
solved in each shot. From dencsitometry of the film and
an estimate of an x-ray emiscsion e of v 10 n sec from
each source a peak electron densit » source is es-
timated at ng ¥ 49 20/cm3.  Sometimes thesc sources ap-
pear also off axis in the halo. In the al back-~
ground of softer x-reys (> 1lKev) in thc ¢ region a
distinet porosity in the image can be obr 2d. The
authors believe that both the small int e sourc
the porosity can be explained by the existence of man
small toroidal or Hill shaped vortices which are the de-
bris left behind after the decay of the longer filamen-
tary vortices in the current sheath. The authors suggest
that the toroidal vortices are basically similar to

those observed by Komelkov et al. in the fountain pinch.
The toroidal vortices provide a suitable "model" to ex-
plain the "doppler shifted" neutron energy.

roener

Work supported by the Air Force OSR.




E 4 Theory of the Vortex Breakdorm in the Plasma
Focus FAUSTO GPATION* Departamento de Fisica, Facultad
de Cienciqs Exactqs y Naturales, Buenos Aires——A sinple
FEID modiel 3s given for the breakdoan of a plasma vortex
with axial flow. The phenomenon of the disruption of
vortices in plasma have been observed in a plasma focus
device by 5 n sec image-converter picturesl. An inter-
pretation as vortex breakdown, akin to simjlar processes
in neulral fluids, has been given recently?. Our theo-
retical model gives the criterion for the appearence of
breakdown, the ratio of the radii cf the vortex in the
transition, and the energy released. Fxplosive and weak
breakdom have been found depending upon a phvsical para-
meter which involves axial, rotational and Alfven veloci-
ties. Several features cbserved in the current sheath
vortices of the Plasma Focus can be explained within the
present model.
*Member of the Argentine QNICT. Work supported in part
by a grant from Argentine Comision Nacional de Estudios
Geo-Helio-Fisicos
1. W.Bostik et al.,Proc.IUTAM Dyn.Ionized
Gases,Tokyo,1971.
2. W.Bostik et al.,Bull.APS 11,17,494 (1972).

ES5 moroidal Vortices in Pulsed Plasmas, V. NARDI,
Stevens Inst. of Tech-A theory of plasma vortices with a
toroidal configuration similar to the plasmoids produced
by Komelkov et al. (Proc. 5th I. Conf. Ionized Gases,
Munich 1961, p. 2191) is derived by solving the equa-
tions for sclf--consistent fields and phase-space density
f4 for ions and electrons. The T+ -cquations contain
source terms which account for radiative processes, ioni-
zation and recombination reactions and other collision
phenomena. The method of solution of the eguations (not
involving perturbative expansions) is based on the same
procedure that was used in a theory of magnetic bundles
in dense plasma (Phys. Rev. L., 25, 718, 1970). The
time of trapping of high-energy electrons and ions is
related to the parameters describing the plasmoid geo-
metry. Boundary conditions and symmetry properties of
the solutions for fields and particle flows fit experi-
mental observations from coaxial accelerator discharges,
at a specific time after the maximum-compression stage
of the discharge.

Work supported in part by U.S. A.F.0.5.R.

E 6 Theory of the adiabatic contraction of the
z-pinch. P.GRATREAU,Laboratori Gas Ionizzati
Associazzione Euratom/CNEN/Frascati,Ttaly.--The
theory of the collisionless "z-pinch" transient
equilibrium is developed in the hypothesis of a
radial adiabatic contraction. A detailed colli-
sionless solution is established in the particu-
lar case of no space-charge field, where an ax-
ial electron beam is supposed to generate the
radial electrostatic field. As in the Bennett
static equilibrium, there is no radial varia-
tion of temperatures; the density, the magnetic
field, and the macroscopic axial velocities are
increasing towards the axis; at the time of the
transient equilibrium, when the total intensity
reaches a maximum, the net radial force begins
to be defocusing. In anumerical example, cho-
sen in relation with typical values of P.F. ex-
periments, the axial drift velocities are shown
to be two orders of magnitude less that the
jonic thermal one in the range of validity of
the model.

E 7 A Model for the Dense Plasma Focus.

Ch. MATSONNIER, F. PECORELLA, J.P. RAGER, M.SA-
MUELLI, Laboratori Gas Ionizzati, Frascati ,
Italy. -~ A model is proposed in order to ex-
plain the second neutron pulse observed in DPF
devices. The plasma column (3 10-“ions/cm”,

1.6 keV, ¢ = 4 mm, agreement with the neutron
yield of the first pulse) is disrupted by macro-
scopic instabilities. The radial extension of
the plasma increases and the magnetic field gets
mixed with plasma which stores internally the
magnetic energy (dark pausc). At some radius of
expansion the conditions for the onset of micro-
turbulence (ion acoustic, electron cyclotron
drift instabilities) are satisfied, turbulent
heating occurs, transforming the stored magnet-
ic energy into thermal energy (second burst of
neutrons) . The plasma parameters calculated at
th%s time .on the basis of the model (1018 ions/
cm’®), 7 kev, & = 15 mm) agree with the neutron
yvield. Experimental abservations
well with the model.

seem to check

E 8 Project of a Megajoule Plasma Focus Ex-
periment. C. GOURLAN, CH. MAISONNIER, B.ROBOUCH,
M.SAMUELLI, Laboratorio Gas Tonizzati (Associo-
zione EURATOM-CNEN, Frascati, Rome, Italy, and
A. BENUZZI and P.FASOLI, CLTIS, C.C.R.-EURATOM,
Ispra, Italy. -- The scaling laws of the plasma
focus devices of the Filippov type are estab-
lished theoretically, and shown to compare satis-
factorily with the available experimental scal-
ing laws. The main parameters of the Megajoule
experiment to be built in Frascati within the
framework of a joint Europecan programme are de-
duced. Two dimensional M.H.D. numecrical calcu-
lations confirm the theoretical cxpectations.

EQ Measurement. of Beta in a PMlasma Tocus.

P.D. MORGAN#, and N.J. PEACOCK, U.K.A.E.A., Culham
Laboratory, Abingdon, Berks., England. - The clec-
-tron and ion linc-densitics obtained by interfer-
ometry during the collapse, dense-pincn and hreale-up

stages of a Plasma Focus discharge arc reported.
Using these values, together with previously reported
values of the average temperaturcs of the particles,
the Bemnett relation, I Bg =2 k o3 NT, is satis-
fied in the densc pinch for a value of #; (beta)

~ 0.6, This is consistent with a 1luid model in
which plasma is transiently in equilibrium with the
self-magnetic field of the current in the pinch.

* Royal Holloway College, Englefield Green, Surrey,
England.
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E 10 Filaments in a Small 1 KJ Plasma-Focus
Experiment. W. BRAUN, Heinz FISCHER and L.
MICHEL, Xpplied Physics, Technische Hochschule,

Darmstadt, Germany. -- The influence of spoke
type filaments upon the field structure of the
focus was studied by means of two 10 ns image
converters, end- and side-on - with a) a flat
insulator ring at the bottom between the inner
and outer electrode (5 and 8 cm) and b) an in-
sulator along the inner electrode (1.2 cm long)

- voltage 15 kV, current max approx. 120 kA.
Energy 0.75 kJ, Hydrogen 1 mm Hg - focus after
1400 ns (a) and 900 ns (b). a) spokes across
the insulator surface flow through the accel-
eration into the focus, sharpening and gaining
strongly in intensity before focus formation.
b) filawments along the surface of the pyrex
sleeve flow radially into the cavity without
indication-of a z-axis acceleration. Optical
flux densities are 5-10 times stronger thar in
case a). Intensity pikes demonstrate strong
directed fields. They seem to originate from
early filament structures.

E11 characteristic Properties of a Plasma Flow
in a Pulsed Magnetic Compressor. L.N.ARETOV, J.
N.BURDORSKY, YU.A.VALKOV, V.I.VASILJEV, A.P.
LOTOTSKY, YU.V.SKVOR'ISOV, V.SOLOVJOVA, YU.F.
SUSLOV; 1.V.Kurchatov Institule of Atomic Ener-
ay. Moscow, USSR.-- The results obtained Lrom
the studies of a hydrogen plasma accelerated
in the plasma focus device are presented. Hy-
drogen was introduced into the interelectrgde
gap by a pulsed injector containing 20 cm

of gas at 100 atm. The capacitor bank parame-
ters were as follows: C = 510 pF, Lo = 35 nI:I,
Up = 30 kV, Ipax = 1,5 MA, T/2 ~ 20 ps. It is
shown that as the current sheet moves in the
interelectrode gap the current loops are fo:fmsi
and the magnetic field energy of the loops is
transferred to the plasma flow. Plasma focus
life time, the length and diameter are (5-6)ps
(3-4)em, (l.5-2)cm correspondingly. The plasma
density gt thg boundary of the focus is equal
to 3x10'% cm™3. For Uo = 20 kV the plasma ve-
locity at the output is equal to 8x10° cm/s,
the kinetic energy of the flow is about 25 kJ.

E12 some Results of the Investigation of High
Enerqgy Deuterons in the Plasma Focus Device.
I.F.BELYAEVA and N.V.FILIPFOV, I.V. K.rchatov
Institute of Atomic Energy, lMoscow, USSR, ~-
Some results obtained in the study of high en-
ergy deuterons generated in the plasma focus
device are presented. The pinhole cameras with
the chosen types of emulsions were used to de-
tect the high energy deuterons, the d-d reac-
tion protons and soft x-ray emission. It was
observed the existence of the different regi-
mes of the discharge processes with unchanged
initial conditions. The regimes with hard x-
ray emission were accomparied by high energy
deutcrons. The cnergy spectrum and spatial
distribution of such deuterons are presented.
The contribution of deuterons with energies
Eq = 300 keV to the neutron yield does exceed
1 per cenct.

F1 Plasma Confinement in the Toroidal Belt-~
Pinch. W.GROSSMANN, H.KRAUSE, R.WILHZLM and H,
ZWICKER, Max-Planck-Institut fiir Plasmaphysik,
Euratom Association. Garching, Gormany.—-- A
plasma belt with &0 cm initial height, approx-
imately 45 cm diameter and 3 cm thickness was
produced with the help of a special coil system.
Streak and framing pictures taken side-and end-
on showed an axial contraction of the belt by a
factor of 2 within about 20 psec. This configu-
ration was grossly stable for the whole obser-
vation time of 100 psec. In particular, the up-
per and lower edges of the belt showed no deci-
sive deformation. The measurements indicated
that the plasma life-time is limited by diffu-
sion to about 90 - 100 nsecc (filling pressure
50 mTorr D.). Dircet probe measurcments gave a
B-value of“70-60% during the heating stage of

a few microseconds. Flux and field measurcments
showed further that the toroidal plasma current
had a decay time of about 70 nsec. Assuming
classical resistivity this gives 40-50 eV tem-
peratures which is in agreement with other cal-
culations.

F2 Belt Pinch Equilibria with Smooth Current
Distribution. F.HERRNEGGER, Max-Ylanck-Insti-
tut {ilir Plasmaphysik, Euratom A=c iation, Gar-
ching, Germany.-- Lxact toroidal D equilibria
have been investigated which arc characterized
as follows: thc half-axis ratio of the plasma
cross section is large (typical valuos 15-20),
the ratio of the large torus diamcter to the
axial extension of the plasma is of order one.
The toroidal current density depends linearly
on the flux function. This configuration with
an elongated plasma cross section has the ad-
vantage that the poloidal magnetic field can be
increased considerably while the toreoidal
current remains below the Kruskal-Shafranov
limit. The general solution for the plasma
region is given in terms of the Coulomb wave
functions Fo and G_ which depend on a single
parameter determinéd by the torus diameter, the
half-axis ratio of the plasma cross section and
the plasma g. It is shown numerically, that the
Mercier criterion necessary for local stability,
is satisfied in certain parameter ranges.,

F3

The Influence of the External Circuit on the Decay of the
Induced Plasma Current. A,A.M. Oomens and B.J.H. Meddens.
FOM-Instituut vocor Plasmafysica,Jutphaas,The Netherlands,

In pulsed toroidal devices the torcidal plasma current is
produced by means of an inductive coupling with the ex-
ternal circuit, The effect of this coupling on the decay
of the plasma current is considered. The equivalent 2-
circvit, after crowbarring, consists in general of three
parallel branches, containing (a) the external impedance,
(b) the mutual inductance, and (c) the stray inductance
of the plasma in series with its resistance.

The differential equations describing this circuit have

two independent solutions; the plasma current is given
by a combination of two exponent.ials. Thiz may give rice
to a rapid decrease or a reversal of the current. 1f one
more parallel branch is added, tLhe behavionr of the plas-
ma current. is governed by three characlteristic times.
With a proper choice of the circuit parameters, it is

possible to generate a temperarily rising plasma current
(pseudo-power crowbar). The above-mentioned circuits have
been studied on an analog computer. The results are com-
pared with experiments done ir screw-pinch device SP III.




F 4 Non-Cylindrical Z-Pinch Density Profiles from
Holographic Interferometry, A. BERNARD, A. JOLAS,

J. LAUNSPACH, J.P. WATTEAU, Centre d'Etudes de Limeil,
B.P. 27 - 94, Villeneuve-Saint-Georges, France.-- A 16 kJ
§Bfkv Z-plnch is produced in a 60 cm long, 18 em diameter
pyrex chamber with an 8 cm diameter center narrowing and
filled with 1 torr deuterium, The current rises to its
300 kA maximum in 900 nsec and typical values of the focu-
sed plasma density and temperature are 1018 cp=3 and 30eV
The chamber optical quality is very poor, so that double
exposure holographic interferometry was compulsory.

Density profiles in the median plane obtained
after Abel inversion are compared with the results of a
MHD code. The shock dynamics are in good agreement. From
the linear density variations one deduces a 200 nsec for-
mation time of the magnetic piston and axial leaks at the
end of the compressicn. Density maps give the shock cur-
vature dynamics close to the one computed from a two=-
dimensional snowplough model and reveal the plasma flow
inside the shock away from each side of the median plane,
From the wavelengih measurement of a Rayleigh-Taylor
instability a 30 eV electron temperature is evaluated at
650 nsec.

F 5 Low Pressure Operation of a Fast Toroidal Pinch.
K. HIRANO, M. OHI, S. KITAGAWA, and Y. HAMADA, Institute
of Plasma Physics, Nagoya University, Nagoya, Japan--
Electron beam injection made it possible to operate the
tast toroidal pinch down to 2 mtorr, which is sufficient-
1y lower than the critical line density 10'®/cm. The
miner and major radius of the glass torus are 3 cm and

12 cm, respectively. The maximum toroidal field B_ is
1.5 T and the plasma current of 150 kA can be induced.
The magnetic fiecld and the plasma current rise in 2.5
psec. In standard screw pinch operation, it was not
successful to suppress the violent toroidal drift ap-
pears in low pressure regime of around 10 mtorr. In-
creasing the filling pressure to 40 mtorr, however, the
plasma begins to oscillate around the equilibrium posi-
tion. The laser scattering measurement shows that when
the density is 2 x 10'%cm?®, the electron temperature be-
comes 25 eV. The peculiar screw pinch mode is also
studied here, in which the toroidal electric field is
so programed not to reverse its sign to prevent the
current reversal in the outer sheath of the plasma.
This kind of operation was possible under the filling
pressurc of 2 to 16 mtorr. Stable discharge is found
to be rcalized when q is larger than 1.5.

F6 Theta-Pinch Plasma Confined in a Caulked-Cusp
Torus Field. T. UCHIDA, K. SATO, R. AKIYAMA, N. NODA and
N. INQUE% Institute of Plasma Physics, Nagoya University

Nagoya, Japan--A toroidal theta-pinch plasma is stably
confined in a periodic caulked-cusp torus (abhreviated to
C.C.T.) field which is formed by superposition of the
field generated with the current induced inside the
buried rings on the theta-pinch field. The toroidal
drift of a theta-pinch plasma is suppressed and no mac-
Toscopical instabilities are observed! A relatively
rapid decrease of the plasma pressure seems to be un-
avoidable, because it may result from the expansion of
the cylindrical plasma pinched near the minor axis into
the confining region of the C.C.T. field. The particle
confinement may be limited by the plasma contacting on
the inside of the ring, owing to the approach of the
stagnation point. The approach is caused by the differ-
ences between the decay time of the coil current and
that of the induced ring current, which originates in

a proximity effect between both currents.

Present address: University of Tokyo, Tokyo
1 T. Uchida et al, Proc. Madison Conf. IAEA CN-28/J-1
(1971).

F 7 Preliminsry Study of the Wigh Prescure Confine-
ment of a Z-Pinch-~Theory and Some Experinmental Re-
sults D.Y.Cheng UL.iv. of Santa Clara ----The high
temperature plasma in an arc chennel surrounded by a
munch higher density, low tempsrature or neutral ges
can be heated preferentially to even higher tempera-
tures. This is because the Elec%yécal conductivity
increases with temperature as T and the ohmic
heating rate is inversely proportional to the conduc
-tivity. Ordinsrily, the heat losses from Bremsstra
-hlung radiation and heat conduction frcT/goncentric
cylinders incresse with tempersture as T /° only.
However, the shrinking of ihe heated areca will be
slowed dogn by the cycloiron radistion as it loses
heat as T . Experimentally, such an arc chonnel can
be created by the explosion of @ deuterium-rilled
metal tube, As o result, pure deuteriwm plasmu can be
produced vhich is surrcunded oand confined by a high
dnesity wmass, Neutron sipnals will be presented
together with the current trace o indicale the time
of neutron production. f}asmﬂ densily in Lhe channei2
is estimated to be Tx10"'/e.c. and n  is ebout 6x107°.
This work is partially supported by NASA Grant NGER_
05-017-019.

F 8 MHD-Stability Considerations of the
Belt-Pinch.W.GROSSMANN, Max-Plancl-Institut fiir
Plasmaphysik,Garching,Germany.——- An infinitely
long approximation of the belt-pinch is made

and the MHD stability of this configuration is
examined. The usual role of the fourier variab-
les "m" and "k" are switched in this approxima-
tion and "m" now refers to perturbations in the
toroidal direction and "k" refers to the corre-
sponding perturbations in the poloidal direction.
Some interesting comparisons of the belt-pinch
are made with the usual screw and theta pinches.
Both diffuse and sharp boundary calculations are
presented., Tearing modes are examined by inclu-
ding resistivity and it is found that the same
mechanism for the m = ¢ mode in a reversed field
O0-pinch occurs in the belt-pinch plasma. Compar-
isons are made with the experimental results ob-
tained with the Garching ISAR IV belt-pinch.

F g Pulsed Nigh-B Tokamac~Like Sistem with
Rectangular Chamitr Cro C—(:CJL‘H;._:'[L!. V.M. ATRMINOV,
G.B.LEVADNYI,YU.}.NASEDKIN,N.I.SIKI ! I.v.
Kurchatov Institute of Atomic Enc
USSR.--llagnetic sistem for producing closed,
equilibrium and siable configuration of high-§
plasma in a toroidal chamber with rectangular
cross—-section is described. Closed configura-
tion is formed owing to non-uniform inducing
field. Magnetic f£ield distribution obtained
with a model and mcasures eliminating the asym-
metry are considered. ’

013




G 1 Feedback Stabilization on an § = 1 Theta-Pinch
Plasma Colwmn.” R. F. GRIBBIE, S. C. BURKETT, C. R.
HARDER, Los Alamos Scientific Laboratory, Los Alamos
New Mexico--An £ = O MHD feedback experiment to control
the m = 1 instability on a plasma column subject to £ =
1 helical fields is described. The feedback system has
three basic components: a position detector, a signal
processor, and a power amplifier. Feedback stabilization
is being tried first on a linear @ pinch (Scylla IV-3).
Horizontal and vertical motions of the plasma column are
optically sensed with fast-rise-time silicon bi-cell
detectors. The signal processor provides ampiitude and
derivative control and normalization of the detector
signals. Ten power-amplifier modules in push-pull con=
figurations are used to drive the £ = 0 windings. The
£ =1 coils which drive the instability are driven by a
crowbarred capacitor bank. The module output power of
30 MW rises in 1.3 psec and may be sustained for as
much as 20 psec. From detector output to power-module
output Ehe power gain of the feedback system is

7 x 1014,

* Work performed under the auspices of the U. S.
Atomic Energy Commission

G 2 Dynamic Stabilization Experiments with
Standing Wave Magnetic Fields. G. BECKER, O.
GRUBLR, H.HEROLD, Max-Planck-Institut fiir Plasma-
physik, Euratom Association, Garching bei Min-
chen, Germany. -- The magnetic field confiqura-
tion of a standing wave is applied to a 1i1’weax:__3
screw pinch (Te+Tj &N 120 eV; B8 N .3; n ® 1olécm
B, = 18 kG) for dynamic stabilization of the he-
lical m=1 mode. The HF fields (amplitude =Bz)
are produced by loops spaced equidistantly
(A\o/2 = 14.5cm) in the 06-coil and fed in countex
phgse by a high Q, high voltage capacitgr ank.
The stabilizing frequency is about 5.10°s™~ and
the ratio € = Bz/Bz is up to .26. Stabilization
experiments were carried out for a wide varia-
tion rangg of re%evint parameters (e; m=1 growh
rate 3-10° to 10°s™* and wavelength A of 200 to
460cm) . A stabilizing effect on the m=1 mode by
the standing wave fields is not observed in any
of these cases although the stability condition
of sharp boundary, linearized MHD theory /1/
(e > C Ag/Ai C between 1 and 2) is well ful-
filled.
/1/ G.Berge and J.P.Freidberg, Phys.Fluids 14,
1035 (1971)

G 3 Solution to Image Current Problems in Helical
Equilibrium Toroidal Theta Pinch Experiments, E. L. CANT-
RELL, 0.M. FRIEDRICH, JR. and ARWIN A. DOUGAL, U. Texas
at Austin -- An eguilibrium condition is derived where
the axial, spatial period of the 4 = 0 field is twice
that of the 4 = 1 field. This eliminates an .mdesirable
vertical force which results from wall image currents
without reducing the 4 = 0 field. The analysis treats
the spatial dependence of the inductive coupling hetween
the plasma and the theta pinch coil. For Scyllac™ an
equilibrium condition ig obtained and agrees with previ-
ously reported analyses . Inclusion of image currents
results in an asymmetry in the vertical plane and thus in
a vertical force. Calculated wall collision times_agree
with those reported in initial Scyllac experiments~. An
experiment with 4 = 0, 1 fields in a 30 Kj toroidal sec-
tor of an aspect ratio comparable to Scyllac is described

which demonstraltes equilibrium,
1. F. L. Ribe, et al LASL Report LA-U597-MS (1971).
2. Morse, R. L., W. B. Riesenfeld, and J. L. Johnson,

Plasma Physics 10, S43 (1968).
3. F. L. Ribe, LASL Status Report LA-L4888-PR, 3 (1972).
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G 4  co, Laser Heating of a Small O Pinch.* N. A.
AMHERD, G. C. VLASES, U. of Washington.--It has
recently been suggested that pulsed, CO, lasers can be
used effectively to heat O and stabilizéd z pinches.’s?
In such laser augmented pinches it is in principle
possible to independently adjust the final plasma
density, temperature, and pinch ratio. Implications of
these techniques for the CTR program have been pre-
viously discussed.! 1In the present work a small exper-
iment involving a @ pinch 19 cm x 3.5 cm, irradiated
axially by a 3-5 joule TEA laser, has becen used to
study refraction and absorption. The results indicate
that the beam is trapped and absorbed during periods in
which the density profile is favorable.

*Work supported by the National Science Foundation and
NASA

1j. M. Dawson et al., Proc. Esfahan Symposium of
Fundamental and Applied Laser Physics, [sfahan, Aug.
1971 (to be published by John Wiley and Sons).

%G. C. Vlases, Physics of Fluids 14, 1287 (1971).

G5 Formation of High B Fusion Plasmas with
Intense Relativistic Electron Leams.® S.D. DUT-
NAM and C.H. STALLINGS. Phvsics Tnternational

" Company, San Leandro, CA.--The availability of

intense relativistic electron bhcams with a wide
range of parameters (energigs up to megajoules,
power levels up to 1013-101% watts) and the
continuing downward trend in the cost of elec-
tron beam power systems make these beams inter-
esting energy sources for generating high 8,
high temperature plasmas. We consider various
beam plasma energy transfer mechanisms in the
context of existing beam parameters: (1) colli-
sional, (2) excitation of turbulent fields, and
(3) energy transfer via zero-order fields.
(Zero-order fields refer to beam-induced space
charge and By fields and dia- or paramagnetic
changes in an externally applied longitudinal
field.) We also show that electron-beam-accel—
erated ions can be used as energy supplements
for high density plasmas as, e.g., the dense
plasma focus.

*
This work supported in part by the Defense
Nuclear Agency. .

G 6 Interactiou of Intense Relativistic Elec-
tron Beams with Linear Pinches.: JAMES BENFORD,
BRUCL ECKER and SIDNEY PUTNAM, Physics Interna-
tional Company, San Leandro, CA.--Intcnse rela-
Tivistic electron beams (0.5-1 MeV, 100-400 kA)
propagate in linear pinches with high efficien-
cy. The beam-pinch interaction can be modeled
as a single particle orbit motion of beam elec-
trons in the pinch field unless beam transverse
pressure is comparable to unbalanceg pinch
pressure and B = [(nkT)p + nW, ,)/Bg4/87 > 2 [
where (nW))p is the beam transverse energy den-
sity. A model of pinch field distortion due to
transverse pressurc imbalance is presented and
applied to experimental data, and the results

of a tapered pinch experiment to gencrate a
local increase in £ are described. Implica-
tions of the models to turbulent beam heating
of pinch plasmas are briefly discussecd.

Work supported in part by Defense Nuclear
Agency.



G 7 Non-Thermal Process in a Linear Pinch Device,
T. N. LEE, Naval Research Laboratory, Washington, D.C.--
A low pressure, linear discharge initiated by focusing
a pulsed laser beam between two electrodes produces a
concentrated thermal plasma of T, ~ 8 keV and Ng =~ 102!
em™ ., This plasma emits x-ray line radiation arising
from highly stripped atoms such as hydrogen and helium-
like iron ions. The temperature of the Fe XXV-ion
estimated from Doppler line broadening is higher than
the electron temperature, in agreement with the results
obtained by Peacock, et all The heating mechanism

for attaining such high temperatures during the very
short periods of interest is considered, and some
experimental results supporting the contribution to
the plasma heating by a non-thermal process are
presented .,

IN. J. Peacock, M. G. Hobby and P. D. Morgan, hth Conf.
Proc. Plasma Physics and Controlled Nuclear Fusion
Research, 2 537 1AEA, Vienna, 1971.

G 8 The Properties of a Coaxial Deflagration Plasma
Gun D.Y.Cheng and P. Wang, Univ. of Santa Clara-----
Theories show that deflagration and detonation(snow-
plough) discharge modes are two branches of the
possible solutions of the conservation equations with
energy addition. Deflagration is on the expansion
branch of a MHD Hugoniot Curve and detonation is on
the compression branch. The ionization wave propagates
along the particle path for the detonation and in
opposite dircction for deflagration. In deflagration,
the high-density ionizatlon wave is held by the on-
coming neutrals injected through a cosxial gun breech.,
The plasma is expanded downstresm until the Lavmor
radius and the mean free path sre ionger than the
electrode spacing, following the direction of the
Poynting vector formed by the electrode configuration
and the self magnetic field. The results of the de-
flagration theory were confirmed by the imsge converter
pictures of the discharge and by the magnetic field
structure inside the gun barrel. Plssmo density and
other measurements will also be presented.

This work is supported by NASA Univ. Grant NGR-05-017
-019.

G 9 Simulation and Optimization of Theta-—
Pinch Impulsing Circuit farameters, Jorking
from Cumulative Generator with Current Inter-
Trupter. Aleksandrov V.., Baikov A.P., Ivanov
V.A., Iskoldski A.M., Krotman L.S.,lesterikhin
Yu.E., Nesterov A.A. Institute of Automation
and Rlectrometry of the USGR Ac.Sci. Novosi-o
birsk. - To determine The efficiency of the
method the simulation and optimization of
Theta~pinch impulsing circuit acting from a
cunulative generator with a current interrup-~
ter was performed with an analog computer, The
circuit inductance, initial resistance and
wass of the interrupter were optimized. A4is a
result it is stated, that with the generator
inductance Ig = 1.2:10-8 H at the end of the
collapse cycle and the same circuit inductan—
ce, the optimal interrupter makes it possible
to obtain the rate of rising current in Theta-
Pinch impulsing circuit of 1013 A/sec at the
circuit e.m.f. of 200 kv and maximum current
amplitude of 3 llA. The Battery giving initial
current has_the following parameters:

C =1.8:10"2 F, Ucharge = &4 kv.

G 10 Parametric Studies of LINUS, hn Ultra-
High Magnetic Field Theta-Pinch.d.P.BORIS and
R.A.SHANNY,Naval Research Laboratory,Washing-
ton.--Numerical investigations describing the
aross behavior of a theta-pinch in which a lar-
ge magnetic field is produced by imploding a
rotating liguid lithium liner (as suggested by
Velikov) will be reported. A regime of magnetic
field strengths from 1 to 10 megagauss, plasma
temperatures from 1 to 20 keV and number densi-
ties up to few times 101Y have been investiga-
ted and radial confinement of the order of a
few microseconds has been predicted. The results
of these studies indicate that the LINUS con-
cept is a feasible thermonuclecar rcactor. Cur-
ves indicating optimized design paramcters will
be presented and the technological and scienti-
fic difficulties will be discussed.

G 11 A Pulsed High-Beta Fusion Reactor Dased
on _the Theta Pinch¥* S.C. BURNETT, W.R. ELLIS,
T, OLIPHANT, F.L. RIBE, University of Califor-
nia, Los Rlamos Scientific l.aboratery, Los Ala-
mos, New Mexico. -- A design study of a pulsed
high-beta 0-pinch reactor is presented. In the
case chosen the reactor is designed to generate
1750 Mile with a duty factor chosen to limit the
first wall nuclear power loading to 3.5 MW/m*“.
The guestion of energy balance is discussed and
it is shown that the reactor system described
has a total circulating power of lcss than 10%.
Some advantages of a pulsed system with respect
to a steady state system are outlined.

*¥ Work performed under the auspices of the U.S.
Atomic Energy Commission.
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PLASMA EXPERIMENTS ON £ = 1,0 HELICAL EQUILIBRIA IN THE
SCYLLAC 5-METER, O-PINCH TOROIDAL SECTOR

W. R. Ellis, C. F. Hammer, F. C. Jahoda, W. E. Quinn,
F. L. Ribe and R. E. Siemon
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico U.S.A.

ABSTRACT
We report experiments on a sector comprising one third of the 4.8-m diameter Scyllac torus. The
toroidal force and outward plasma drift are compensated by an interference force produced by a
combination of £ = 1 helical fields and £ = 0 bumpy fields. We observe the toroidal equilibrium,
followed by an m = 1 (sideward) motion of the plasma column, which is nearly the same all along
the torus, independent of the £ = 0 periodicity, with plasma containment times as large as 11 psec,
comparable to times for plasma end loss. The m = 1 motions, which occur predominantly in the hor-
izontal plane of the torus, suggest either an imbalance between the £ = 1,0 and toroidal forces at
later times or a long wavelength m = 1 instability. Measurements of the applied magnetic fields
show that the product of £ = 1 and £ = 0 fields for plasma equilibrium agrees with sharp-boundary
MHD theory. Time resolved measurements of the plasma diamagnetism, electron density distribution,
neutron emission, and beta are reported.

I. INTRODUCTION

When a straight theta pinch is bent into a tor-
us the combination of plasma pressure and the grad-
ient of the toroidal longitudinal compression field
B forces the plasma toward the outside of the torus.
For a plasma of major radius R and m}ngr radius a
the force per unit length is Fg = BB,a /4R, where B
is the ratio of glasma pressure to the external mag-
netic pressure BO/&T. In the Scyllac experiment [1]
the force FR is opposed by a combination of £ =1
helical transverse fields and £ = 0 bumpy fields.
The toroidal equilibrium [2,3] of this system and
the stability [4,5,6,7] of a straight £ = 1 or £ =0
plasma column have been treated in the MHD approx-
imation. In the experiments reported here on the
Scyllac toroidal-sector the £ = 1 helical field is
chosen because theory([4,5,6,7]predicts a growth rate
for the dominant k = 0, m = 1 mode which vanishes in
leading order. The smaller £ = 0 fields produce the

COLLECTOR PLATE

asymmetry in the overall plasma excursions 6. + 0 INCONEL INSERTS
which is necessary to produce the equilibrating
force, 120 GROOVE
2.2.3 /_
Fl,O [B(3-28)/8] Boh a 6160 (ha<<1), (1)

where 271/h is the wavelength of the £ = 1,0 fields.
Initial experiments demonstrating the £ = 1,0 tor-
oidal equilibrium were presented at the 1971 IAEA
Conference in Madison. [1]

II. EXPERIMENTAL ARRANGEMENT

Arrangement of £ = 1 coils and £ = 0

The Scyllac toroidal sector [1] has a major ra- grooves (with time-delay inserts) to
dius of 237.5 cm, extends through an angle of 120° give a toroidal equilibrium in the
and has a coil arc length of 5 m. Each meter sec- Scyllac 5-m toroidal sector.

tion of the compression coil is driven by a 700-kJ
capacitor bank of 210 1.85-4F, 60 kV capacitors.
The experiments reported here were performed with
one-half the bank charged to 45 and 50 kV to pro-
duce peak magnetic compression fields of 40 to 50
kG with rise times of ~ 4usec, followed by crow-
barred waveforms with L/R times of 250 psec.

of microseconds by annular sets of stainless-steel
trapezoidal sections (stuffers). In other experi-
ments split copper cylinders(shells) were installed
over the £ = 0 grooves, with appropriate flux gaps
at the edges, to provide an effectively uniform wall
for the £ = 1 image currents. These shells were al-
so used to reduce the effective depth of the £ = 0
Figure 1 shows the arrangement for applying £ grooves.
=1 and £ = 0 fields to the Scyllac plasma. The £
= 1 fields were applied by means of bifilar helical
windings, divided into one-period (A = 33.2 cm)
lengths with 5.75-cm radius. The £ = 1 coils' cur-
rent, driven by a capacitor bank, rose to its maxi-
mum value in ~ 3 psec followed by a crowbarred L/R
decay of 95 psec. The £ = 0 fields were generated
by annular grooves 1in the inner surface of the com-
pression coil (Fig. 1) , In some experiments the
onset of the £ = 0 fields were delayed a few tenths

The following measurements were made of the
plasma properties: (1) Three high-speed streak cam-
eras, viewing the plasma column side-on were used
to record the transverse motions of the plasma col-
umn; (2) A coupled-cavity He-Ne laser interferometer
was used to measure the time history of plasma elec-
tron density integrated along a chord of the plasma
cross section; (3) A magnetic loop and probe arrang-
ement was used to measure the magnetic flux exclud-
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ed by the plasma. Combined with density profiles
from the luminosity, the excluded flux can be ex-
pressed in terms of the plasma B; (4) A ten-channel,
side-on luminosity experiment was used to obtain

the intensity profiles of the plasma column. These
luminosity profiles, in conjunction with the coupled
cavity interferometer data, gave absolute density
profiles; and (5) Scintillation and silver-foil ac-
tivation counters were used to measure the neutron
emission.

III. RESULTS

The experimental procedure was to vary the £ =
1,0 equilibrium configuration by changing the con-
ditions of the £ = 0 grooves, which include their
depth, whether they are stuffed or unstuffed, and
the presence or absence of shells. For each of these
4 = 0 geometries; the £ = 1 fields were varied to
optimize the plasma containment time T Table
I lists the £ = 0 geometries and experlmgﬁ?g per-
formed in the various equilibrium configurations,
where B_ is the average toroidal field, b, is the
radius of the coil bore in the land regiomns, & is
determined from luminosity profiles, and & is”de-
rived from the measured magnetic fields ané B
through the relation 61 = BL=1/Boha(1_5/2)‘ [2]

Control experiments [1] in a smooth-bore coil
(14.4-cm diam) with a pure toroidal field (no heli-
cal or bumpy fields) showed that: (1) The plasma
heating processes are unaffected by the toroidal
curvature; and (2) The plasma column drifts to the
discharge tube wall (inside radius = 4.3 cm) in 2.2
(P. = 10 mTorr) to 2.7 psec (20 mTorr filling) be-
caube of the toroidal force. The peak plasma B was
-~ 0.8, the ion temperature ~ 1 keV, and the density
on axis 2 to 3 x 1016 em=3 with a 10-mTorr deuterium
filling pressure. Similar plasma parameters are
measured in the experiments described below.

A. Transverse Motions of the Plasma Column With
the 1.8-cm £ = 0 grooves (Exp. B, Table I), the
TAAE |
SOYLLAC TORDITAL SECTIR EXPERIMENTS

WO Blha b & A e & 8 Tag

;ﬁ 0 - - 7.2 D 0 0 0 0 .

B 1.3 STFFED 1.2 2.5 0.2z20 0.3 &5
0.9 UesnFren 8.2 0o 0.105 0.080 0.2 0.88 &9
.9 STFFED 8.12 9.0 0.16 0.6 0.2 0.3 57
0.7 TUFFED . 0.2 0.9 0.0 - 0.7 7-11

s
F 0.6 (S TUFFED 8.1 w.e 0.w1 0.6 - i § 47

N
L=1,0 field; balanced the toroidal rorce. [1]
However, the plasma lifetime was limited to 4 to 6
usec by a "ballooning" effect [or z dependence of
the plasma sideward (m = 1) motion], which carried
the plasma column to the wall periodically in each
L = 0 groove region. Probing of the L =1 fields
showed them to be 35% stronger in the region of the
1.8-cm deep grooves due to differences in image cur-
rent effects in groove and land regions. This elec-
trical effect was anticipated in the original design;
its considerable consequences for plasma behavior

were not.

Reduction of the £ = 0 groove depths to 9 mm
(Exp. C, Table I) and the associated reduction of
the z dependence of the £ = 1 fields to 14% had a
marked effect in largely eliminating the ballooning.
The m = 1 (sideward) motion was nearly the same in
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the land and groove regions, with improved plasma
containment times of 6 to 9 psec. The streak photo-
graphs of Fig. 2A show the horizontal plasma motions
without the £ = 1 coils excited. The motion is a
simple toroidal "drift" to the walls with no observ-
able effect induced by the bumpy £ = 0 fields. In

Fig. 2B the £ = 1 coils were excited to 56 kA. Fol-
A (2033) B (1945)
14.=0 I,.1=56kA
GROOVE
(13-1)
LAND ’ ____‘
(13-2) 2

|
e
L-io L s8C ——

P
2.5/_Lsec__J '__'__

Ppp =15 mTorr; Vpg =45kV

Fig. 2. Streak photographs near the center of the
toroidal sector plasma showing horizontal

motions (Exp. C, Table I).

lowing the initial implosion the plasma column takes
up an equilibrium position, which is shifted slight-
ly inward in the groove regions, outward in the land
regions and vertically in the planes between the
groove and land regions as expected from the helical
equilibrium shift of the plasma column. After re-
maining in equilibrium for 6 wsec, the plasma begins
to drift outward in both the land and groove regions
and strikes the wall in the land region.

In the experiments C through F of Table I with
L = 0 groove depths in the range of 6 to 9 mm, the
transverse motions of the plasma column were quite

similar, Comparison of the streak photographs of
A (1848) B (1856)
14,61 kA I+ 63 kA
GROOVE
(13-n
LAND -
(13-2) —=
LS M sec—— LG ,u,sec——l
Pnzalﬁ mTorr;, Vpg=45kV
Fig. 3. Streak photographs of the toroidal sector

plasma showing the effects of varying the
£ = 1 coil currents on the horizontal mo-
tions (Exp. C, Table I).
graphs):1, , = 61 kA.

graphs):li;1 = 63 kA.

in the amplitude of the £ = 1 fields.

A (Left photo-
(Right photo-

A few percent




increase in the £ = 1 current changes the plasma mo-
tion from being radially outward to inward in both
land and groove regions. The streak photographs of
Fig. 4 show two of the better discharges in terms of
plasma containment with 7.5 mm,£ = 0 groove depths
and filler shells.

The observed transverse motions of the plasma
at various positions around the torus show the fol-
lowing: (1) The plasma column takes up an initial
helical shift and comes into an equilibrium position
which lasts 4 to 11 psec in contrast to a complete

B(2873)

A(2844)
IE 12
TOP (13-1)
GROQVE
FRONT
(13-1,2)
TOP (13-2)
LAND
8o
NEUTRONS
| e sec/div
P[,2 = 15 mTorr 10 mTorr
Vpg = 50kV 50kv
Iz-1 = 60KA 62 kA
Fig. 4. Streak photographs of the toroidal sector

plasma showing the horizontal (upper and
lower photographs) and vertical (center
photographs) motions (Exp. E, Table I).
Oscillograms of main compression field and
neutron-scintillator signal from Experiment
E, Table I (lower left) and Experiment D,
Table I (lower right).

absence of equilibrium without the £ = 1,0 fields;
(2) As the plasma moves away from the equilibrium
position, the motion in the land and groove regions
are usually similar, i.e., the column either moves
radially outward or inward; and (3) The motion of
the plasma column develops largely in the horizontal
plane of the torus rather than in random diI-e-tioms.
The values of the quanticy hRBL:oBL=1/B§ re-
quired experimentally to achieve equilibrIum are in
the range of 0.36 to 0.41 (Exps. C-F, Table I) com-
pared with 0.62 to 0.33 for sharp boundary theory
for respective p values of 0.6 to 0.8.

B. Neutron Emission The neutron emission usually
begins to decrease at a time near the maximum of the
magnetic fleld, Fig. 4, while the plasma remains
confined. This is interpreted as follows: With re-
duced gank energy and with the neutron emission (-

2 x 10" /meter) near its threshold, the majority of
neutrons result from an initially hotter plasma in
the land regions. When temperature equilibration
occurs between land and groove regions, the temper-
ature and neutron emission decrease. Before axial
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equilibration the plasma is heated more in the land
regions owing to: (1) The ~ 237 larger magnetic com-
pression field in the land regions; (2) The ~ 11%
larger azimuthal electric field in the land regions;
and (3) In the unstuffed groove cases the observed
enhanced & (see below) which decreases the plasma
density in the land regions and increases it in the
groove regions. The neutron emission with the
stuffed £ = 0 grooves, Fig. 4B, has a slower decay
than that of the unstuffed case, Fig. 4A, as expect-
ed from the elimination of effects (2) and (3).

C. Excluded Flux and Luminosity Measurements Fig.
5 shows the time variation for typical discharges of
the excluded flux, plasma radius a, and computed beta

£ ¢ CASE C-UNSTUFFED
(& ]
© 407 GROOVE
x
3
220t
—J
(@]
&
0
20t

RADIUS (cm)
o

\u .
L
(0]
8t
=
& 4
0 ) . e .
0 2 4 6 8

TIME (1 SEC)

Fig. 5. Observed time variations of excluded flux,
plasma radius from luminosity profiles, and
computed beta on axis.

on axis (). These data are derived from the side-
on luminosity and balanced probe measurements by
curve fitting, under the simplifying assumptions that
the plasma has a Gaussian density profile and a uni-
form temperature. The Gaussian profile provides a
good fit to the luminosity data, and the plasma ra-
dius a is taken as the inflection point of the den-
sity profile.

These data have been used tn study the approach
to axial pressure equilibrium as shown in Fig. 6 and

Fig. 7 for the unstuffed case. In Fig. 6 iz plonted
the rdtin B /bt which should equal (B /8 )7 and
(bG/h e i plasma pressure is independent of length

along ‘the column. (Here L and G refer to the center
of the land and groove regions respectively, B is
the measured compression field and b is the local
compression-coil radius. At early times the ratio
p./p . is larger than the equilibrium value to which
it relaxes in about 4 psec. This corresponds to a
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20 CASE C -UNSTUFFED 4
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Fig. 6. Comparison of measured ratio of beta's in
the land and groove regions with the values
(horizontal line) corresponding to axial
pressure equilibrium.

T T T T T T T
CASE C-UNSTUFFED
St 4
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sy’ \A (3,) -3 L
3 3k Lum e+ L _
(o}
n}
oL . g
‘ 2 o E;F{/afléﬁxa\:2>ﬂ3
\\u/;/)\n,,ﬂ-ﬁn S~
AR =
LgBi=Bgy . 1.
(80),52(BL+33) I-Bavg
1 1 1 1 1 1 1
%) 2 4 6 8
TIME (2 SEC)
Fig. 7. Comparison of plasma column bumpiness
) derived from the luminosity pro-

fgl%gmwith the value (60) i corresponding
to the axial field variations in the land
and groove regions.

transfer of energy density from the land to the groove
regions.

The same phenomenon is also apparent in the
plasma column bumpiness & , as shown in Fig. 7. The
values (6 ) , directly measured as (a, - a )/(aG+

°oliYe he val 6 )
aL), are 1initially greater than the values s

which should be the response to the fields BL and BG
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at axial pressure equilibrium., This indicates that
the grooves are "overloaded" with plasma initially,
corresponding to an "enhanced" 50.

IV. DISCUSSION

The plasma is observed to take up a helical to-
roidal equilibrium for approximately 5 psec when the
4 = 1 fields are applied, in contrast to the case
with no £ = 1 field where the plasma accelerates im-
mediately to the outer wall of the torus. At ~ 5
psec an m = 1 plasma motion to the wall usually takes
place, predominantly in the horizontal plane., No
higher m unstable modes are observed. The m = 1 mo-
tion is the same in land and groove regions. Thus
the "ballooning' observed earlier [1] with large 6
has been eliminated. We conjecture that the m = 1
motion may have either of the following causes: (1)
The k = 0, m = 1 instability, observed when £ = 1
fields are applied to a linear plasma column [8] may
be occurring. In the present, toroidal case, how-
ever, the plasma remains stable for ~ 5 psec, while
in the linear case the instability sets in immed-
iately; (2) A loss of equilibrium due to an imbalance
in the applied 2 = 1,0 and toroidal forces may be
developing, because of: (a) Failure of the £ =1
fields to "track" the toroidal B_ field in time
(tracking is within + 15%); or (g) Change of plasma
B, radius,or 8 with time (e.g. Figs. 5 and 7.) The
plasma motion fo the wall in case (2 ) may occur be-
cause the loss of equilibrium excites the m = 1 in-
stability, or because it forces the plasma position
outside the radial region near the toroidal axis (~
2 cm) where the £ = 1 fields produced by the helical
windings have the required constant amplitude. The
observed containment times are sufficient for the
end effects (particularly the "wobble'") observed in
the linear case [8] to set in, initiating such a loss
of equilibrium. (We note that the m = 1 plasma tra-
jectory is best fit by a parabola rather than an ex-
ponential.)

A feedback stabilization system [2,9] is being
prepared which is capable of compensating the m = 1
instability of case (1), the more difficult of the
two cases to correct.

Work performed under the auspices of the U.S. Atom-
ic Energy Commission.
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Toroidal High-Beta Stellarator Experiments on ISAR T 1

E.Flinfer, M.Kaufmann, W.Lotz, M.Miinich

J.Neuhauser, G.Schramm, U.Seidel
Max-Planck-Institut flir Plasmaphysik, Euratom Association

Garching bei Miinchen, Germany

Abstract: Toroidal theta pinch experiments on ISAR T 1 using dif-
ferent combinations of # =1, £ = 2, and partly ¢ = O fields are
described.Best results are obtained with a mixture of all field
components. For better understanding of the dynamical phase, for-
ces of the stellarator fields on a not deformed plasma cylinder
were calculated.

I. Introduction: # = 1 stellarator fields combined with smaller
magnetic field components of other symmetry (e.g. £ = 2, ¢ = 0)/1/
can produce M&S-like toroidal equilibria with a non-planar axis
and without net plasma current. For high aspect ratio (A =R/r_,
r = plasma radius, R = major radius) and intermediate P suchP
uilibria are much less m = 1 unstable than the classical M&S/2/
and can be wall stabilized /3/. At lower B (B ~0.1) an average
minimum B stabilization by £ = 2 fields should be possible, too
/4/. For stability reasons a ¢ = 2 admixture seems to be favour-
able and was therefore in the centre of this investigation.

II. The ISAR T 1 configuration: With the ISAR T 1 toroidal theta
pinch (bank energy 2.6 MJ,R = 135 cm, Bpax = 34 kG, T/4 = 7.5ps)

we can produce a strong 2 = 1 magnetic field as well as moderate

b4 2 and ¢ = 0 fields in addition to the main toroidal field. The

2 1 and ¢ = 2 fields are produced by helical conductors (4 = 1:

X4 = 2m/hqy = 35.5cm, 24 periods; f = 2:ip = 2\q). The ¢ = 0 field

is generated by copper inserts (Fig.l;\Ag = A1). As we use asymmetri-
cal inserts, we get additional but comparable small 2 = *1 compo-
nents. In the first experimental run the £ = 2 and ¢ = O fields

have been restricted to one-fourth of the torus in order to try dif-
ferent combinations with less technical effort.

I

The equilibrium plasma surface (sharp boundary) for the general case
may be written (neglecting toroidal effects) as:

r = rprl + b1 cos(hqz-9) + b, cos[2(hpz=-0)] + 8, cos h_zl;h =hi=2h;

Fig. 2 shows a side-on view of the plasma column for each component
and the resulting M&S-like structure, producing a force F=F4 /o+F4 /o

opposite to the toroidal drift force Fg.

ITI. Dynamic effects: The possibility of producing a helically de-
formed plasma column by shock heating was shown in linear experiments
/5/. Additional problems may arise in a toroidal experiment, be-
cause F1 /3 and F4/0 are time dependent as a consequence of dynamical
effects. Using a cylindrical quartz tube the initial plasma surface
and the surface of the compressed plasma will be cylindrical rather
than helical. Calculating the interference forces acting upon a
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conducting cylinder we get (per unit length):

3 ~

~
and F1/0,cy1 7~ Bo

2
fo) I1 h4 hy rp/rw

oy 2
I7 I 5 Vo 2/m.x

F
1/? Cyl

while the equilibrium forces /1/ are:

P, = . 2/2-BandF , =F . . B(3-28)/[1-8) (2-8).

= F
1/ 1/2.Cyl

(1 = helical currents,ir = amplitude of the £ = 0 field, r =
1/ 2 o w

radius of helical windings). If B is near 0.5 the force on a cylin-
drical plasma is nearly equal to the equilibrium force. Therefore
one should expect, that stellarator fields of the right magnitude
compensate the toroidal drift already during the built up of the
helical deformations.

IV. Plasma parameter: Most experiments were performed using only
1/3 of the bank (0.5 MJ). The deuterium gas was preionized by a
toroidal z-pinch, where special care was taken to avoid net toroidal
plasma current after the driving z-current pulse was switched off.

The sum of the ion and electron temperatures (Ti+T ) was determined
from the toroidal drift of the pure theta pinch assuming sinusoidal
time dependence. For 0.5 MJ, 20 microns there was (Ti+Te).max - 140 eV

(degree of preionization a = 15%). T_ was also determined from the
time dependence of oxygen impurity Tines by solving the rate equations,
giving T_ ® T.. The density was measured with a feedback laser inter-
ferometer (in%rared, A = 3.4 pm) or with a microwave Michaelson inter-
ferometer (A = lmm). For tyg above parameters the maximum density on

o

the axis was n, R 1.2 x 10 m‘3(rp = 1.0 cm) giving B(t = 5 ns)™ 0.4.

V. Experiments with different field admixtures

(a) Theta pinch with # = 2 or with £ = O (inserts): The gross toroi-
dal drift motion was the same as in the pure theta pinch. The plasma
deformations b3, 8o have not yet been measured. Theoretical values were
bo ™ 0.02/(1-B), b2 ™ 0.4(2-B).

(b) Theta pinch with ¢ = 1: The plasma helix was formed as in linear
experiments but the centre of the helix showed nearly the same drift
as the pure toroidal theta pinch. The averaged b1 was (b4 exp’®l.5...2
(depending on the retardation of the £ = 1 field) compared with a theo-
retical value of &4 ® 3.0/(2-8) = 1.9.

(c) Theta pinch with # = 1 and £ = Q: Because of the very small
4 = 0 there was nearly no difference compared to the pure £ = 1 case
in gualitative agreement with theory.

(d) Theta pinch with # = 1 and smaller ¢ = 2: From theory /1/ we
get the equilibrium condition &y . bz = 2r_/(2-8) (hqr_)2. R ~0.53/
(2-B). Starting with{b4) ® 1.5, we found a“strong effelt of the £ = 2
even with a very small ¢/ = 2 admixture. By increasing b, however,only
a relatively small improvement could belachieved. Even with &4 . &3
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higher than claimed by theory, the lifetime of the plasma was not
much longer than the toroidal drift time (Fig.3;phase I/III: local
helical displacement inward/outward}. From smear pictures at dif-
ferent slits a long the torus sector with /4 = 2 windings, we con-
cluded that end effects should not have caused the early wall con-
tact. Smear pictures seem to show an initial disturbance in the out-
ward direction of the plasma helix during the dynamic phase. Such

a disturbance enhanced by instabilities could lead to the observed
behaviour. A final experimental prove and an explanation of the dis-
turbance is still necessary..

VI. Theta pinch with £ =1, £ = 2, and ¢ = O: The best result was
achieved by combining £ =1, £ = 2, and £ = O. Smear pictures at
opposite phases are given in Fig.4a compared to the toroidal arirt
of the theta pinch. In this case b1 exp ~ 1.1, while theoretical
value were about &4 = 1.25, 82 = D.255 by = 0.033. Similar results
were obtained if 51 was increased and b appropriately decreased.

By increasing only one component by 25% the plasma helix was driven
inward (Fig.4b). Also net toroidal plasma currents /I./ = 1X%kA
changed the plasma behaviour.Again we examined end effects. In Fig.5
smear pictures at the same phase but 0.5 Aq and 1.5\¢ away from the
centre of the torus sector are shown. The end effect is readily seen.
The end effect may be enhanced by unstable forces.

we should mention that the 4 = 1/4 = O interference force seems to
contribute only a small part to the balance of forces at late times.
Nevertheless, the £ = O seems to be favourable during the dynamic

phase to avoid large initial displacement of the plasma column,
while later on the equilibrium is mainly governed by interference of
g =1 and £ = 2 fields. The most favourable configuration found in
this sector experiment will be furnished all around the torus in the
near future. In this experiments the influence of the small Z = O
fields on the equilibrium in particular at early times will be further
investigated.

We gratefully acknowledge helpful discussions with Dr .J.Nihrenberg
and Dr.F.Herrnegger and thank W.Ochem for numberical calculations.
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HIGH-BETA REVERSED FIELD DISCHARGES WITH EXTENDED LIFETIMES

*
C.W. Gowers , G.F. Nalesso®, A.A. Newton, D.C. Robinson, A.J.L. Verhage, H.A.B. Bodin
UKAEA, Culham Laboratory, Abingdon, Berks.

ABSTRACT Criteria for setting up stable reversed field distributions are discussed
and experiments described in which such configurations have been generated without

instability or wall contact. The plasmas have g,k ~ 0.8 and lifetimes ~ 30-40 usec »

;]
the classical resistive decay time of the confining magnetic fields.

INTRODUCTION Further studies of the confinement of high-beta plasma in the reversed
field pinch configuration(1-4) are described in this paper. Theoretical]y(z) this

configuration can be stable to all ideal M.H.D. modes with B ~ 0.3-0.4; stability
with B ~ 0.1 was observed for 3 milliseconds in Zeta(q), where the configuration
set itself up following both instability and wall contact, with Tittle external
control. Reversed field distributions can be set up in a controlled fashion using.
programming(]). Although evidence was obtained that the mode which grew in the
outer regions, due to a minimum in the pitch, was suppressed, the plasma lifetime
was short-typically 2 10 usec. In no case were the four necessary criteria (see
below) all fulfilled together.

CRITERIA FOR SETTING UP STABLE DISTRIBUTIONS USING PROGRAMMING In principle, a
conventional stabilised z-pinch is first set up and then the Bz outside the
plasma is reversed. Four criteria must be satisfied in order to generate quasi-

stationary reversed field distributions in this way:

(1) The reversed BZ must be applied before local current driven M.H.D. insta-
bilities, which grow if there is a pitch minimum(a in the outer regions, develop.
(2) Wall contact, due to the outward expansion which can result from the applica-
tion of the reversed field, must be minimised.

(3) Overcompression, which will lead to a violation of conducting wall stabilisa-
tion, must be avoided.

(4) Current diffusion (of Iz) near the axis leading to a negative pressure
gradient in that region and instability, as observedti) must be avoided.
(Theoretically in pinch discharges with q < 1 pl+0 < 0 always gives instability.)
Criteria (2) and (3) are difficult to fulfill together, as they have conflicting
requirements on the timing and rate of rise of Bz with respect to Be‘ The

radial motion depends on the value of E8 Bz - EZ B at the walls, and it is this

]
quantity whose time variation must be optimised.

* A.W.R.E. Aldermaston, Berks; + University of Padua, Italy.
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In previous work (1) for "well compressed pinches" (1) was satisfied, because
of the sTow growth of the mode, and (2) was easily fulfilled but (3) and usually
(4) were violated. In "weakly compressed pinches" (1) could be satisfied, but the
plasma was driven outwards against the walls; there was rapid mixing of the |
opposed B2 fields and collapse of the column (often violating (3)). This

3

behaviour was similar to that in some early reversed field experiments

EXPERIMENTAL DETAILS The quartz torus, of 2 m major diameter and bore 12 cm, was

encircled by a conducting shell of bore 15 cm. The IZ current was between 40 and
90 kA with fast and slow Bz fields of 3-6 kG. Deuterium at a filling pressure

of 30 or 40 mtorr was used. Diagnostics included magnetic field measurements in
uncrowbarred* discharges using a magnetic probe (diameter of quartz envelope 9.5 mm)
containing five sets of Be and Bz coils,each 2.8 mm diameter spaced 1.5 cm

apart and two Br coils; helical sin/cosine Rogowsk1(7) coilssand laser light

scattering.

EXPERIMENTAL RESULTS Electron temperature and density distributions have been

measured in similar conditions in both stabilised pinches (the "initial plasma"
before the reversed field is applied) and reversed field discharges. Fig.1 shows
temperature and density distributions in a stabilised pinch at 4.5 usec. Both
distributions are hollow, the latter peaking at slightly smaller radii. Similar
distributions are observed in reversed field plasmas. In stabilised pinches(g)

Ta By Ig, with By approximately constant about 0.4 as expected for a resistively
heated pinch; the peak electron temperature, at 90 kA, was about 30 eV. In
reversed field discharges additional heating due to je currents yields By v 0.8,
with peak electron temperature about 20 eV at 50 KA.

Fig.2 shows tracings of the current and BZ field oscillograms for a crow-
barried reversed field discharge. The programming sequence used fith the present
capacitor bank arrangement) is as follows: the slow BZ is switched on first,
followed by the fast reversed BZ with unpreionized gas. Ionization is by means of
the main Iz current, which begins to rise about 1 usec after the fast B, was

switched on. By varying this time delay the relative magnitudes of Ee and EZ
can be controlled. The plasma does not expand outwards and the pitch minimum is
either avoided or its duration minimised because there is essentially no compression
until the external Bz has reversed. Application of the IZ and BZ crowbars,
whose jitter must be less than 200 nsec, leads to a quasi-stationary reversed field
configuration. )

The time evolution of such magnetic field configurations (for uncrowbarred
discharges) is shown in Fig.3. The pressure distribution shows compression is

* For times exceeding 5-10 usec the probe often perturbed the plasma.

-2 -
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underway at 2 usec, 0.5 usec after the Bz reversal at the walls; thereafter the
distribution is of annular form (see -3 or 4 usec) with mean radius about 2 cms,
in approximate agreement with scattering data; some overcompression has occurred
because the crowbar was not used. Typically, in crowbarred discharges, the annulus
is about 3 cms radius, which satisfied wall stabilisation; the pressure gradient
near the axis is positive. The parallel conductivity, estimated from magnetic
probe data and the measured volts/turn, shows no evidence of anomalous effects
when compared with Thomson scattering values at the peak of the pressure distribu-
tion (note that usually Vp < cs); o, has been estimated within an uncertainty
of about a factor of three and is of the order of og,.

Fig.4 shows streak photographs with and without the crowbar; reversed field
discharges with lifetimes extending to 30 or 40 usec have been observed which is
to be compared with the classical lifetime of the field configuration of about
37 usec. A weak m = 1 instability is sometimes evident in the later stages, possibly
because By ™ 0.8 exceeds the stability 1limit. Both the total IZ and BZ at the
walls decay approximately together (see Fig.2), the decay time being primiarly deter-
mined by the plasma temperature; this suggests that the configuration retains the
form shown in Fig.3. Scattering measurements at 16 usec show no significant cooling
and a balance between joule heating and losses is evidently set up. Tentative
estimates from the decay of the field configurations yield a value of energy confine-
ment time typically a factor of two or three shorter than the lifetime of the column.
CONCLUSIONS Reversed field configurations with By ~0.8 have been set up without
wall contact or instability. Their lifetime of 30-40 psec corresponds to the
classical resistive decay time of the fields; this is to be compared with
3 msec in Zeta where the plasma diameter is much larger. For similar plasma
parameters (n, T, 8) the lifetime of the reversed field discharge considerably
exceeds that of other configurations studied(]) in the present experiment.
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FIGURE CAPTIONS

Fig.T Electron temperature and density distributions in an unpreionized stabilised
pinch at 4.5 usec, pg = 30 mtorr.

Fig.2 Tracings of current and external B, field oscillograms for a crowbarred
reversed field pinch. pg = 40 mtorr.

Fig.3 Magnetic field and pressure distributions for an uncrowbarred reversed field
pinch. Graphical output from a computer programme used to analyse the data
is shown. The data is normalised with p = 0 at the inner quartz wall,
radius 6 cms; the pressure ?oints at larger radii should be ignored.

Fig.4 Streak photographs with (below) and without (above) crowbar of reversed
field discharges. :
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ABSTRACT

In HBTX z-pinches, screw-pinches and reversed field-pinches have been investigated with

probes, Thomson scattering and spectrally resolved photography. The measured electron temper-

ature and density distributions have been compared with predictions from an MHD code using

the full circuit. Agreement within experimental error is obtained in all cases for the compressed

regions of the column starting with partially ionised initial conditions corresponding to the

preionization plasma. For example, for stabilized pinches both computation and experiment show

that the temperature increases as IZ with

~ 0.5: the peak value obtained at 30 mtorr

with a current of 90 kA is about 30 eV. Observed electron temperatures in the outer plasmas

are lower than predicted even when strong turbulent electron thermal conductivity is assumed in

the computation; this will be discussed.

The effect of partial ionization in Bz

compression heated systems has been studied in

positive and negative bias field in order to investigate ways of controlling beta. Experimentally

and theoretically the rate of rise of temperature becomes sensitive to the degree of ionization

when the electric field is reduced; in these conditions the heating rate is also very sensitive

- to the addition of small amounts of negative bias field.

Introduction

Investigations of the evolution and heating of various pinch

1
configurations have been made on HBTxl)

where compression by axial
currents, Ip. and axial magnetic fields, B, can be used either
separately or together in several different ways. A parallel

(2)

study using the partislly ionised 1-D MHD code which has been

extended to include multiple arm circuits and inductive coupling
for energetically consistent calculations of the Bz and BB
magnetic fields, has been pursued to understand the formation stages
of the pinch. One important type of discharge using both Ip and
B, is the Reversed Field Pinch in which B, on axis is oppositely
directed to B, at the confining metal wall; hydromagnetic stab-
ility is expected and is observed for long times in this pinch(3).
On HBTX Bz pinches (theta pinch and screwpinch) are pre-
ionised, but for I

P
preionisation is optional and is not used in many cases(

pinches (z-pinch and reversed field pinch)
3 Measure-
ments of the preionisation discharge,which carries a "trapped” axial
currant‘g} of about 6 kA,show electron density, nge equivalent to 50 per
cent ionisation of the filling gasls]distrihuted parabolically with
2 maximum on axis. The electron temperature, Tg + 18 about 1.5 ev
on axis falling to a low value at the wall. The initial distribution
of neutrals has not been measured but computations of the partially
ionised stntet 6) (without confining magnetic fields) show that a
dense atomic layer accumulates close to the wall in a few us.
Initial conditions for the MHD computations are inferred from these
results and comparable, but isothermal, parabolic distributinons of
density with 90 per cent jonisation on axis are used. Unpreionised
discharges are approximated with 10 éer cent uniform ionisation.
Stabilised z-pinches

Measurements have been made of the preionised "stabilised"
z-pinch with 0.38 kG of initial and fixed B and I

z |
(90 yF at 36 kV in the

rising to
90 kA in 6 us in 30 to 40 mtorr deuterium.
z-circuit). Thomson scattering results show jnitially hollow temp-

erature and density distributions with the maximum of T, occurring

at somewhat larger radii than that of ng . In Fig. 1 T on axis

e

is compared with computations for the preionised and unpreionised
cases. BAfter 1.8 ps the effects of compression can be seen and
during the bounces the observed and predicted temperatures agree
until 6us when a gross MHD instability destroys the configuration.
In unpreionised discharges the electron temperature rises more
slowly and the bounces, which are heavily damped in this case, are
less apparent.

coupled measurements of n, and Te on axis for the preionised
case, when displayed on 2 log plot (see fig.2)exhibit an effective v
of 1.88 + 0.17 which is significantly larger than that expected from
adiabatic compression of a collision dominated plasma. Since ion-
jsation of the neutrals trapped by charge exchange should reduce the
effective vy significant Joule heating is expected.

The observed and predicted sheath structure is also indicative
of joule heating in the outer regions of the plasma where Vg > Vs.
Computations show that outside the sheath region the uncollected
neutrals maintain a cold layer and the temperature falls to a low
value in the vicinity of the wall. i

Integrations of the pressure distribution obtained either by
Thomson scattering or by magnetic probes which measure By and B,
show that B8 ~ 0.3 to 0.4 (55 = 2Nk(¥e+%i3/12) in the compressed
stages of the pinch. Figure 3 shows that T, = 12 at this time.
Computations show a mean Se ~ 0.55 with strong excursions super-
imposed due to radial oscillations. The latter are much stronger
in the computation as shown in Fig. 4 where observed and predicted
[p waveforms are compared.

The computation predicts the general properties and the temp-
erature and density of the central regions of the pinch reasonably
well. However the code appears to underestimate the damping of
radial oscil lations and this may be due to either the choice of
initial conditions or the approximate forms of the rate coefficients
which are used.

Screw Pinches and Theta Pinches

MED canputavions of fully jonized theta-pin~tes haws shown high

electron temperac .z ip the outer density rewunrs of “he Piasma
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due to high valuece of E:ufne. This anomaly ie removed when partially

ionized initial conditions are used, snd the distributions of Te

obtained are approximately uniform in the well compressed plasma

and fall in the low density outer regions to low values at the wall.
Earlier numerical investigations of the effect of partial ion-

. . ; i
ization on a theta plnchl }

(4 cm radius, 3.5 m length, 20 mtorr
Dzl showed that a cooling effect dependent on the initial rate of
rise of magnetic field, Bo‘ could be expected. A threshold

Bz ~ 1.5 XG/us was predicted below which a 10 per cent uniformly

ionized plasms would not be heated. At 10 %G/us this cooling effect

2 15 kG/us it was essentially negligible‘sl.

was emall and for éz
These effects were studied on HBTX and the 3.5 m theta-pinch where
extyeme sensitivity to Bz was found.

On HBTX, at i’z of 1.5 to 3.1 kG/us, 20 to 60 per cent of the

filling gas, estimated from the radial oscillation frequency, was

imploded. The mass collected on the 3.5 m theta-pinch varied from

12 per cent at 2.2 kG/us to 70 per cent at 3.3 kG/us. The power input
decreased less than the mass collection with Bz s0 that higher
dismagnetic temperatures were estimated for the lower Bz. In

Fig. 5, which shows measurements of the 3.5 m theta-pinch, compari-
son of curves 3a and 3b (diamagnetism at 4 ys and at 8 us) shows a
fall of temperature during the half cycle. At the lowest values of
BZ a cold low-f plasma remsins after a few us. (Such effects have
not yet been identified at higher Bz where longer decay times are
expected). Curves 1 and 2 of Fig. 5 show that small reversed bias
fields give an sppreciable increase in the diamagnetism: the mass
collection remains unchanged. In addition, the decay of diamagnetism
is considerably reduced and a fully diamagnetic plasma persiscs for
the full 18 us half cycle of the discharge.

Fig. & shows a plot of diamagnetic temperatures at 4 us esti-
mated frem the dismagnetic signal for various initial bias fields.
(The data is for Bz = 3.3 kG/us with 30 mtorr deuterium filling
pressure). The maximum reversed bias field ussble was limited to
~0.5 kG by m = 0 resistive tearing modes and this is considerably

% (9)

less than the critical value, BC~(4BZM) (M is the line mass and

Bc ~ 1.5 kG in the present case).

ionisation conditions:

Results are shown for two pre-
crosses denote measurements of discharges
started in a high level of preionisation with theta pinch initiation
during the axial current pulse; a smooth variation with bias can
be seen and there is agreemen: with computation predictions (shown
by curve a ) for fully ionised start. In contrast the dots show
discharges with delayed preionisation; sufficient time had elapsed
for the preionised plasma to interact with the walls when the bias
field was less than or of the order of 0.1 kG. With zero bias field
there is agreement between experiment and computations (curve b )

for a partially ionised start with parabolic distributions of electron
density at an average ionisation level of 40 per cent.

The results demonstrate the usefulness of small bias fields in
controlling the plasma temperature and beta. Thsy also show the
importance of initial conditions when heating is to be achieved at
low rates of rise of driving magnetic field.

In toroidal ézcompresaion configurations (i.e., screw pinches)
other processes can influence the plasma, especially its outer regions
€.g. joule heating by axial currents and turbulent thermal conduction
105595(1) Computed radial distributions of 'I‘e at 5 ys are <hown
in Fig. 7 for a preionized HBTX screwpinch with 84 yF 27 kV in Iz
is for zero initial

circuit and 168 uF 30 kV in I_ circuit., Curve b

Bz while curves ¢ and d show the effects of -0.5 and +0.5 kG.

Ay 5 us the reversed trapped field in case ¢ has been annihilated

by diffusion, and the effect of biss on the h-ating noted above is
apparent.

An outer maximum of Te is dominant in all three cases (not

shown for b and c¢) and the compressed plasma is located within a

radius of 1.5 cm. For curve e the B, was "switched off" showing

that Ez contributes to the heating of the outer regions in b, c

and d. (With B_ "off" and a fully ionized start a distribution

similar to b is obtained). Thermal loss due to turbulence is

simulated in curve a by setting Ke, = 0.1 Kﬂ“ which removes the

anomaly in Te and slightly reduces Tu in the compresscd column.

Scattering measurements of T on HBTX ayree with predictions

o

for the central column. In the outer region Te has

of case b

030

been estimated from the resistivity assuming classical behaviour ;
the mean temperature at peak Iz is ~ 5 eV while magnetic prokbe
results show 2 much lower value close to the wall,

Data from Thomson scattering has also been examined to deter-
mine the effective v (see above): analysis of the points in Fig.8
gives v = 1.59 z 0.1l. Thus collision dominated adiabatic behaviour
is indicated and a small energy loss may be present.

Reversed Field Pinches

In establishing reversed field pinches one of the critical
factors is the balancing of the outward expansion (driven by the
initially fallling Hz] by the compression due to B, without producing
subsequent over compression. Long lived discharges)so far obtained
are unpreionised resulting in strongly annular plasmas as shown by
the parallel resitivity temperature derived from magnetic probe data.
The jBBz and sz: components on either side of the plasma must
balance to cancel radial motion after the plasma has been compressed
from the wall,

The reversed field discharges can be characterised by the ratio
of initial BZ to the critical value for theta pinch expansion (see
and BE
A stable distribution must be established in less than an instability

k

above) and the relative rates of change of Bz at the wall.

growth time, ~[B, £(B,(r), B,(r))/M*]1 '(f takes account of the dist-
ribution of fields and other effects such as inertia and is of the
order of or less than unity) which requires Zf(BZQ/BC]2 (ﬂn/éz)c 1.
Fig 9 shows the regime in which long-lived reversed field discharges
can be established in relation to other types of pinch. (For the
example given in (3) ﬁeféz ~ 0.9 and Bzo/Bc ~ 0.75}.

MHD computations reproduce the formation of the annular plasma.
A large amount of neutral gas is trapped within the ring and the
subsequent behaviour of the latter is sensitive to ionisation losses and

8 rises to ~0.5 at the time when Bz reaches its maximum reversal.

]
The formation proceeds with a considerable loss of the reversed az
flux as is observed in experiment. ’
Conclusions

The measured heating rate and the time variation of the axial
currents in stablised z-pinches and screw pinches is in broad
agreement with the predictions of MHD calculations using partial
ionization and an electrical circuit. In stabilised pinches the
temperature increases as the square of the current with 8 ~ 0.4
and & maximum temperature of 30 eV was measured. Screw pi:ch temper-
atures in the range 30-200 eV were obtained. Strongly annular
reversed field pinches are predicted as observed.

For the outer regions of the plasma the limited amount of

experimental data available indicates low temperatures in qualitative

agreement with computation, Predictions are sensitive to the initial

conditions and rate coefficients used. |
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RECENT RESULTS FROM THE SHOCK-HEATED TOROIDAL Z-PINCH EXPERIMENT ZT-1

by
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ABSTRACT

Preionization in this experiment is produced by a < 20 kA z-current of
period ~ 30 pusec. The degree of ionization and radial distribution of
current density are functions of the filling pressure and strength of

the preionization current. After the start of the main z-current, with
initial B (wall) of ~ 60 kG/usec and peak currents of ~ 200 kA, plasma
pressure profiles show a positive pressure gradient on axis, as required
for MHD stability, existing for times of at least 8 usec (current zero

at ~ 11 psec). The plasma B_ is ~ 0.4 at 5 mTorr filling pressure and
increases with the filling pressure. Plasma temperatures (T, + T ) of
1-4 keV are inferred from the pressure profiles and initial gas f%lling
densities with the higher temperatures corresponding to the lower pres-
sures (2 mTorr). When the B field outside the pinch column is reversed,
streak photography and MHD s%ability analysis show significant improvement
towards stability. High plasma conductivity prevents the zero in B_ from
moving away from the wall more than ~ 0.5 cm. =

The ZT-1 toroidal experiment' is designed to
achieve MHD stable magnetic profiles®:® for a high
temperature (1 keV) pinch. This experiment uses
shock-heating by the magnetic field of the fast
rising z-current. Some experimental parameters are

listed in Table I.

TABLE I
Discharge tube radius 5.2 cm
Major torus radius 76.4 cm
Initial longitudinal electric ~ 1 kV/em

field
Initial rate of rise of discharge ~1.5 X 10°% A/sec
current

Discharge current, I < 200 kA
Quarter period of I ~ 11 psec
Bias Bz field <+ 4 kG
Reversed B_ field external to < - 4 kG

the pinch

A magnetic energy storage technique using fuses is
used to develop the high longitudinal electric

field as discussed elsewhere.!

This paper describes, I) the pre-ionization
phase, II) the z-pinch characteristics when oper-
ated (a) without Bz reversal and (b) with reversal,
and III) an MHD stability analysis of measured mag-

netic field profiles.
I. PREIONIZATION

The preionization circuit drives a z-current
of < 20 kA and half period ~ 15 psec which precedes
the main z-pinch current. The electron line densi-
ty is determined by He-Ne laser interferometry®
across a minor diameter through the vacuum ports.
The degree of ionization is found to be proportion-
al to the energy in the preionization circuit. At
30 mTorr filling pressure and 2.5 kG Bz bias field
~ 1007 ionization is reached after the first half
period of the z-current of peak amplitude ~ 13 ka.
B9 magnetic field distributions show that if the
z-current is held constant and the filling pres-

sure reduced the uniform z-current density becomes
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peaked on axis.

When the experiment is run in a "slow" mode by
connecting the main z-capacitor bank directly to
the pinch, peak z-current ~ 150 kA and =/4 ~ 10
usec, the degree of ionization has a significant
effect on the radial pressure profiles. A pres-
sure peak appears at large radii when the ioniza-
tion is low (~30%) and only with high ionization
(z 80%) is there efficient gas accumulation with
one pressure peak on axis. These problems can be
avoided by choosing parameters to give ~ 100%

preionization,
IIa. FAST Z-PINCH WITHOUT BZ REVERSAL

Be and Bz magnetic field distributions are
measured by probes located across a minor diameter
The reproducibility
of traces from discharge to discharge at 5 mTorr

and 4 kG bias field is found to be within experi-

parallel to the major axis.

mental error and we infer that no large scale kink
instability develops. (This is not true when the

experiment is run in the "slow" mode).

Pressure profiles calculated for two discharges

are shown in Fig. 1. The pressure profiles are

T ! I T T T T T

SmTorr
®4108

2 mTorr
£ 4049

PLASMA PRESSURE (XIO8ERGS/cm3)

0 0 1_ [
o1 2 3 4 5 0O 1 2 3 4 5
RADIUS (cm) RADIUS (cm)
Fig. 1. Radial pressure profiles as a function of

time for two filling pressures.

B bias
field = 4 kG. z
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hollow with a pressure peak off axis which exists up
to ~ 8 usec; z-current zero is at ~ 11 psec. Stabi-
lization against modes driven by the pressure gradi-
ent requires that the gradient near the axis be

positive or equal to zero. Fig., 1l shows that with
4 kG Bz bias field and 2 and 5 mTorr filling pres-

sure the necessary positive pressure gradient exists.

The plasma temperature (Ti + Te) is calculated

from the pressure by the equation;

w
2n r p dr,

where N the total line density is assumed constant
and equal to the initial line demsity. In addition
the temperature is assumed independent of radius.
59 as defined by the Bennett relation is

T

1 w

By = (200 | 2n r p dr)/I%.

o
Numerical integration leads to the data shown in
Fig. 2 for a 4 kG Bz bias field and three filling
pressures. The temperatures show an inverse depen-

dence on filling pressure and decrease with time,.

1 1 T T T T T T T T
1.0~ -
08 & 14049 -

\a/ﬂ’“ A_1omTorr w4108

B T \ #4110
i a__u_,. :-"'—"'"ﬂ 3
8 o4 o B‘_{n'—'_-gr%Torr
2mTorr
Q2+ o -
0.0 1 | | 1 1 1 | 1 1 1
2 4 6 8 10

5
> 2mTorr, =)
o 4r °‘H~°.4’°-—-°“\\\\H
x | " #4049 E
el \ 74108
S
E,\ 2k 7(,_\ —B=g SmTorr ™\, 24110 .
(L 9  lOmTorr \\g\\ \ _
0 1 1 1 1 1 1
0] 2 4 6 8 IO
TIME (}.LSEC)
Fig. 2. Calculated B, and plasma temperature

(T, + T ) as a function of time for three
fliling pressures, B bias field = 4 kG.




These temperatures are optimistic since the line
density may have increased by a factor of 2-3 as
seen by the interferometer. However, the contri-
bution to the line density by plasma in the pump

ports is not known.

MHD theory predicts that BS must be less than
0.5 for stability while the highest stable profile
obtained numerically® has Be ~ 0.31. The experi-
mental ﬁe's in Fig. 2 do not exceed those required
for stability. In summary, we find that the field
configurations having the lowest BQ ~ 0.4, the
least variation in the value of BG with time and
having a positive gradient near the axis, are ob-

tained with B, ~ 4 kG and 2-5 mTorr filling

pressure.

If temperatures ~ 1 keV and densities
~ 2 x 10*® /cc exist a detectable yield of neutrons
should be produced. Neutrons are seen in numbers

compatible with these plasma conditions.

ITb. FAST Z=-PINCH WITH BZ REVERSAL

The current in the B, winding is reversed
~ 1 psec after the initiation of the main z-current.
The peak reversed B, is ~ 1.5 kG with 7/2 ~ 10 psec
Magnetic field distributions and pitch of field
lines are shown in Fig. 3 with and without field
reversal. Because of high plasma conductivity the
reversed BZ is separated from the forward Bz and

the plasma column is compressed, increasing the BZ
on axis, and moving the BG field radially inward.

The resulting equilibrium prevents the zero in Bz

from moving away from the wall more than ~ 0.5 cm,

Four typical streak photographs taken across
a minor diameter with and without B2 reversal are
shown in Fig. 4. With field reversal the streaks
are significantly fainter with a marked decrease
in the bright filamentary structure seen without
reversal; rather, bands of light separated by dark
spaces spread across the discharge tube., These
bands of light can be correlated with Bz passing

through zero and with the peak Bz reversa..

III. STABILITY ANALYSIS

The measured magnetic field profiles have been
analyzed for MHD m=1 stability. Use is made of the
theory of Freidberg® to calculate the eigenmodes of

the radial displacement from equilibrium and the

2sec 4

—===NO REVERSE Ba E
—— WITH REVERSE B; -

L

MAGNETIC FIELD (KG)
@

5 CERAMIC -
¥ WALL d

4 | AL {

| ALUMINUM_
| - :

0 + + t H : 1
S v 2 3 4 m |
2} 3 ]
-3

RADIUS (cm)
T T T T T E
2 sec
2 ————NO REVERSE B; ;
A ——WITHREVERSE B,
~ -

4 |CERAMIC WALL

£ . {1 ALUMINUM |

o o | 1F WALL ;

S " ~_L ' 1
0 ’i .

= |

a -lr \Q% i |

_2F E .
-3 =

RADIUS (cm)
Fig. 3. Measured B, and B_ magnetic field distri-

butions ang pitch”of magnetic field lines
with and without BZ reversal.

theory of Robinson® to interpret the results.

These are shown in Fig. 5(a) for a no reverse
Bz case and in Fig. 5(b) for a reversed field case.
k is the wave number along the major circumference
and r is the minor radial position. The lines g=0
correspond to the roots of the factor g(r,k) appear-
ing in the energy integral.® The horizontal lines
indicate stable wavenumbers while the shaded areas
represent unstable modes, The amplitude of these
modes has been made proportional to their growth
rate. The shortest growth time is of the order of

0.5 usec in case (a) and 1,5 usec in case (bh).
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NO REVERSAL
SN

4503

WITH REVERSAL

I
15 psec

" NO REVERSAL
WITH REVERSAL

The purpose of reversing B, is to form a plasma
with no minimum in the pitch and no current or pres-
sure at the wall. That the first of these goals has
been achieved can be seen in Fig. 5(b). 1In view of
the slow penetration of the reversed field, it is
doubtful that the azimuthal current vanishes at the
wall. More important perhaps, the smoothed magnetic
field profiles used in computing Fig. 5(b) imply a
residual pressure at the wall, Whether this pres-
sure exists in the experiment is not clear. Removal
of the wall pressure by a slight alteration of the
B6 profile makes the pinch less stable. Programming
of our profiles has just begun and it is clear that

much work remains to be done.

Work performed under the auspices of the United

States Atomic Energy Commission.
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OBSERVATIONS OF M.H.D. INSTABILITIES NEAR THE KRUSKAL-SHAFRANOV

LIMIT IN LINEAR AND TOROIDAL HIGH BETA PINCHES

by
I K Pasco, D C Robinson, P P L A Smeulders

UKAEA Culham Laboratory, Abingdon, Berks. England.

Abstract: The growth rate and wavelength of M.H.D. instabilities have been
measured in the High Beta Toroidal Experiment and its Tinear 2 metre counter-
part over a wide range of pitch lengths (2mr Bz/Be)' Optical and electrical
measuring techniques are used. The wave]epggh of the Kruskal Shafranov m = 1]
instability varies in accordance with q(= R BZ , toroidal, = J%L . §5-11near).
The growth rate of the instability is found t3 pe approximately propgrtiona] to
the axial current in the straight system, and this agrees with theory for small
plasma displacements.

The m = 1 instability disappears in both cases at the Kruskal-Shafranov
limiting value of q(rm) = 1 where B is the radius at which q is a minimum.
This lies near the plasma boundary in the linear case and further out in the
torus . Values of q up to 3 were studied and in the toroidal experiment
evidence of anm = 2 instability was obtained when q n 2,5,

The field configuration was varied by altering the preionisation current
induced in the plasma, and configurations were usually of the screwpinch type,
with the current flowing principally in the outer regions. In the linear
device measurements below 12 KA were made with the current flowing principally
in the plasma column.

Introduction: The growth rate and wavelength of the m = 1 Kruskal-Shafranov
helical instability have been previously studied in 1inear(1’2) and toroidal
geometry(3) and the results compared with hydromagnetic theory. The measured
growthrates were then found to be an order of magnitude Tower than those
predicted by sharp boundary theory. Incompressibility and a vacuum field con-
figuration outside the plasma were assumed.

Measurements of the growth rate, wavelength and field configuration have
been made on the High Beta Toroidal experiment(4) and its Tinear 2m counterpart(S).

Experimental conditions and Plasma Properties

Peak Axial Magnetic fields of 4 - 18 kG rising in 4-7 us produce plasmas in
preionised H2 or 02 at 30 mtorr with the possibility of the addition of
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bias to control Beta. Axial currents of 2 - 80 kA rising in 4-7 us provide the
azimuthal component of the field. The magnetic field configuration has been
obtained in both devices using inserted muiti-coil magnetic probes.

Fig. 1(a) shows a typical field configuration from the linear device. The
form of the pitch variation (r Bz/Be) is very sensitive to the timing and form of
the preionisation pulse. It is possible to obtain pitch minima anywhere between
the plasma and insulating wall (4 cm), depending on whether the current flows
within the plasma or outside it. Fig. 1(b) shows the field configuration in the
torus. In this case the pitch minimum occurs near the insulating wall, (6 cm)
and most of the axial current flows in the outer regions whose conductivity
temperature is about 3 eV.

The Electron temperature ranges from 16 to 100 eV as measured diamagnetically

in both devices and by Thomson scattering in the case of the torus. Electron
16

densities are ~ 2.10'0 en™3.

Measurements. Wavelengths and growth rates are derived from temporal changes in

the plasma position obtained by optical and electrical techniques.

Optically the emitted continuum radiation is coilected by stereo pairs of
keyho]escopes(6) allowing multiple streak photographs to be taken through holes 1in
the metal walt of 8 mm diameter. Fig. 2(a) shows a streak picture from the

linear device and fig. 2(b) from the torus. The photographs yield the position and
wavelength after distortion corrections are made.

Electrically "the output from three pairs of Rogowski coils with winding den-
sities varying as sin 8/cos 8(7) positioned around the major circumference of
the torus and along the axis of  the linear device, has been used to determine
the displacement and instability wavelength. Since the current in the outer
regions is larger for a screwpinch field than it is for a vacuum field, equal dis-
placements of the plasma will yield a larger sin/cos signal in the vacuum field
case. Comparison with optical measurements can then be used to determine the
form of the field configuratiun without inserting a magnetic probe.

Results: Figs. 2(a) and (b) show exponential growth of anm = 1 instability. The

wavelengths in the torus are obtained after taking into account the equilibrium

motion seen in Fig. 2(b), upper.

Fig. 3 shows the measured wavelengths for the two devices as a function of

T BZ

the minimum value of q = for the torus and q = T in-the linear case.

bz
RB, ,
The measured wavelength of the instability is proportiona? to the pitch length,
or q , at the pitch minimum as predicted by stability theory(g). Growth rate

computation(g) for field configurations as in Fig. 1 gives the fastest growth
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at this particular wavelength where K.B = 0. It is to be expected that
periodicity around the major circumference will govern the number of possible
wavelengths in the torus but to a lesser extent in the linear machine due to the
il1-defined end points.

The maximum wavelength observed in the torus is equal to the circumference
or 620 cm and in the linear case it is measured to be ~ 400 cm or approximately
twice the machine Tength. Experimental results indicate that the wavelength A
shows discrete steps: 6.28 m (n = (2nR/2) = 1), 3.74 m (n = 2), 2.09 m (n = 3),
etc, in the torus. In the linear case the minimum value of q wusually occurs
close to the edge of the plasma. Thus a much Tower current (< 4 kA) is required
in this case to reach the Kruskal-Shafranov 1imit than in the torus (< 28 kA).
For q > 1 growth still exists but there is a tendency for the plasma to change
its shape as it goes unstable suggesting the presence of m = 2, which would be
expected.

The growth rates predicted by the computation(g) are in good agreement for
both devices and Fig. 4 shows such a comparison for the Tinear device, the
straight line is, obtained from a computed growth rate and assumes that
w N Bea_](4ﬁp)-%.8% or that the growth rate is proportional to the current.

Conclusions:

The measured wavelengths of Kruskal-Shafranov m = 1 instabilities in both
linear and toroidal geometries have been found to be in good agreement with theory
for values of Vil less than unity. When q 1is equal to one the wavelength is
equal to twice the linear machine length and once around the torus respectively

The measured growth rates are found to be in agreement with theory for a
variety of screwpinch configurations. There is evidence that instabilities
having m > 1 are generated in cases where q > 1.
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EXPERIMENTAL RESULTS ON THE HIGH-8 COMPACT TORUS EXPERIMENT TEE

H.J. Belitz, E. Kugler, P. Noll, F. Sand, G. Waidmann, F. Waelbroeck
Institut flir Plasmaphysik der Kernforschungsanlage Jiilich GmbH
ASSOCTATION EURATOM-KFA

Abstract. A plasma is produced by fast rising magnetic fields in a Tokamak-like
configuration to study its stability for the case E;J>1 (poloidal R) and nggzg,i.
With Bmax = 4,3 kG and a filling pressure P, = 1 mtorr D,, an initial plasma with

an aspect ratio Ap:: 5, a major radius Rp:: 28 cm, B~ 0.1, T =150 eV and N
g(a) = 0.8 was obtained. After crowbar, the plasma current Ip decreases in ~10 sec
and no major MHD instabilities were found when Ip is smaller than the Kruskal-

Shafranov limit.

1. INTRODUCTION. In this experiment, fast and simultaneously rising toroidal and

poloidal magnetic fields By and B, produce a plasma with B = 811"§/B%, 2, 0,1 in

a Tokamak-like configuration. The confinement of this plasma, in particular its
MHD equilibrium and stability behaviour, is investigated in the domain where

ISJ = 81{5/ng (a) is near the equilibrium limit 2~ Rp/a (Rp,a, = major, minor plas-
ma radii) and where Ehe reciprocal rotational transform q(a) = aB /RpBw(a) is
close to one. These R values, which are about those required in a reactor, have
not been accessible so far in Tokamak experiments. In screw pinches, improved
stability was observed [1,2Jwhen q>1, but the plasma aspect ratio was large and
B probably still too high for complete stability. In TEE, by using a short rise
time and a compact vessel (RO = 25 cm, minor inner radius For = 9,5 cm), the adia-
batic campression is reduced, and the aspect ratio of the resulting plasma is
reasonably small (R/a=5). After crowbar of the external currents, plasmas with
E,?,O,i should then be confinable. No power 1s applied to the discharge during the
confinement phase, and the decay of the plasma and coil currents play a signifi-
cant role on the plasma evolution. An initial gas pressure of ~1 mtorr D, was
chosen to reduce the B by fast anomalous field diffusion during the implosion
phase [ 3] and to produce confinable plasmas with T >100 eV at the available mag-
netic field strengths By < 10 kG. The use of a positive initial bias field By
allows to reduce further R.

2. APPARATUS [4]. The main coil consists of 36 parallel helical wires with a
pitch length of 1.74 R. The shape of the winding is such that the vacuum vertical

field B, =0,01 B¢ . The gas, ionized by r.f. electric fields, is preheated by =2
discharge of condensers through the coil (W = 2'105 5_1, }%pmaxsi kG). The fast

6

discharge (w = 10 s-l) of the main bank produces, at a charging voltage of

30 kV, a toroidal field of 4,3 kG and induces the plasma current. After crowbar
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by metal to metal switches, the main current decreases to Imaxfe in about 1 msec;
the initial decay is more rapid (characteristic time 100—200/usec) because of the
skin effects in coils and collectors. A copper shell is used to achieve a toroi-
dal equilibrium. This shell covers the outer periphery of the torus, allowing to
apply rapidly varying external B, fields to control the plasma position during the
implosion phase and later. The induced plasma current can be varied at constant
Efmax by placing toroidal metal rings close to the main windings. When these

rings are concentrated near the inner periphery of the main coil, a fast rising
B,-field results, which partly compensates the effect of the Ip x B, reduction.

By proper selection and distribution of the resistance of these rings, a time-
programming of the Volt.sec seen by the plasma (i.e. a type of inductive power
crowbar) can be obtained; in particular, a controllable compensation of the nega-
tive toroidal electric field exerted on the plasma by the decaying coil current IO

in the main winding can be achieved.

EXPERIMENTAL RESULTS AND DISCUSSION.

- The preheat phase has been studied [5] in an auxiliary experiment with similar

dimensions. At pj = 1 mtorr, more than 60% of the gas initially present in the
vessel is ionized and the measured electron temperature Te is 5 eV.

- At the end of the fast compression (t = 1,6/usec), magnetic measurements [ 6 ]
yield for the plasma radius, depending on the initial conditions, 5 cm< a<7 cm,

a being defined from the region where an appreciable current flows. In experiments
without toroidal metal rings, values q(a)<0.4 were found. With 5 inner rings

and BO = 0 Gauss, a plasma with B2 0.4 is produced. Strorg skin effects and a
large displacement towards the outer wall are observed. Fram similar experiments
with B = 270 G, (the condition mainly discussed here), we deduce a = 6,5 an,

Rp = 28 em, and an approximately triangular pressure profile with £ = 0,11. The
skin effect is less pronounced and the g(a)-value is 0.8. From the Doppler width
of HeIIl, CIII and CV lines a temperature TD+ = 70 + 15eV was estimeted . With

BO = 0 G, a value Tg = 250 eV was obtained from soft X-ray measurements. The average
temperature deduced from pressare balance is somewhat higher.

- Fig. 1 shows the evolution of the plasma current Ip for three different cases.
Ip drops during the first two jusec after crowbar by a factor 2.7 without, and
about 1.5 with metal rings. During this initial period, the Byand Be signals of
probes in the plasma present strong fluctuations which indicate erratic motions

of the magnetic axis. At t = H/usec , the Ip—values are approximately the same for
the three experiments. For all similar experiments, the rapid initial decrease

of the plasma current stops when Ip:S 20kA. This can probably be correlated to

tmfmtmm,Mram%mwhpMMamﬁ%(az6m)ﬁehw@k%ﬁmmv
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- 3 -
limit corresponds tc this Ip-
value. The later current decay
49kA P, = 1m Torr D, is, to a large extent, determinad
i B.= 270G o o
IplkAlj | by the Zorcidal electric fields
in . ;
304 . lal exp. 19 of 1/L/72 Ey caused by the I_ decrease in
: (b) + 150f 6472 By [kG] o
Il & B the helical main winding. E ¢

is large (=1 V/em for case a)
immediately after crowbar. The
copper rings reduce E by ~40%.

A further decrease has been

e achieved (case c of fig. 1)
0 T T T T T 1
0 o % 30 20 5 through the current decay in the
— tlp secl resistive rings for which

L/R = 60/usec. The characteris-

Fig. 1. Plasma current I, and Kruskal-Shafranov- tic decay times of the current
1limiting current Igg for a = 6 cm (B¢ on right T. = (d4n I/dt)_l —

scale) for 3 cases: Ip max not reduced (a), re- I th
duced with 5 copper rings (b) and 5 resistive the 20 jusec  are 30, 50 and
rings (c). 80/usec for cases a,b,c. The

observed continuum radiation is almost proportional to Ip. The plasma current

cannot be maintained constant in the last experimental case, since q is close to 1
.at the U4th JUSec, and since By decreases. Fig. 1, c shows that,assuming that a
does not vary, we achieve within + 10% a constant g-value over about 35 jusec.
During the slower decay phase of Ip, the current and the B ;probe signals are

smooth in the cases a and b. For experiments similar to that of case c¢), fluctua-
tions are observed on the B,,-probe signals during the first =~ 30 Jusec, which
disappear abruptly afterwards. These might result form a too effective "power crow-
bar" which tend to maintain the plasma in a weakly unstable damain. At t = 10 jusec,
the current is distributed in the whole plasma (no detectable skin effects), and
the magnetic axis lies at R = 29 am. A smooth ocutwards drift of this axis follows;
it reaches 29.5 an at the 60th /
the outward motion becomes more rapid. If we assume that BJ cannot surpass a
critical 1limit, of the order of R/a, the maximum confinable plasma energy is pro-
2/a. Thus, if the energy contairment time is larger than half of

T the BJ will at first increase [7]1. The equilibrium limit
could thereby be reached, and the plasma contairment should then mainly be governed
by losses to the glass wall resulting from the large £; value. The observed slow
outward drift of the magnetic axis indicates that this may well be the case in

TEE.

portional to Ip

the current decay time T

0423

usec ; at the end of the current life-time (>100/usec),i
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CONCLUSIONS.

The first experiments in TEE have shown that the production of a hot compact
plasma with B 2 0,1 and L%J> 1 can be achieved. An MHD-stable behaviour was
not found when q<1. An inductive "power crowbar" allows to extend to SO/usec

the period during which plasmas with g< 2 can be studied and to reduce the

rate of increase of f. which results from the decrease of the toroidal plasma

J

current. The plasma appears to be MHD-stable during the time where q increases
from 1 to 2.

[1]

© [2]

[3]

4]

(5]
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A VLASOV-FLUID MODEL FOR STUDYING GROSS STABILITY OF HIGH-BETA PLASMAS

by
Je. P. Freidberg and H. R. Lewis

University of California, Los Alamos Scientific Laboratory
Los Alamos, New Mexico
ABSTRACT
A formulation of the Vlasov-fluid model in a way suitable for

numerical computation is described, and application to equilibria with

axlal and translational symmetry discussed.

The Vlasov-fluid model has been proposed recently1 for making a more
realistic study of the gross stability of high-beta plasmas than is possible
in terms of the usual ideal MHD approximation. In the Vlasov-fluid model
the ions are treated as collisionless, the electrons are treated as a mass-
less fluid, charge neutrality is assumed, and the displacement current in

Maxwell's equations is neglected. The basic equations of the model are

0=

E+<u XB=0, (1)

e

whare u, is the velocity of an electron; and

1 3B
VXE=-~-¢ 3¢ ° )
-a-§+v-Vf+9-(E+-1-va)-Vf=0 3)
ot — MA=" =" =4 % ’
and (VX§)X§=4ﬂQId31(§+%1X§_)f, )

where f is the ion distribution function, and Q and M are the ionic charge
and mass. We consider the equilibrium ion distribution function to be a
function only of the total energy in order that there be no statiomary flow
in equilibrium. Then, as was shown in ref. 1, the allowed equilibria, the
criterion for marginal stability, and an estimate of the m = 1 growth rate

are identical in the Vlasov-fluid model and ideal MHD. However, estimates
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of the growth rates for m = 2 can be much smaller in the Vlasov-fluid model
than in ideal MHD, in qualitative agreement with experimental observations
on hot O-pinches.

OQur purpose here is to propose a method for solving the Vlasov-fluid
model for the actual eigenfrequencies and eigenfunctions, since only crude
estimates were obtained in ref. l. We have reformulated the linearization
of the Vlasov-fluid model in a way that has two very important practical
features which make the study of exponential stability feasible. Firstly,
although equilibrium particle trajectories do enter the formulatiom, they
enter more simply than in the usual procedure in which integrations along
equilibrium trajectories must be carried out. Secondly, the truncated
algebraic equations that result from the formulation and which must be
solved numerically are in a form that is convenient for computation, even
when the dimension of the algebraic problem is very large. The new formu-
lation can be derived in part from a treatment of linearized Vlasov plasmas
that is based on Hamilton's variatiomal principle.2

The Basic Equations

Consider an equilibrium defined by an ion distribution function fo(e),

pressure P, number density n, scalar potential ¢(0), vector potential é(ol
and fields Eﬁo) = - V¢(0) and g(o) =V X A(o), where ¢ = & Mv2+ Q®(O). As
in ref. 1, the gauge is defined by gﬂo)-é(l) = 0 and the perturbed scalar
and vector ﬁotentials are related by ¢(l) = E(O) X 3(0)-g(1)/3(0)2.

The basic linearized equations can be brought into the form

= q [ &1 om0 [E9 + Lrx 39 ]es/z0 ()
and ['aaz + E(;:_,g)] g = Mv* [g-g + g-V1 €, (6)

2
where E(r,t) = §(0> X gfl)ln(o) s EIE) is the incompressible MHD operator,

and SQE,!) is the equilibrium Liouville operator. The perturbed distri-
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bution function can be expressed in terms of the potentials and ds/3t, but
the function S(E,i,t) itself has no obvious direct physical interpretation.
The numerical treatment of Eqs. (5) and (6) is facilitated by repre-
senting E as an expansion in orthonormal eigenfunctions 51 of g(g), ECgﬁ) =
kﬁn(z)gi, and s as an expansion in orthonormal eigenfunctions Sk of the
hermitian operator (1/1)£(r,v), ":(E'i)sk = ip s, . Because of the close
.connection with ideal MHD, it is expected that only a few eigenfunctions §z

will be required. With these expansions, Eq. (5) can be solved for E and
substituted into Eq. (6), which can then be written in a matrix representa-
tion in the space of eigenfunctions of (1/i)£(r,v). Taking the time devend-

ence of s as exp(~ iwt), the equation for the eigenfrequencies w is

dex [(L = w) = wi(imau’)- b8} Ot ] =i o 7)
=1

where T denotes hermitian adjoint, and N is the number of eigenfunctions 5£
that are used. Here L is a diagonal square matrix which represents
(I/i)E(E,E) with weight function fo(e); a(E) and b(£) are column vector
representations of CMQ/AL)!fgﬂ and CMQ/hﬂ)Ef(Vgﬁ)'!, respectively, with
2)

weight function fo(e). The column vector c is the representation of
®fo/ae)_§_£-(§(0) + 'c"L!. X L(D)) with weight function unity. The weight
functions are those required by the variational derivation.

The form of the matrix in Eq. (7), a diagonal matrix plus a sum of
matrices of rank one, is of important practical significance. If w does

not equal one of the eigenvalues of L, which are all real, then it can be

shown that Eq. (7) is identical to
[det(L - w)][det D] = O , (8)

where D is an N X N matrix whose elements are

=5, - c(j)T(L - w7t [imza(k) - wb(k)] . €))

Dy = Oy
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The fact that L is diagonal, and the expectation that small values of N will

be sufficient, render the determination of eigenfrequencies from Eq. (8)
feasible, even though the dimension of the matrices in Eq. (7) is large -
say 10,000 x 10,000.

Equilibria with Axial and Translational Symmetry

To find the eigenfunctions and eigenvalues of (I/i)S(EJE) it is valu-
able to use all symmetries of the equilibrium. With axial and transla-
tional symmetry, the appropriate variables are cylindrical coordinates &
and z, energy €, the conserved canonical momenta Py and P, and a variable
T(r,e,pe,pz). The functions s and E can be taken proportional to
exp[i(m@ + kz)] and each pair of values of m and k- considered separately.
The variable T(r,e,pe,pz) is proportional to the time required for an ion
to move in equilibrium from a fixed point to a point (r,vr) along a curve
in the (r,vr) phase plane corresponding to fixed e,pe, and P, This time,
along with the eigenfunctions and eigenvalues of (I/i)S(E,X), can be
expressed exactly in terms of integrals that can be evaluated numerically.
It is also possible to compute the MHT eigenfunctioms 5%' Therefore, the
matrix elements in Eq. (7) can all be computed, and eigenfrequencies can
be determined from Eq. (8).

This procedure is being applied to the sharp-boundary screw pinch as
a first application.

This work was performed under the auspices of the United States
Atomic Energy Commission.

References
(1) J. P. Freidberg, to be published in Physics of Fluids.

(2) H. Ralph Lewis, Phys. Fluids ig, 103 (1972).
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Expansion of Toroidal Equilibrium with Finite

Periodicity Length and 4 = 0,1 Fields in Leading Order

F.Herrnegger and J.Nilhrenberg

Max-Planck-Institut fiir Plasmaphysik, Euratom Association

Garching bei Minchen, Germany

Abstract: The existence of an expandable toroidal magneto-hydrostatic
equilibrium with finite rotational transform, but without Pfirsch-
Schliiter correction is investigated. Under the specific scaling used,
a solution accurate to second order (which includes the toroidal
effects) exists only for a uniquely determined pressure profile.

A class of toroidal equilibria is investigated which ig characterized

as follows: B is of order one; the longitudinal current through each
magnetic surface vanishes; the only expansion parameter used in the
approximate solution is the guantity

pmax/Ro ~ g

(1)

where L - is the radius of the discharge tube and R, the radius of
curvature of the magnetic axis, which is constant in lowest order:
the periodicity length Lp and the torsion in lowest order 1/To of the

magnetic axis obey the relations

i L | (2)

o pmax/Lp ~ el Pmax” “o

and the zeroth order equilibrium is the straight 6-pinch with cir-

cular plasma cross section. Under these conditions the equilibria

are of the ¢ 1l stellarator type, where the ¢ = 1 corrugation is of

first order. £ = 0 (i.e. M & S) and ¢ = 2,3,... currugations may be
added in first order. Further, the large toroidal radius is ordered

pmax/RT - 62' (3)

The equilibrium then has - rotational transform of order one, so

as

that one has, in general, to expect the occurrence of the Pfirsch-
Schliter (PS) effect. Since this means that the current density

parallel to the magnetic field is changed by a finite amount from
the corresponding straight case (see for example Refs. 1,2), one

can, in general, not expect an expandable equilibrium of the above
type. On the other hand, it is well known from equilibrium calcu-
lations with the help of an expansion near the magnetic axis (see

for example Refs. 2,3) that the PS-correction may be eliminated near
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the magnetic axis by suitably choosing the configuration; the relevant
condition is, for example in the simplest case of an M & S equilibrium
(see Ref.2) .

ds _
ﬁg .- =10, (4)
O 0 '

where B, is the magnetic field on the magnetic axis and Ro its radius
of curvature. Therefore, the expansion of an equilibrium characterized
by Eq. (1) = (3) in the small parameter e¢ can only be successful if
the relevant condition (which corresponds to Eq.(4) but is, of course,
different in form for our case)is met. However, this is not sufficient
and the calculation yields the additional result whether the PS-

correction can be eliminated over the entire cross section.

We perform the calculation in Hamada coprdinates. The equilibrium
construction then reduces to obtaining the relationship of adequate
geometrical coordinates with the Hamada coordinates. We use the
geometrical coordinates p,p,s of Ref. 4 (which are essentially
Mercier’s coordinates) and specify their relationship with the Hamada
coordinates V,8,( as follows:

p =8+ p, cOS @ + p,, sin 2mms/L + p,_ + gzocos 2¢ +
+ ;02 cos 21 ms/L + ;25_11 sin(ep+27 ms/L),
@ = 20 + 2 m{ + ﬁm sin ¢ + $©1cos 21 ms/L + ézo sin 2¢ +
+ $02 sin 4m ms/L + $¢1cos (p + 27 ms/L) + $+1cos (@ - 2m ms/L),

-4 z 4 2 5 2 '
s = L{ + s, sin ¢ + s, cos 2m ms/L + s, sin 2¢p + s,, sin 47 ms/L +

0
+ 5 cos (p + 2m ms/L) + gﬂ cos (@ - 2m ms/L) , {5a) - (5c¢)

11

Il
xa

+ : sin 21 ms/L + 0(e'),
(6a) - (6b)

W |

“ . Z >
+ T sin 2m ms/L + T, + T, cos 41 ms/L .

i
19

2

Here, all quantities with superscript, which refers to the e-order,

are functions of V only; the subscripts are Fourier indices; L is

the length of the magnetic axis and m the number cf periods. The
subscripts 10 represent the £ = 1 corrugation, 01l the M & § cor-
rugation of the straight circular 6 pinch. 1/R and 1/T are curvature
and torsion of the magnetic axis and it is easy to construct toroidally
closed helical like curves with 1/R and 1/T of the above form. The

first order expressions in Eqg. (5) have been chosen such that the con-
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dition correspondihg to Eq. (4) can be satisfied. £ = 2 and other
corrugations have not been included because it can be shown that

they have no influence on the existence of second order solutions.

The second order terms in Eqg. (5) are restricted to those which

are necessary because of the second order inhomogeneities. Again,
additional second order terms in Eg. (5) do not influence the existence
of the second order solutions. The set of equations, which has to be
solved, is given in Ref.2 (or, in slightly different coordinates, in

Ref.4). The following first and second order equations are obtained:

oA . o 4 O B iy o 0.4

(BPos )" = T 8o, /2L = 0, 2§ s,y + §(S,= T Pp,, ) = o,

o 4 1 4 ,0

T Soq = Pou = T/T, (7a) - (7f)
41 ,0 q © PY; 1 1 1 o4 o, 1 o

(T/T = %/%) % 0/T + BoBoy = 5,805 + (Pby Lot/ TIN/T=0, (8)

where we have, for brevity, omitted all second order equations except
the integrability condition Eq. (8). ( a is the zeroth order longi-
tudinal flux; the dot indicates the derivative with respect to V).
If toroidally closed curves with

WA = T/T (9)
, 1 i
existed, Eqg.(8) could be satisfied trivially by choosing p,, ., 501= 0.)

However, toroidally closed curves satisfying Eq.(9) do not exist

(Ref.5).2)Therefore, the M & S corrugation is needed to satisfy the
integrability condition. Evaluation of Eg.(8) near the magnetic axis
yields

37 4

Foen + (x/n - 1,/7) =0 (10)

or, expressed in terms of the field on the magnetic axis
B, = B, [1 -3 (T/7 - #/4) sin 2m ms/L], (11)

which coincides with the result from an expansion near the magnetic

axis, as it was done in Ref.2. It turns out that the conditon Eg. (10)
is not sufficient to satisfy Eq. (8) identically in V. This can only
be achieved by determining the pressure profile appropriately. (This
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unique profile is approximately linear in V and yields a plasma

of about 0.2). Therefore we conclude that equilibria of the type in-
vestigated here do not exist in the sense of an expansion that could
be carried to arbitrary order. There exists, however, a unique "so-
lution" of second order accuracy, which could, in the sense of Ref.6,

be interpreted as a possibly favorable initial state.

Discussions with D.Lortz, M.Kaufmann and J.Neuhauser are gratefully

acknowledged.

1)

' ' . 2 1
Due to a numerical error in Ref.4, the relation between ®x and T was

different so that it was concluded that the int egrability condition
could be satisfied by choosing an appropriate toroidal curve.

2)'1‘1'11.'5 fact was only noted after the completion of Ref.2.

[1] Pfirsch,D., A.Schlilter, Max-Planck-Institut, Garching,
Report No.MPI/PF/7/62 (1962)

[2] nithrenberg,J., Nuclear Fusion 12,No.3 (1972)
[3] Maschke,E., Plasma Physics 13 (1971) 905
[4] Nihrenberg,J., Phys. Fluids 13 (1970) 2082

[5] strubecker,K., Differentialgeometrie I, p. 218
Sammlung G&schen Bd. 1113/11lla (1964)

[6] Grad,H., Courant Institute, New York, Rep. No. MF-62 (1970)
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A Class of Helically Symmetric MHD Equilibria+

D. Correa and D. Lortz

Max=Planck-Institut fur Plasmaphysik, 8046 Garching bei Minchen,

Federal Republic of Germany

Abstract
Helically symmetric equilibria are discussed for the case that the

equation is linear.

+
"This work was performed under the terms of the agreement on

association between the Max-Planck-Institut fur Plasmaphysik

and EURATOM",

053




B3

Helically symmetric equilibria are conveniently described in terms of

the vector field

o 3 V4 X VAL

where
M = P+ B
q = (+ &%)

and 4 , ¥, 2 are cylindrical coordinates. Any helically symmetric

equilibrium field can be written in the form
— — —_— .
B=4~“>(VF+1Z(F_)W P-‘P(")
)
where F(’.\')u)satisﬁes the equation

LE g e k=0

L

2 2y L2, L2
f,'—‘"‘;.*ﬂ("ﬁ’i)/jg/;*,ﬁq VI

Suppose that both P and ? are linear

P=Pa+?,f") gzoc—}'-J-yﬁF) 5~!’>,—J:o

(The case Y = C has been discussed by Kadomtsev [] ])
- sf &
The function (;b = P, ‘fé FF then satisfies

L i l i }.. 2 . 2 i \ i
=, + = 9. ""‘E‘ + Jidk '9‘ )C}gf( "“‘;}.)((J-Y(Plﬂﬂ’:(}
YA PETECIE TIT Py e /

where ¥ =& 4 . The periodic solutions of this equation can be written

in the form.
o .
5 o i x) ., . =
% (yraars) e S[C A D A ] A uwrm R
Cb = _X—: e "F ( X'+L + X-S' + / Cﬂﬂ’n + _Lﬂ A’m _[LAM Wim AL ‘.l";-_’:/—:/n’" U., |

m=0C
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4, are the two independent solutions of

x & 5 /f . / . N S r oy .

L L ] & j /o - V.7 ; = L -
COev™ b ry(1-v%)4 FlHy=m It o (yogm2 )y
Py - “m = i U = d \ i o2

L e
If y = ™ these solutions can be expressed by Bessel functions

=
X L‘ I . - ;
’%#fl _ 14"... ’ ({___ /‘,,L / .JT'K :L ‘ __3{"7 F ,"——-;'—""'I"—r
by, = 2 M - J e o T {;:'xh— n
N il | o ¥ - Tagt ¥
"
e D L
= X -n *¥ o - T
" n S — 5 N [IX-n
L m-il ! Moy Ay "
2 &
The solutions for ¥ = m are obtained by taking the limes of
o 5
Gt L L
#..  as f approaches ., provided that y % -; . For
Y ol . . . .
{ = - ! a special consideration is necessary.
We have:
g ¢ l'\ " 3
L o " 5
) = Y [
== % 9 T M d )
o Kl
V> - M
7 (3! - "
EAY ’ - g)..
= m " —
f11 ~ ik
‘{,/Wa *ZL = ¥ it ( I+ o b3 ) . vy
{'a - " Mo
and
(! | . -
) _— — = 1Y ¥ ‘7 \\ = =
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For +~ = . it can be shown that among these solutions there are

some which have the following properties:

1) JJ has @ maximum at, say, ¢ =% /4 =" j,e. the cuts of

the magnetic surfaces with the plane z = const are closed curves

and the pressure decreases outward.

2) The current density on the magnetic axis vanishes, which implies

that

- 3) Sufficient criteria derived in ;_2 can be satisfied in a finite

neighbourhood of the magnetic axis.

These solutions represent stable configurations with a continuous pressure

profile which are surrounded by vacuum.

References

1 Kadomtsev, B.B., JETP 10 (1960), 962

2 Lortz, D., Rebhan, E. and Spies, G., Nucl. Fusion 11 (1971),

583.
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Specific Magnetic Inductance for Toroidal Systems

R.G.Bateman
Max—-Planck-Institut fiir Plasmaphysik, Euratom Association

Garching bei Minchen, Germany

Abstract: The magnetic inductance matrix, which depends upon geometry
alone, has been generalized to toroidal systems with distributed cur-
rent. This generalization can be made after the magnetic energy is
minimized on each flux surface, holding the surface shapes and flux
profiles fixed (=3j.vy=0). It then follows that the flux between dif-
ferentially close surfaces equals the total current within the surface
times the specific inductance (the matrix relates longitudinal and
azimuthal components). A special coordinate system appears naturally
in the derivation and provides a useful alternative to Hamada coordi-
nates. The coordinate system depends upon geometry alone, but, in it,
the magnetic field lines are straight. The general formalism can be
applied to the approximation of flux surface shapes for plasma systems
with a given topology. The specific inductance can be explicitly cal-
culated for systems with an ignorable coordinate.

For a vacuum magnetic field produced by an arrangement of surface
currents, it is well known /1/ that the total currents are related
to the total fluxes by a matrix which depends upon geometry alone
(inductance matrix) and that the total magnetic energy can be factored
into a product of total fluxes and the inductance matrix. Here we
present an extension of this idea to systems with distributed cur-
rents. However, for the purposes of this extension, it is necessary
to minimize the magnetic energy on each surface - i.e. while holding
the shapes of the flux surfaces V = V(x,y,z) fixed and holding the
flux profiles mi(v) fixed (i = 1,2 for simply nested toroidal flux
sur faces). The Euler equation for this minimization is j . VV= o
where l = V x B, Note that v . B =o already implies B . vV = o.

Once this partial minimization is realized, it follows that /2/
I (V) = A 5(0) dy(v) (1)

3 1 _2 S 1 :
— — — L
Sd x =B Qv 5 3 (V) Ag5(V) 4y(0) (2)
min
where the symmetric, positive definite matrix Aij(v)' which is called
the specific susceptance (its reciprocal is the specific inductance),

depends upon only the geometry of the flux surfaces and does not de-

pend upon the total current profiles or flux profiles

Ii(v) = gdi. E (3]
C.
1
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1]
")

® o,

[0)]

{w

(see Fig.l for the orientations of C, and Si)' The proof of these
results, as given in reference /2/, relies on a uniqueness theorem

for the minimizing magnetic field (i.e. for the solution of J .YV = o

~

and B . VYV = 0). The existence of such a field is assumed.

A simple representation for Aij can be established by using a special

1 2

coordinate system (87, 8%, V) defined by

8:39. . vel = §.. (5)
1]
Ci
9V . ¥X (VV x v8J) = o (6)
Then, the specific susceptance matrix is
AL (V) = (--1)J &dz . YV x vej+1. (7)
1] Ci

The special coordinate system determined by Egs. (5) and (6) provides
a useful alternative to Hamda coordinates. Our’s is a coordinate systen
in which the magnetic field lines are straight but the system itself
depends upon only the shape of the flux surfaces (Hamada coordinates
are functionals of the flux profiles wi(v)). Our coordinate system
can be used out of equilibrium (it is independent of the presure pro-
file). Even in equilibrium (Q’X B = VP) our coordinates reduce to Ha-

mada coordinates only if vV . v x j = o /3/.

For an example of the application of this formalism, suppose we con-
fine our interest to a given class of flux surface shapes with only
one free parameter a(V) for each surface. The function a(Vv) might,

for example, be the relative outward shift of toroidal surfaces or the
amplitude of a helical distortion. It can be shown that A is a functio-
nal of both a(V) and a(v)

“ij = ﬂij (Vv ; a(v), a(v). (8)

A plasma "equilibrium", constrained to this given subclass of surface

shapes, must satisfy both

P(V) + 4, (V) 1(v) = o -
b higa by - O higa ¥y - o (10)
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together with the side conditions that
I . e M = =
¥ Alja b5 da o at v o
and é(V) must be continuous wherever the current density is finite,
The stability of a plasma with respect to incompresible perturbations
involving only changes in a(V) is determined by the positiveness of

2 = l.r : — |.r . 0 - 2
5% = Jav {[Li ﬂijaa ?j 2(l“i Aijaa wj)] (8a)

¥ Niaa q'-j(xé)?-}.
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On the Spectrum of Ideal MHD

J.Tataronis and W.Grossmann

Max-Planck-Institut flr Plasmapyhsik, Euratom Association,
Garching bei Milinchen, Germany

Abstract: "A major task of mathematics today is to harmonize the con-
finuous and the discrete, to include them in one comprehensive mathe-
matics, and to eliminate. obscurity from both." E.T. Bell, "Men of
Mathematics".

Tn this and the following paper /B6/ we are going to deal with the
spectrum of eigenmodes of the linearized equations of motion of ideal
MHD. By ideal we mean that the resistivity and viscosity of the fluid
are zero, and that the pressure is a scalar. The eigenvalue problem
to be considered can be written in the familiar form,

-p wzx = F (v), plus B.C. (1)

where the frequency w arises from the_ assumption that the perturbed
variables have a time dependence of elut p(r) is the equilibrium mass
density of the fluid, v (r, w) is the perturbation of the fluid velo- i
city and F is a complicated differential operator representing the
force acting on a differential fluid element and is dependent only on =
the position vector r. The exact form of F can be found in most stan- I
dard texts on MHD, for example in Ref. /17. Usually, the solutionsof

eq. (1) which satisfy the boundary conditions can exist only for cer-
tain values of w. These values of w, the eigenvalues, along with the 5
corresponding v's, the eigenfunctions, constitute the spectrum that ;
we are seeking. As will be shown, there are two kinds of eigenfunctions
in ideal MHD; one is a perfectly analytic function of r and is square
integrable. The second kind of eigenfunction is singular at isolated
values of r in the fluid, and the singularities are of such a nature
that they are not square integrable. The consequence of this distinc-
tion are many fold. For example, due to the fact that this normalization
is possible, the eigenvalues corresponding to the eigenfunctions of

the first kind form a discrete set. However, eigenfunctions of the
second kind have eigenvalues which can take on any value in some range
and hence form a continuum. We thus say that eigenfunctions of the first
kind belong to the discrete spectrum and those of the second kind be-
long to the continuous spectrum. Another consequence of being square
integrable is that the eigenfunctions obey a variational principle.

When normalization is not possible, then no variational principle can

be set up.

The purpose of the present paper is to show the existence of the two
kinds of spectra in ideal MHD and to describe the resulting plasma be-
haviour that each spectrun leads to. In the following paper /B6/ we
shall examine the consequence of driving the continuous spectrum with
an external source at a specified freguency. The latter problem has
important applications in regard to the excitation of MHD waves in
bounded plasmas.

The role of the contimiouws spectrum and its application in plasma
physics has also been considered by Grad, Marsh and Weitzner /2/.
In their work, as in ours, the possible relationships between math-
ematical pathology and physical significance are explored.

We shall show here that two types of spectra are possible by showing
that they exist in two particular cases, namely in the planar sheet
pinch and the cylindrical screw pinch. The results will show that the
sheet pinch in the incompressible 1imit has only a continuous spectrum, |
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while the screw pinch has in general a continuous and a discreie
spectrum.

The sheet pinch is characterized by an equilibrium magnetic field
configuration whose cartesian x,vy,z components are the following:

B = [o, By(x), B, (x) ] (2)

The three equilibrium parameters B, o and the pressure p depend only
on x. In addition we assume that perfectly conducting walls are lo-
cated at x = * a where we have the boundary conditions

v (x=1%a) =0 (3)

Equation (1), which defines the eigenfunctions we are seeking, can
now be seperated into components and combined to vield the following
differential equation for vx(x):

d dv}r 2
= [ a(x,w P ]1- % q(x,m)vx = 0, (4)

alx,w) = pw ~ £ () /n_

where a Fourier transform has been made in the v and 5 directions %n 5
the form exp[-i(k_y + k z)]. In addition we have set k¢ equal to k + k
and f (x) equal toY 4 k.g(x) = kyBy(x) + szz(x), iy is the z
permeability of free space, and the assumption of incompressibility
has been made. The components v_(x) and v_(x) are expressible in
terms of v_(x). Thus the eigenvdlue probl&m in eg. (1) reduces to
eqgs. (3) and (4) for the case of the sheet pinch.

Solutions of eq. (4) which satisfy the boundary conditions of eq. (3)

do exist but are of a nature which would be unexpected within the
classical formulation of MHD: the eigenfunctions are singular in space
and the singularities are such that they are not square integrable.

The singularities stem from the zeros of the factor g(x,m) and can be
shown to be logarithmic in form. Proof that the eigenfunctions of the
sheet pinch must be singular and form a complete set would require

much more space than is allowed in this paper. However, a strong indi-
cation that this is indeed the case can be obtained from Barston in
reference /3/ where he solves for the natural oscillations of a non-
uniform cold plasma slab, free of any applied magnetic field, and bound-
ed by two perfectly conducting plates. It turns out that the fluctuating
potential, ¢, due to the plasma oscillations is described by the follow-
ing eigenvalue problem:

?1% l—(w2_wp2 (x)) E{d%] - k2 (ll!z—mpz (x))ep = O (5)

w(ix =% a) =0

where w_(x) is the electron plasma frequency at the point x, and w and k
are deffned as before. The similarity between the oscillations of the

sheet pinch as described here and the oscillations of a cold non-uni-
form plasma slab is apparent when eqg. (5) is compared with eqgs. (3)

and (4) . The oscillations of the sheet pinch are the oscillations of
the lines of force of the magnetic field, i.e., the Al fven waves. 1/2
The frequency of oscillation is given by wA(x) =k - B (x)/(pop(x))‘ &

and it is seen that at least one solution of eq. (4) is singular at
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the point x where y = wA(x) just as one solution to eq. (5) is sin-
gular where w = w_(x). "Because of the very close analogy between

the two problems P (note that the analogy is exact if p is indepen-
dent of X), we can use Barston's work to deduce the following con-
clusions: the eigenmodes of the sheet pinch are singular and exist
only if g(w,x) vanishes somewhere within the boundaries of the plas-
ma. Moreover, the spectrum of the modes is continuous in the sense that
every real 'value of w within a given range is allowed. This range is
specified by the minimum and maximum values of w (x) in the plasma.

By letting v* be the singular eigenmode at the “ frequency w, then the
response of e plasma to giveninitial conditions can be exXpressed as
an integral over the continuous spectrum:

Vx(x,t) S r dmA (w) v:‘:’ (m,x)eimt (6)

Y

where the integration is carried out over the continuous spectrum and
the coefficient A (w) is determined by the initial conditions. As t 4 o,
one finds that vx(x,t) approaches the form

imp (x) t
e
vx(x,t) 0C.-~??—-— (7)
where the decay is due to phase mixing of the modes in the continuous
spectrum,

One can arrive at this same result by using a Laplace transformation
in time to solve the linearized equations of motion as an initial
value problem. The nature of the spectrum of the plasma modes is then
determined by the type of singularities in the complex w plane which
the Green's function of the equations of motion has. In this method
the velocity perturbation v_(x,t) of the sheet pinch is represented
by the Laplace integral as > follows:

td 1wt
v, (x,t) = j 5% VX(X,w)elm (8)
c
where
a
VX(x,uJ) = L G(x,x'; wag(x',w)dx' (9}
and the Green's function G(x,x'; w) satisfies the following differential
equation:
d 2
ax La(x,w) %%] - kg (x,m)G = §(x-x") (10)
with G(x =+ a, x'; w) = 0. In eg. (8) C is the Laplace contour in the
lower half complex w plane, and g(x',w) in eq. (9) contains the initial
conditions and the forcing functions. Let ¥, (x,w) and ¥y, (x,wm) be two
solutions of the homogeneous form of eq. (1&) with ¢, (a,w) = O and
¢2(~a.w) = O, then the solution of eq. (10) can be w%itten as follows:

by (%, m) ¥y (X )

G(x,x'; w) (11)
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where J(y,, U,) = q(x,w)(¢1'¢2 - ¥,"' ¥;) and %, (<) is the greater

(lesser) of x and x'. It can be shown that J is independent of x
and x'. What is of interest here is the asymptotic form of eq. (8)
as t »« , and this is determined by the singularities of G(x,x"';w)
in the complex w plane. The singularites are of two types: those

of §, and y, and those of J. From eq. (10) it is clear that singu-
lari%ies of ¢1 and y§., are determined by the zeros of g(x,w) . When

g is zero soméwhere With the boundaries of the plasma then G be-
haves as log [w”-w 2(x)] near that point, i.e., the singularity

is a branch point %hich represents the continuous spectrum of the
sheet pinch. If we now perform the integration in eqg. (8) along the
branch cut and let t 3 » , we recover the decaying solution in

eq. (7). Another source of singularities of G comes from the zZeros
of J which would represent the discrete spectrum. Tt can be shown
that if k is real then J does not vanish. Hence the sheet pinch has
only a continuous spectrum. However, there are other plasma confi-
gurations which have both a continuous and a discrete spectrum. One
is the cylindrical screw pinch. The analysis of this configuration
proceeds exactly as above with the radial component v (r,t) of the
perturbation velocity replacing vx(x,t). The equations are almost
identical in form with the sheet Pinch with the exception that the
Green's function satisfies a differential equation of the type:

% [p(r,w) %(ii_GL] - kzh(r.w) (x@ = &(r-r'). ‘ (12)

Because p(r,w) is not identical with h(r,w), one finds a discrete
set of modes. These modes are unstable and are described by Newcomb.
Again there is a continuous spectrum due to the zeros of plr,mw.

Thus it is seen that the Laplace transform technique is a powerfull
tool since it reveals naturally the continuous and discrete spectra.
It is pointed out that SedlaZek /4/ used the Laplace transform method
to solve Barston's problem.
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The Excitation of Waves and Resonances in High-Beta
Plasmas

W.Grossmann and J.Tataronis

Max-Planck-Institut fiir Plasmaphysik, Euratom Association,
Garching bei Miinchen, Germany

Abstract: The problem of the excitation of waves and resonances in
non-uniform high beta MHD plasmas is treated and it is shown that
qualitatively different results are obtained than from the theory
of uniform plasmas.

The problem of the excitation of the natural modes of any physical
system can be reduced to the problem of the coupling of a source to
the system. Stromycoupling implies strong mode excitation. Hence the
problem must proceed in two steps: First, the determination of the
spectrum of modes of the system and second the determination of the
conditions which lead to strong mode-source coupling. In this paper
we are concerned with the excitation of MHD waves and resonances in
high-beta non-uniform cylindrical plasmas. It is very important to
emphasize the non-uniformity of the plasma because incorrect results
are obtained if one simply applies theory derived from either sharp
boundary or infinitely homogeneous plasmas to situations where, for
example, the density and mangetic fiels depend continuously on some
coordinate. The principle new effect which comes about from the non-
uniformity of the plasma can best be seen by examining the response
of the plasma, %(r,t), to some external source, s(r,t), whether this
source be initial conditions or a driving function at some specified
frequency w_. By employing a Laplace transformation in time, & (r,t)
can be put in the following form:

(uu)ei'“”t

2(x,t) = | S¥e(wr) s (1)

2n t
c
where G(w,r) is a Green's function of the linearized equations of
moticn of the plasma and the source s(r,t) has been written s_(r)-

(t) where the spatial part sr(r) is in G(w,r). s,_(w) is theX La-
piace transform of the temporal part s, (t). The 1nEegratlon is carried
out along the contour ¢ in the lower h3lf complex w plane below all
the singularities of the integrand. The natural modes, or waves, the
excitation of which we are examining in this paper, are represented
in equ. (1) as singularities of G(w,r) in the complex w plane. The
nature of the singularities determinesthe temporal behaviour of the
modes.

We first consider an infinite uniform plasma and in particular one in
which the spatial variation of & (xr,t) has the form: exp(-ik - r). In
this case the Green's function is given by

g LE

G (w,x) = Sl (2)

where A is a constant and D(w,k) is the familiar dispersion function
of the infinite uniform plasma found, for example, in reference /1/.
The zeros of D give the normal modes of the plasma and lead to simple
poles in G(w,r). We can thus use the theory of residues to evaluate
the integral in equ. (1) and we find

As, (w.) . e
® (_I_'__, t) = l?: D”?fljj ,k) el (llljt .]i £) (3)
j )

where the summation extends over the zeros of D(w,k) for the given k
value and D has been written for »D/dw. In addition we should include
in equ. (3)" the contributions from any other type of singularity of
G(w,r) plus the contribution from the pole of st(m) if the plasma is

nce




driven at some frequency. However, in the manner in which the problem
has been formulated, with only one wave number X present, G has only
poles. Thus waves are excited which can grow, persist or decay depend-
ing on whether the imaginary part of w. is negative, zero, or positive
respectively. J

Let us now consider a plasma which is non-uniform in a certain direction,.
Again the response of the plasma to a source is given by equ. (1), but
the Green's function no longer has the simple form given in equ. (2).

Its exact form depends on the nature of the system, but, in general terms
we can say that the singularity of G(w,r)now takes the form of a branch
point in the complex w plane and that the sum over discrete frequencies
shown in equ. (3) is replaced by an integration along the branch cut ema-
nating from the branch point, i.e.

(r,t) = | S2c(wns () et (4)

bggpch

The details regarding the origin of the branch cut are given in B5 of
this conference. In order to show the implications of the branch cut re-
garding the excitation of waves, it is best to consider specific examples.
Although the above arguments apply to any cylindrically symmetric diffuse
MHD plasma, we limit ourselves to examining the case of the simple theta-
pinch. We assume that the theta-pinch equilibrium is independent of z and
0 and is strongly non-uniform with smooth radial density, pressure and
magnetic field profiles.

We identify in equ. (4) ¥ (r,t) with v_(r,t), the radial component of the

plasma perturbation velocity. Then, fgllowing the procedure given in BS,
G(w,r) is given by R

G(w,r) = £ E(r,r‘;m) sr(r‘)dr'

where R is the radius of the theta-pinch and & is determined by the fol-
lowing equation:

r 2_2 2 2_2 =

2 k 2 1 v/ ;
L (e - 2 ) (w p(YP+—-B ) -y Ex B ] = (G :
i Yo Yo Laf r i
T
{ 2 2 2 2 2.2 2 2_2 .
Cwe -t I e v By @ik, PR
i | B :
L ¥ o E o -

2.2 o~
2. BB 8. e o
(w"p - uo) == (r-r'). (5)

The right hand side of equ. (5) is a delta function placed at the radial
position r'. Equation (5) is derived from the linearized MHD equations
of motion in the manner described in B5. The quantities p,P, and B are
the equilibrium density, pressure and magnetic field profiles and m and
k are the fourier transform variables for the 6 and z direction respec-
tively. The parameter y is the ratio of specific heats. The differential
operator of equation (5) posesses both a continuous and a discrete spec-
trum and consequently it is possible to find examples of waves with time
dependence as given by (3) as well as the non-exponential time behaviour
as presented in BS5.

As an example of a discrete mode which is excited by any arbitrary per-
turbation of the equilibrium, i.e. the source term in (1) s, is a con-
stant, we examine the m=0, k=0 compressional wave or sometimes called
the natural frequency of the plasma. In this case the singularities of
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the Green's function are simple poles and lead to purely oscillatory
time behaviour. For this mode one can solve numerically the homogene-
ows form of equation (5) for given experimental profiles and obtain the
natural eigenfrequency w and the eigenfunction. We have investigated
several different profiles and have derived for two dimensional com-
pression, y=2, the equivalent sharp boundary model result that the na-
tural frequency is independent of beta and the plasma profile. This

frequency 1is: 5 8B 2

W = ——"SLi- (6)
B,0,2

where B_ is the magnetic field strength outside the plasma of density

p and a is the plasma radius. These oscillations, observed in every
tﬁeta—pinch experiment, are observedto be damped in time due to time
varying equilibrium properties. End loss from a theta-pinch is one source
of the non-constant equilibrium.

We now examine another wave which leads to non-sinusoidal time behaviour.
This wave is the longitudinal Alfven wave. In the uniform plasma case,
this wave is uncoupled from the remainder of the dispersion relation-
ship. For the non-uniform theta-pinch under the approximation of incom-
pressibility, y + «, we obtain an equivalent uncoupled description of
the Alfven wave whose Green's function is found from:

r— 5 k2 82 7 1/
| x (pw”- ) (x8) 5 3
| Yo K g .G _ . :
- (pw = )= = d(r-r'). (7)
| 2 I '
| m + k'r o)

As shown in B5, the above operator for real k has only a continuous
spectrum. The calculation of the Green's function is in practical situ-
ations extremely difficult because of the very complicated homogeneous
form of (7) when arbitrary density and magnetic fields are chosen. In
order to obtain a feeling for the nature of response, we approximate

the density and magnetic fields as simply as possible. Assuming constant
density and a magnetic field which varies linearly with r, it can be
shown that the singularity in the corresponding Green's function is lo-
garithmic in nature and has the following form:

k%p% 2

r7). (8)
oPo

G ~ In (m2 -

As shown in B5, when a plasma is subjected to an initial perturbation or
impulse the singularities of the Green's function as given by (8) lead
to a response which decays in time as 1/t. This phenomenon is caused by
phase mixing since the perturbation excites a spectrum of Alfven waves
all with different wave speeds. It should be recalled that in a uniform
plasma a single Alfven wave is excited which propagates without damping.
If, however, the plasma is subjected to a source with a driving frequency
w_, then the product of G(m,r) and s_(w) in equ. (4) for our test model
h8s the following form for the dominfnt singularities:
2 2
on (w~ - wy )
m - UJO

where we have written w, for sz 2r2/u o and represents the local

Al fven frequency. The singularities ofo(g) lead to the following results:
If the driving frgquencg does not lie inside the Plasma spectrum; that

is w (min) < w_“ < m,“ (max), then the only waves which will be excited
will®be an oscilPation”in the plasma at the driving frequency plus, of
course, Alfven waves which due to the above arguments of phase mixing
will decay away. If, however, the driving frequency w_ is equal to a
local value of Alfven frequency w, (r) for o < r < R, ° then parametric
amplification of an 2lfven wave with the time dependency given by
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ilwat
v ~ e A

- Wluht (10)

will occur at that value of r in the plasma. Equ. (10) is obtained

by setting w_ equal to U in equ. (9) and integrating around the branch
cut in the complex w plane for t » «. If the driving signal is too
broad in frequency then a spectrum of the 2lfven waves will be excited,
all with different propagation speeds and hence will agian, through
phase mixing, decay. The driving signal must then be very sharp and

lie within the acceptable spectrum of the plasma.

Actually there is another mechanism responsible for phase mixing and
this concerns the exciting of a definite k mode. If the driving signal
excites not one k, but a spectrum of k's, then again phase mixing occurs
and, as one moves away from the source, the signal is observed to decay
in space. This phenomenon can be just as important as the phase mixing
in time which was treated above.

Finally, we mention that a number of experimental investigations have
observed damping of Alfven waves. The phenomenon which we have discussed
is present in every inhomogeneous plasma and can be expected to play a
role in the observation of damped wave propagation in stable plasmas.
Another damping mechanism, mentioned earlier, is due to non-constant
equilibrium properties in time. The determining factor which ultimately
should decide which mechanism plays the stronger role is the ratio of
the time scale of the changing equilibrium to the 2lfven wave time. If
this ratio is large then one should expect, based on uniform plasma re-
sults, a number of Alfven transits before such effects of the time vary-
ing equilibrium seriously effect the waves.
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MHD STABILITY STUDIES OF NUMERICALLY OBTAINED TOROIDAL EQUILIBRIA

D. A. Baker and L. W. Mann
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ABSTRACT

This work pertains to axisymmetric toroidal MHD equilibria and their stability. Of

particular interest are high B equilibria wit
perimentally in the Los Alamos toroidal z-pinch.
effects in the determination of MHD stable toroidal z=-pinch configurations.

h hollow pressure profiles as observed ex-

This study includes toroidal curvature
Diffuse pro-

file toroidal equilibria free from limitations on aspect ratio, were obtained numeri-

cally.

These solutions are analyzed for MHD stability by means of a double Fourier ex=

pansion of ®W in the poloidal and toroidal variables and finite differencing the remain-

ing variable.
ness corresponding to stability.

The resulting large, quadratic form is then tested for positive definite-

I. INTRODUCTION

This work is an extension of previous equilib-
rium and stability studies of axisymmetric toroidal
equilibria having poloidal fields only. In the for-
mer case the minimization of &W leads to an eigen-
value problem requiring integration of an ordinary
differential equation along the field lines. The
MHD stability analysis was performed for the Los
Alamos toroidal quadrupole experiment for diffuse
profiles and irregular boundaries by solving both
the equilibrium equation and the corresponding sta=
bility eigenvalue equation numerically.[l] The large
_ measure of success of that work in both predict-
ing stability as well as its utility in interpre-
ting the experimental results has motivated us to
attempt a numerical study for mixed-field toroidal
equilibria exemplified by the Los Alamos toroidal
z=pinch. (2] The Euler-Lagrange equatiouns arising
from a minimization of BW in the mixed toroidal and
poloidal field case are coupled partial differen-
tial equations which normally contain troublesome
singularities. Rather than solve these equations
we chose instead to minimize a discretized W numer-
ically. The numerical approach offers a method of
studying realistic diffuse profile toroidal equili-
bria free from restrictions on boundary shapes and
aspect ratios.

II. EQUILIBRIUM SOLUTIONS

Equilibrium Equation - We desire solutions of
the ideal MHD static equilibrium equations

-

IxB="7p (1)
7x B =pd @)
7.8 =0 . (3)

for configurations having azimuthal symmetry with
boundaries with otherwise arbitrary shape. To
exploit this symmetry we introduce a cylindrical
coordinate system (r,p,z) with the z axis oriented
along the major symmetry axis so that all quanti-
ties are ¢ independent. For convenier~e we decom-
pose the magnetic field B and current density J into
poloidal Bp,Jp and toroidal ng;. parts. The diver-
gence-free condition on J and B 1s satisfied_by
introducing poloidal stream functions { and I such
that

]
"

B =7 x (@ ¥/r)

. (1/c) 79 * @ (%)

J
P

s (@ Ty = (/) 7T X Q. (5)

*We use rationalized MKSA units with vacuum permea-
bility denoted by .

where é denotes the ¢ coordinate unit vector. With
appropriate_choices of the values assigned to
¥(r,z) and I(r,z) on the boundaries these functions
represent (27)”! times the poloidal magnetic and
current fluxes linking the circular contour r =
constant z = constant. It then follows from equa-
tions (1) and (2) that toroidal field and current
densities are related to these functions as follows

B= ui/e (6)
3= rlp’+ u/°)II’] )

where primes denote derivatives with respect Lo %.
When expression (7) for J, and By and B, obtained
from Eq. (4) is substituted into the ¢ component
of Eq. (2) the equilibrium equation governing v is
obtained [3,4]

A 52 .
r ?; (% %i) + :;g +pBp'y pII’) =0 . (8)
Equation (8) along with a specification of

p(¥), I(¢¥) and the boundary values of ¥ poses a
boundary value problem. For pulsed fields produced
inside perfectly conducting walls the condition that
the normal component of B vanish at the walls corres-
ponds to the boundary condition that  is constant.
Once § is obtained all other equilibrium quantities
of interest can be computed from the foregoing equa-
tions.

Method of Solution - Equation (8) is an ellip-
tic differential equation with nonlinear source
terms. Exact analytic solutions are obtainable only
for very special source functions p and I and for
simple boundaries. We have been successful in
obtaining numerical solutions by successive over-
relaxation of an elementary difference equation
corresponding to Eq. (8) for toroidal multipoles,
z=pinches and Tokamaks.[S,ﬁ] Numerical solutions
of Eq. (8) have been reported for Astron and Toka-
mak geometries by other authors.[7,8] The procedure
is not entirely straightforward, however. There is
no unique choice for the source functions; a con-
tinuum of these functions exist corresponding to
equilibria having different pressure and magnetic
field profiles, We have either guessed or used
source functions taken from linear one-dimensional
equilibrium solutions. Often solutions for several
such trial and error functions are obtained before
an equilibrium with the desired properties is
found. Moreover, for a given choice of source
functions and boundary conditions solutions of Eq.
(8) need not be unique. In cases where such bifur-
cated solutions exist special differencing tech-
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niques may be required to obtain convergence to the
desired solution.[7] 1In addition, care must be
exercised in the choice of starting values of the ¥
function loaded on the finite difference mesh before
the relaxation iterations are begun. The nonlinear-
ity of the problem leads to nonconvergence for cer-
tain choices of starting values. We have obtained
convergence for the forementioned cases for rather
crude starting guesses to the form of the solution,

III. STABILITY ANALYSIS

General = Our primary aim was to find stable
toroidal equilibria and a scheme was needed for
checking stability of any given two-dimensional
numerical solution once it is obtained. We have
first concentrated on a numerical analysis using a
discrete form for SW of the energy principle. In
this regard we obtained valuable ideas and sugges-
tions from B. R. Suydam who had previously done a
considerable amount of studying on such an approach.
An analogous one-dimensional numerical approach has
proven useful in obtaining MHD stable profiles for
linear z-pinch geometry.[2]

Discrete Formulation of ®W =~ The derivation of
the final quadratic form for W is lengthy and tedi-
ous. It will suffice here to outline the steps
involved leaving the details to a longer paper to be
published later. The starting point is the general
integral representing the contribution to energy
change associated with a small perturbation E(r)
from the equilibrium configuration.[9]

. E

—

=% =-T@xD +w@d*
(9
+ (7-8) E-7p)dr
Q=7x (Ex ¥

where all operators and variables are equilibrium
quantities except 2. We introduce a right handed
coordinate system (xl,xg,xe) which is natural to the
equilibrium field. The coordinate x, labels the
poloidal flux surfaces, x, is the azmuthal angle @
and x, measures position along the poloidal flux
lines and is chosen so that the coordinate surfaces
are mutually orthogonal. The associated line element
is ds* = T hi®dxi® with metric coefficients hj. A
typical coordinate system of this type is (¥,0,x),

a system commonly used at Princeton.[9] Because of
the frequent appearance of the combination Z;B,=- %.B,
it is convenient to work with the perturbation vari-
ables £, ,%;,8; instead of £ ,£,,§,, where §; =

hl (ggBE = E,:«Bg ) .

Since the equilibrium is axisymmetric one can
Fourier analyze and integrate over the ¢ variable

— +m
(r) =L

==x

vnl

F(x,x, )e @ (10)

so the 8W is of the form

+x
rr E=
W =X Juﬁwk(gl,ge)dxldxﬁ (11)
==
Since these k modes are uncoupled they can be studied
by examining each &W, individually, Minimization of
&W in Eq. (9) with respect to displacements along the
field lines yields[9]

BeslypveD) ] =0 (12)
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This equation expressed in generalized coordinates,
Fourier transformed and integrated over x, yields

X,
- ikB, »%h h
[7.2] =[+.7 == 2]
B [7 510 exp[ B, . o dxéd (13)
=T o

Since the metric coefficients are inherently posi
tive this expression shows that periodicity of 7.
for an integration path extending completely aro
a poloidal flux surface is satisfied by either 7
k, or B, vanishing. The closed field line case with
no toroidal field, B,, is treated by our earlier
work.[1] The k = 0 case is special, It is doubtful,
however, that our previously discussed iteratiom
process will converge to an equilibrium which is
unstable to toroidally symmetric perturbations. We
treat here the divergenceless perturbations i.e.k &

0 and B, #ﬂO. The condition 7+ = 0 allows one to
eliminate £_ from W, and also eliminates the pres-
sure terms in Eq. (9). At this point 8Wy is a quad-
ratic form in the variables 51’ 53 and their first
derivatives (ﬁiafaxl does not appear). In matrix
notation Wi is given by the real part of the inte-
gral over x; and x, of ECEY (% denotes the hermitian
conjugate) where

uula val

.
-

E = (§1,§3,5§1/3x1,Bél/éxa,afaféxs)

and C is a 5 ¥ 5 symmetric matrix containing ele-
ments cij which are functions of the equilibrium
magnetic field components, the metric coefficients
and their derivatives. In the general case all but
four of the cij's are nonzero giving eleven indepen-
dent functions.

For systems where the c;;'s vary smoothly with
X, one can expect them to be well represented with
a reasonable number of terms of a Fourier series.
With this expectation in mind we normalize x. so
that it increases by 2x once the short way around
the flux surface and expand the cjj, %, and %e in
truncated series (2M + 1 terms)

M imx g m imx
Coq ™ L Fije 38 (x,x,)=Z 5 (x)e 2
m=-M m==M

with an analogous expansion for 23. When these
expressions are inserted into &W), and the integra-
tion over x, carried out these m modes are coupled.
The terms OWkx and 8W-k are then combined pairwise,
The £, variables then appear algebraically and the
minimization of &W, with respect to £  can be done
analytically. A successive completion of the squares
of the £_ variables lends itself to a recursive
algorithm conveniently done on the computer. When
this minimization is completed the energy integral
is in the form

s, = Re { JrUKU{'dxl}

where K is a (&M + 2) x (&M + 2) matrix whose ele-
ments are given in terms of the Fourier transforms
equilibrium quantities along each poloidal flux
line and

=M
g (M ¢ MEL w0 29
o e S Y seedy 3x%. )
SeM+1 g M
1 s =1 \
ax Ax, /




The elements of K are real and symmetric so that
only real £; need be considered. As a final step
the integration over x; is dome by dividing the
integrat}onzinterual into N-1 intervals with end
points xy,X31,.+.X; separated by Ax,. The integra-
tion is then replaced by a sum with derivatives in
the integrand replaced by the finite difference
expression

as"

e

dx,

oot = (Bey - €5 ) /o,

where the sgbscript n now
of E., at x,.

indicates the evaluation

The final expression for the energy is quadratic
of the form

3W, = XWX

: (14)

where

_-M =M+l ,M)
voseetys Ty cenly

is a row matrix of N(2M + 1) variables and W is a
symmetric N(ZM + 1) » N(2M + 1) band matrix of width
4(02M + 1).

Stability of the system then depends upon
whether W, < 0 for any positive k. If Eq. (14) is
a positive definite quadratic form for each k the
system is stable within the resolution of the calcu-
lation.

Computer Program - The foregoing procedure has
been implemented into a computer program for the

CDC 7600 which performs the following steps:

(1) Solve Eq. (8) for the equilibrium on the 2-D
mesh.

(2) Fit a 2-D interpolating function to the mesh.

(3) Compute N poloidal flux lines.

(4) Compute the cij quantities at intervals along
these lines.

(5) Fourier transform the Cije

(6) Compute the elements of the K matrix.

(7) Compute the elements of the final W matrix.

(8) Tests Wi to see if it corresponds to a positive

definite quadratic form.

The first four steps above are vital and must
be done with considerable care if the cj; and hence
the W matrix elements are to have suitaEJe precision.
The €ij elements involve field components and the
curvatures of field lines and require that accurate
first and second derivatives be obtained from the
v mesh. Step (5) is greatly speeded up by using
Discrete Fast Fourier Transforms. 10 We have made
use of subroutines which have been optimized for CDC
computers by R. C. Singleton, B. R. Hunt, and L. E.
Rudsinski.

The last step (8) can be done with any routine
capable of computing the lowest coefficient of the
diagonalized matrix. 1f the latter coefficient is
positive or nepalive the system is stable or unstable
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respectively. We have used several routines for

this task including Lagrange's reduction[11] which
consists of a successive completion of squares and
corresponds to a nonorthogonal linear trans formation.
If orthogonal transformations are used the problem
corresponds to checking the sign of the lowest
eigenvalue of W.

APPLICATION

As a first use of the method we attacked the
problem of finding a MHD stable toroidal z=-pinch
configuration which isdirectly applicable to the
Los Alamos 2T-1 experiment. We imposed the follow-
ing requirements on the equilibrium: (1) hollow
pressure profile, (2) vacuum field region outside
the pinch with a small amount of reversed toroidal
field, and (3) aspect ratio and field configura-
tions having general characteristics similar to ZT-1.
The result of this study is the toroidal equilibrium
having the profiles shown in Fig. l. This profile
was found by first working at large aspect ratios
since stable profiles are known to exist in cylindri-
cal geometry.[2,12] After a suitable stable cylin-
drical configuration was found the aspect ratio was
then reduced to that of ZT-1 (7 to 1) and the toroi-
dal equilibrium computed and checked for stability.
The equilibrium of Fig. 1 was tested for stability
for k values with corresponding toroidal wave lengths
extending from 1 mm to the machine circumference
(240 cm) with 17 coupled poloidal m modes and 24
integration intervals and found to be stable for
this numerical resolution. In a numerical approach
such as this one, there always is the possibility of
predicting instability if a finer resolution is used
(i.e. larger equilibrium mesh, inclusion of higher k
and m modes and smaller integration intervals). This
is particularly true if extremely localized unstable
modes exist., The large amounts of computer time
required for fine resolution calculations on scales
much smaller than the typical gyro radii for practi-
cal applications is hard to justify in view of the
inadequacy of the ideal MHD model for such small
scales.

V. CONCLUSION AND FUTURE IMPROVEMENTS

.

The work done to date demonstrates that a
numerical approach is indeed practical in achieving
a closer correlation between experiment and MHD
theory by allowing analyses of toroidal equilibria
to be done which have realistic profiles. The "yes”
or "no" answer to stability afforded by the method
used here is adequate if one is only interested in
finding stable configurations as we have done for
7T-1. When one wishes to check experimental distris
butions which often have a nasty habit of not being
totally MHD stable it would be advantageous to
compute the growth rates and form of the unstable
modes. Further modifications of the present scheme
with this goal in mind making use of the Rayleigh
quotient[9] are planned.

oy,

VI. ACKNOWLEDGMENTS
Many people have assisted in the foregoing
studies. We especially wish to acknowledge the

important contributions made by B. R. Suydam. Dis-
cussions of some of the fine points of MHD theory
held with J. P. Freidberg and J. L. Johuson have

been valuable. Particularly important supporting

subroutines and advice in their use in the computer
program have been furnished by Il. R. Lewis, B. L.

Buzbee, B. R. Hunt, and T. L. Jordan. The assist-
ance of R. W. Mitche!l and many members of the Los

071

N

T




B7

Alamos computer division is gratefully acknowledged. (5] D. A. Baker, M.D.J. MacRoberts, and L. W, Mann,

The encouragement, advice and suggestions supplied

Bull., Am. Phys. Soc. Vol. 13, 1526 (1968).

by T, . Pliilligs and membecs O his ‘torcidal g (6] D. A, Baker and L. W. Mann, Bull. Am. Phys. Soc.

pinch group have been vital in making the toroidal

Vol. 15, 1448 (1970).

z=-pinch calculations relevant to the ZT-1 experi-
ment.

VII.

This work was performed under the auspices of
the U.S. Atomic Energy Commission.

REFERENCES

[7] B. Marder and H. Weitzner, Plasma Physics Vol.
12, 435 (1970).

(8] R. A. Dory, Bull. Am. Phys. Soc. Vol, 14, 1016
(1969).

[9] I. B. Bernstein et al.,, Proc. R. Soc. A244, 17

(1] D. A. Baker and L. W. Mann, Bull. Amer. Phys. (1958)
Soc. Vol. 14, 1051 (1969). . |

2] D. A. Baker et al., Plasma Phys. Cont. Fusion

(Proc, Madison, Wis. Conf.), IAEA, Vienna Vol. 1,
203 (1971).
3] H. Grad and H. Rubin, Proc, 2nd Int, Conf. on

Atomic Energy Vol., 31, 190 (1958). [12] p. C. Robinson, Plasma Physics Vol. 13, 439
(1971).

4]

[10] J. W. Cooley and J. W. Tukey, Math. of Computa- |
tion Vol. 19, pp. 297 (1965).

[11] E. T. Browne, Theory of Determinants and Matrices
107 (Univ. N.C. Press, 1958).

V. D. Shavfranov, Reviews of Plasma Physics
Vol., 2, 113 (Plenum Pub. Corp., N. Y., 1966).

072

MAGNETIC FIELD (kG)

2 jL x PRESSURE

l | I I
40 42

MAJOR RADIUS (Cm)
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cally determined MHD stable toroidal z-pinch equilibrium,
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Stability of Two-Dimensional Magnetohydrodynamic Equilibria

by
J. P. Freidberg and B. M. Marder
University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mexico

ABSTRACT

A numerical procedure is presented for computing the stability of
high B, diffuse two-dimensional magnetohydrodynamic equilibria. The
method is tested on the problem of the bumpy € pinch with arbitrary
size bumpiness.

A great deal of insight pertaining to gross plasma stability has
developed from the study of sharp boundary plasma models. As experiments
become more sophisticated the need arises for diffuse profile theories in
order to be able to make quantitative as well as qualitative comparisons.

In this paper we present a numerical procedure for performing the
stability calculation based on the variational form of magnetohydrodynamics.
We first Fourier-transform the perturbation with respect to the ignorable
coordinate of the equilibrium. The remaining part of the perturbation is
expanded as double series of complete admissible functions of the equilibrium
coordinates. The minimization is then performed over the expansion coeffi-
cients.

We have tested the double expansion procedure on the problem of the
bumpy @ pinch with arbitrary size bumpiness. For this problem the procedure
proved to be quite satisfactory, being easy to code, giving good accuracy
and requiring relatively few functions for convergence.

We consider the equilibrium and stability of a high B, diffuse O pinch
with superimposed £ = 0 fields. The equilibrium is characterized by the
field quantities By (r,z) and By(r,z). 1In the analysis that follows we
shall consider the £ = 0 fields to be of arbitrary size so that the equili-
brium is truly two-dimensional. We shall, however, make use of the usual
"6 pinch approximation'' which assumes weak "z'' dependence for both equili-
brium and stability.

The appropriate ordering for the equilibrium problem is

Bz(r,z) ~ 1 Br(r,z) ~ e n-E 1 2

ar dZ =8

where € measures the '"z'" dependence. In this ordering, the equation for

magnetohydrodynamic equilibrium reduces to

Lo oy, .. EHBL . .
rarroar Mo dy ¥(0,2) =0 oy (®2) =B (2) (1)
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Bo (z) is the externally applied magnetic field far from the plasma. For

this calculation we choose By (z) = Bo(l + 8o cos hz), where B, is the

average value of applied magnetic field, 2x/h is the period of the £ = 0
field and 5y is the bulge strength. The function p({y) is chosen to give
experimentally observed bell-shaped pressure profiles; p(y) = poexp[-4¢/Boa§]
where Py is the pressure on axis and ag is the scale length for the plasma
radius. Equation (1) can be solved analytically.

R We treat perfurbations of the form §, = expl- iwt + ielgl(r,z) with
Sl(r,z + 2%/h) = Ei(r,z) and introduce a scalar function £(r,z) using v-gJ_:o

§.(r,2) = 8(r,2)  E (r,2) = 12 rE(r,2) @)

We obtain, in the usual manner, an energy principle which states that the
eigenfunctions, €,, minimize the quotient

. BW(E,E)
Y= KRG, B) )

with

1%

z Jf [(g.vg)% (BV S—r r€)°+ rB_-VBr@—E)E ]d_r K=2% dfp [§2+ (S%rg)zjcii

The essence of the numerical method is that the function £(r,z) is
expanded in a truncated double Fourier series and the quotient (3) minimized
over this class of functions. The actual minimization procedure is performed
with respect to the coefficients of the double series. Since the true eigen-
functions can be represented by a Fourier series, this method can in principle
achieve arbitrary accuracy by including more terms. In practice, physical
insight can guide the choice of expansion functions, and as a result, rela-
tively few are actually needed for good convergence.

For the bumpy € pinch, the eigenfunctions behave as ™1 for small radius
and are periodic in z. Thus, an appropriate m = 1 expansion is

n a(z)

24 iflhz
E{r,z) = >: C,{’,nJO(U ) e (4)
I 1

By defining op so that Jo(opbo/ag) = 0 we insure that E(r,z) vanishes on
the approximate flux surface given by r/a(z) = bo/ao. The Cyp's are complex
coefficients which are to be determined. When Eq. (4) is substituted into

Eq. (3) we obtain
*
> Cin "inpq Cpq
2 . Anpq
*
C.. 2: Cﬂn Dﬂnpq Cpq
£npq

(5)
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where Wyppq and Dgynpq are numerically computed matrix elements depsnding only
on the equilibrium and the Fourier expansion functions.

Equation (5) is more conveniently written by expressing Cy, as a one-
dimensional vector, x, of length (L X N), the number of cosines times the
number of Bessel functions retained. We then obtain

C))

with W and D being (L X N)X(L X N) symmetric matrices. Since D ii positive
definite Eq. (6) can be put into standard form by defining x = D"2 y. This
yields

H

T p~% Wp~3
-y DEWEy
w = min =1'I111'l|
Yy lly

<

sy
!2

To complete the minimization it is necessary to find thg eigenvalues, wng,
and eigenvectors y, of the symmetric matrix S = D72 WD'=.

A reliable test of the accuracy of this method is afforded by simply
increasing the number of Fourier functions in the expansion. Of course, the
(r,z) grid must also be sufficiently fine to resolve the higher harmonics.
In the bumpy pinch problem 6 Bessel functions and 5 cosines on a 55 X 36
grid were sufficient for couvergence. The matrix S is then 30 ¥ 30. The
entire calculation, equilibrium and stability, consumes about 35 seconds
of CDC-7600 time and requires no extensive memory.

This method of using a Fourier expansion in a Rayleigh-Ritz type
minimization has many desirable features. If the expansion functions are
carefully chosen very few are required to give a good approximation to the
true minimizing function. Boundary conditions are easily incorporated into
the expansion functions. The method requires little computing time and is
straightforward to program. Finally, simple tests can be performed to
check the accuracy of the procedure.

The growth rates and eigenfunctions for the m = 1, k = 0 mode of a
bumpy 6 pinch were computed for a large range of equilibrium parameters. The
results were interpreted with respect to two basic aims.

First, as a test of the numerical procedure, the results were compared
with existing small 8, analytic theory in the appropriate limits. Our
second aim was to examine the effects of arbitrary &, on the growth rates.
A recent calculation by Weitzner treats the stability of the bumpy pinch
also in the small &, limit ftor diffuse profiles. The profiles chosen by
Weitzner were Gaussian. The growth rates were tabulated by Weitzner by
numerically solving a coupled set of ordinary differential equationms.
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To test our numerical procedure, we set bo/aO = 2,5, 85 = .01 and
computed the growth rates as a function of B. For this small a 8y we would
expect good quantitative as well as qualitative agreement with Weitzner's
results. Our results agree with Weitzner's theory to four figures over the
whole range of B in the appropriate small 8o limit. TIllustrated in Fig. 1
are the eigenfunctions, £(r,z), for the first three unstable modes for 8y =
+2, B = .5, and by/ay = 2.5. We see that the Plasma displacement is smooth,
and behaves in the expected manner with the fastest mode having no nodes,
second fastest one node, etc.

We have presented a numerical method for computing the growth rates
and eigenfunctions for an arbitrary two-dimensional, diffuse, high B,
magnetohydrodynamic equilibrium. As a test of the procedure we treated
the problem of the bumpy 6 pinch with arbitrary size bumpiness. Our results
are in excellent agreement with the existing diffuse theory of Weitzner in
the 1limit of small bumpiness.

The numerical procedure turns out to (1) be easy to code, (2) require
only moderate storage and (3) run quickly.
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STABILITY OF A FINITE B, Z = 2 STELLERATOR

by
J. P. Freidberg
University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mexico

ABSTRACT

The stability of an infinitely long, high B, £ = 2 stellerator is
investigated. The calculation is carried out by using the new Scyllac
expansion in the sharp boundary ideal magnetohydrodynamic model. It is
found that for any given size £ = 2 field and mode number m, an infinite
but discrete set of wavenumbers k exist for which the plasma is unstable
to all B; that is the critical B equals zero. These modes can be described -
as long wavelength interchanges. Thus, with regard to sharp boundary
stability, neither £ = 0 nor £ = 2 offer any particular advantage over the
other as a sideband field required to produce toroidal equilibrium in the

£ = 1 Scyllac configuration.

The stability of an infinitely long, high B, £ = 2 stellerator is
investigated using the ideal magnetohydrodynamic sharp boundary model. Our
motivation for studying this problem is to determine whether the £ = 2
configuration would have favorable stability properties in a parameter
range of interest to the Scyllac program.

There is preliminary evidence that such desirable stability properties
should exist. To understand this we first briefly review some relevant
Scyllac theory and low B stellerator theory. The difference between each
of these theories is associated with the relative size of three dimension-

less parameters which appear and are used as expansion parameters. These
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are B = plasma pressure/magnetic pressure, € = plasma radius X helical

pitch number and & = helical plasma distortion/plasma radius. Current ideas
on Scyllac can be traced back to the stability results of the "o0ld" Scyllac
expansion in which it is assumed that B ~ 1 and & << ¢ < 1., The corres-

ponding dispersion relation for m = 1, k = 0 modes is given by

2
W B(Z - B)
vElE = - D) EF T
a
where v, is the Alfven speed. From this result it follows that the system

is m = 1 unstable for any /£ except £ = 1. On this basis the Scyllac experi-
ment was designed as an £ = 1 system. Recent calculations pertaining to
Scyllac have been concerned with calculating higher order £ = 1 terms in the
m = 1, k = 0 dispersion relation since the leading order term vanishes. In
particular the €*®® correction has been found for the old Scyllac expansion.
In addition a '"mew'" Scyllac expansion has been devised where B ~ 1 and
e << & < 1., The leading order term again vanishes for 4 = 1 and the e? ot
correction has been calculated.

Thus most of the effort on Scyllac has been concerned with Z = 1, since
all other £ values are m = 1 unstable. 1In a paper by Grad and Weitzner a
more optimistic result concerning higher /4 numbers is pointed out. (This
result is closely associated with the earlier critical B calculations of
Johnson, et al.). Using low B stellerator theory which assumes B ~ o =d g

they find an m = 1, k = 0 dispersion relation given by

2
—57= = - (- 1) £ - 200 - DF]
. /a
Thus for any B < B = 2(4 - 1)5 the system is stable to this mode. It

crit

is also pointed out that with sufficiently large helical fields (i.e. large ©)
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substantial critical B's ~ 5 could be obtained. Admittedly these values
are somewhat artificial since the expansion is being used outside its
range of validity. Nonetheless it is suggestive that such a scaling may
persist even at finite B and finite 8. To answer this question correctly,
we see, by an examination of the existing theories, that what is required
is a calculation £ = 2 stability using the new Scyllac expansion and
including the €°8&* correction. It is this problem that we address our-
selves to in this paper. By calculating the growth rates numerically we
are able to do the above calculation for both B and & arbitrary and ¢ << 1,
keeping only the leading order term in &°.

The results of this calculation are as follows: for m =1, k = 0, a
critical B is found as would be predicted from low B stellerator theory.

For finite B,d the value of Bcri is somewhat lower than predicted by the

t
low B theory in the regime of experimental interest. 1In fact the highest

value of Bcr for any strength £ = 2 field is about .12. This is some-

it
what discouraging from the Scyllac point of view because of the high B
requirements of shock heating. However, the stability picture is actually
much worse. The reason for this is that as in low B stellerators, the
worst modes are not k = 0 modes, but interchange modes in which the pertur-

bation remains in phase with the rotational transform of the magnetic field.

We show here that if the wavenumber k of the perturbation satisfies

k L
h = 2p + m)(l = | - m lp| = 0,1,2...

then the critical B is reduced to zero. Here h is the helical pitch number,
m the mode number and L/27 the rotational transform. Thus if one allows

long but not infinite wavelength m = 1 modes, wavenumbers k exist which are
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unstable for all B. Clearly this configuration does not, as it stands,
possess any of the favorable stability properties anticipated earlier.

At first glance these results might appear to contradict early low B
stellerator results which predict stability to all k modes. A more careful
examination indicates that no such contradiction exists. The reason for
this is associated with the fact that the early stellerator theory contains
terms which are very high order in the Scyllac expansions and are hence,
not included. Of course many of the finite B effects of the Scyllac expansion
are not found in the stellerator expansion. The point is that these higher
order effects in stellerators can be stabilizing, thereby increasing the
critical B away from zero. Two such effects are shear, which would corres-
pond to an €*& term in the £ = 2 dispersion relation and possible favorable
curvature arising because of the toroidal geometry. Each of these leads to

a small critical B; for instance shear results in a B ~ €%, These

crit
effects are important for stellerators which are intended to operate at very

small B. However, they do not appear particularly important for Scyllac

where high critical B's are required in order that shock heating be effective.

This work was performed under the auspices of the U. S. Atomic Energy

Commission.
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B 10 Toroidal High Beta Equilibrium.

H.WEITZNER. Courant Insc. Math,Sci. N.Y.U,~-

Most toroidal high beta equilibrium studiés have been
based on the piecewise constant pressure, sharp boundary
model. Here, equilibrium is obtained by formal expan-
sion for the case of a continuous pressure profile in
ideal magnetohydrodynamics. The small parameter on
which the expansion is based is the approximate helical
wave number times plasma radius;hence the equilibrium is
assumed to vary slowly the long way around the torus.
With the assumption that there be no net current flowing
the long way around the torus on any flux surface, or
with any other constraint on this current, the equili-
brium is essentially uniquely determined for any value
of beta. Numerical work indicates that the expansion
breaks down at low beta and that the distortions of the
flux surfaces from cylinders are not small. Numerical
results of the approximate equilibrium equations are
given and the pressure profiles appear to be quite
reasonable. Preliminary comparisons with the Scyllac
experiment indicate that the distributed pressure
equilibrium condition is a closer approximation to the
experiment than the sharp boundary model. Some comments
on the stability of such configurations will be included.

No paper has been submitted.
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