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PREFACE

This volume contains 204 Contributed Papers, which have been selected by International Program-
me Committee of the X European Conference on Controlled Fusion and Plasma Physics, held in Moscow
from May 13 to May 15, 1981. A number of papers (B-6, B-10, C-11, F-2a, F-8, F-13, G-2a, L-4, M-5)
the presentation of which was supposed to be not really adequate will be published in the second volu-
me together with the Invited papers and the urgent papers supplemented by the new results obtained
after the deadline date.

Since the papers in this volume have been printed by photo-offset directly from material provided
by the authors the content of the papers remains their own responsibility.

We sincerly thank the authors for carrying out the instructions for preparing papers. We wish also
to thank the members of the International! Programme Committee and concerned scientific Institutions
for their help and cooperation.

The Organizing Committee

August 1981
Moscow




INTERNATIONAL PROGRAMME COMMITTEE

Chairman: B. B. Kadomtsev; Kurchatov Institute of Automic
Energy, Moscow, USSR

Members:

R. S. Bickerton Culham Laboratory, Abingdon, United Kingdom

G. Briffod Centre d’Etudes Nucléaires, Grenoble, France

G. Grieger ‘;ﬁﬁé Plank Institut fiir Plasmaphysik, Garching,

V. Kopecky Institute of Plasma Physics, Prague, Czechoslovakia

V. S. Mukhovatov

lj. D. Rutov
F. Engelmann

Chairman:

Deputy Chairmen:

Kurchatov Institute of Atomic Energy, Moscow,
USSR

Institute of Nuclear Physics, Novosibirsk, USSR
FOM Instituut voor Plasma-Fysica, Nederland

ORGANIZING COMMITTEE

E. P. Velikhov, the USSR Academy of Sciences
N. S. Cheverev, USSR State Committee of Atomic

Energy

G. A. Eliseev, Kurchatov Institute of Atomic Energy
O. I. Fedyanin, Lebedev Physical Institute

K. B. Kartashev, Kurchatov Institute of Atomic
Energy

N. E. Mardoniev, USSR Chamber of Commerce and
Industry

A. V. Nedospasov, Institute of High Temperature
M. S. Rabinovich, Lebedev Physical Institute

Scientific Secretary: [. R. Gekker, Lebedev Physical Institute

Members: N. G. Basov (Lebedev Physical Institute), L. K. Garusov (v/o «Sovincentr»), L. G. Golubtchi-
kov (USSR State Committee of Atomic Energy), V. E. Golant (loffe Physico-Technical Institute),
V. A. Glukchich (Eiremov Institute of Electrophysical Apparatus), A. F. Khlystov (v/o «Sovincentr»),
O. N. Krokhin (Lebedev Physical Institute), E. I. Kuznetsov (USSR State Committee of Atomic Ener-
gy), M. V. Naydenov (USSR State Committee of Atomic Energy), E. M. Nikitin (the USSR Academy
of Sciences), C. V. Patrakeev (USSR State Committee of Atomic Energy), A. M. Prokchorov (Lebedey
Physical Institute), V. S. Roslyakov (the USSR Academy of Sciences), L. I. Rudakov (Kurchatov Insti-
tute of Atomic Energy), A. M. Sviridov (v/o «Sovincentr»), G. V. Sklizkov (Lebedev Physival Institute).
A. N. Starodub (Lebedev Physical Institute), A. N. Shafranov (Kurchatov Institute of Atomic Energy),
A. E. Sheyndlin (Institute of High Temperature), I.S. Shpigel (Lebedev Physical Institute), A. A. Shu-
rygin (the USSR Academy of Sciences), V. T. Tolok (Physico-Technical Institute Ukr. SSR), V. V. Var-
tanov (v/o «Sovincentr»), P. A. Vares (the USSR.Academy of Sciences).

SPONSORS

The Conference is under auspices of the Plasma Physics Division of the European Physical Society
and organized by:

Lebedev Physical Institute of the USSR Academy of Sciences

Institute of High Temperature of the USSR Academy of Sciences

Kurchatov Institute of Atomic Energy and sponsored by:

The USSR Academy of Sciences

USSR State Committee of Atomic Energy.

Scientific Council on «Plasma Physics» Complex Problem of the USSR Academy of Sciences.







CONTENTS

TOKAMAK EXPERIMENTS

w

. J. Lomas et al. High density discharges with neutral injection in DITE tokamaks

. H. M. Clark. Impurity radiation in DITE during neutral injection

. Alladio et al. Energy confinement of high density plasmas in the FT {okamak

. P. Zhilinsky et al. Investigation of FT-1 tokamak plasma by means of pellet injection

M. Egorov et al. Pellet diagnostics experiments in T—10 tokamak

. A. Lazarus et al. High beta studies with beam-heated, noncircular plasmas in ISX—B

. Th. M. Ornstein. Experimental observations of tcroidal discharges in Ringboog 11

. B. Marcus et al. Discharge initiation with an in-situ hydrogen pellet in Doublet 1II

H. Yokemizo ct al. Dee-shaped plasma experimen:s in Doublet—III

. Paszti et al. Investigation ol plasma contamination in the MT—1 tokamak and model ex-
periments on high energy exfoliation -

G. Biirger et al. Plasma properties of the MT—1 tokamak

G. A. Bokrovskii et al. The peculiarities of the Te-profile into (he T—10

E. L. Berezovsky et al. Peculiarities of the ion distribution function in the T—10 {okamak

V. I. Bugarya et al. Spectroscopy research of light impurities in T—10 device

V. E. Golant et al. Ohmic heating in «Tuman-3» tokamak at low magnetic field

M. L. Vil'dzhyunas et al. Transport phenomena investigation in the tokamak with magnetic

compression TUMAN-2A

V. S. Burakov et al. The distribution of the local value of diffusion coelficient measurement
in tokamak FT—1 based on plasma fluorescence diagnostics

V. I. Bugarya et al. The study of subwall plasma parameters in the TM—4 tokamak with dit--
ferent methods of the chamber wall cleaning

Yu. V. Gott et al. The role of trapped particles in distorsion of a temperature proflile measu-
red by means of charge-exchange neutrals

V. M. Leonov et al. Particle balance in T—11 tokamak

L. I. Artemenkov et al. The first experiments on the TCO—2 tokamak with a divertor

=

SEmweT

MAGNETIC CONFINEMENT

J. Hogan. Rotation and island eflects in tokama%s with high-power neutral beam heating

L. E. Zakharov. The theory of disruptive instability in tokamaks

M. Bineau. Ideal MHD stability of a force-free magnetic field and the resistive fluid force-free
field

I'. F. Cap. Exact analytical force-free threedimensional toroidal equilibria of arbitrary cross
section

C. Lo Surdo. Weak fluidomagnetic equilibria about a surface

E. Rebhan. Nonlinear evolution of ideal MHD instabilities near the threashold of marginal
stability

V. D. Khait et al. Numerical studies of MHD-plasma equilibrium in tokamak by the variational
method :

J. M. Akkermans et al. Tokamaks with a free boundary

A. B. Mikhailovskii et al. The shear effect on stability of ballooning modes in closed magnetic
traps

T. J. Schep et al. The response of electrons to lowirequency modes

A. V. Gurevich et al. Convective ripple lransport of ions and electrons in a tokamak

Yu. N. Dnestrovskij et al. Computation of plasma equilibrium in tokamak with iron core

Yu. N. Dnestrovskij et al. Particle dilfusion and energy balance simulation in a tokamak

Yu. V. Gribov et al. Numerical simulation of the plasma column behaviour at the equilib-
rium control system operation in a tokamak with a high field and adiabatic compression

C. P. Pogutse et .al. Transport calculation in a tokamak with adiabatic compression

P. R. Thomas et al. The use of neutron yield measurements to study the slowing down of
MeV range charged’ particles in JET

G. N. Chulkov et al. Local measurements of electron distribution function and current in toka-
mak device

P. N. Yushmanov, Heat conductivity of trapped ions in a tokamak
0. P. Poguste et al. Anomalous electron viscosity and ballooning modes

A—Ila
A—I1b
A—2
A—3a
A—3b
. A—14
A—5
A—6
A—7
A—8a
A—8b
A—9
A—I10
A—I11
A—12
A—13
A—14
A—I15
A—16
A—17
A—I18
B—I
B—2
B-—3
B—4
B—5
B—7
B—8
B—9
B—I11
B—12
B—13
B—14
B—15
B—16
B—17
B—18
B—19
B—20
B--21




OPEN-END SYSTEMS

T. Kawabe et al. Radial transport of plasmas in ceniral cell of GAMMA-6 tandem mirror

V.'S, Burmasov et al. Plasma heating by REB in a long solenoid

M. 8. loffe et al. Experiments on the ATOLL device

. Okamura et al. Energy balance in RFC—XX

. A. Bekhtenev et al. Longitudinal confinement and plasma stability in a centrifugal trap

. Z. Chebotaev et al. Plasma confinement optimization in a multiple-mirror magnetic trap

. B. Lysyansky et al. Direct simulation of plasma transports in ambipolar trap «Ambal»

. 8. Pekker et al. Transverse ion losses from plugs of an ambipolar trap

. Hiroe et al. Disruption of mirror piasma induced by resistive drift instability

. V. Arsenin, Suppression of driit-cone instability in plasma with a finite pressure by a
greup of hol electrons

. Kammash et al. Q-enhancement in non-axisymmetric tandem mirror plasma

. Sunka et al. REB energy deposition in an inhomogeneous plasma

C. C. A. M. Janssen et al. Propagation of a relativistic electron beam through gas and plasma

Yu. S. Asovskij et al. Principal results of theoretical and experimental studies of electromagne-
tic lraps

H. Kozima et al. Plasma leak width of line- and point-cusp like magnetic fields

G. G. Zukakishvili et al. End loss limitation in a linear theta-pinch by means of magnetic
mirrors

E. B. Hoeper et al. Plasma confinement in the TANDEM MIRROR EXPERIMENT

K. K. Jain et al. Interaction of a rotating -intense electron beam with a mirror
confined plasma

- S WWr=uT W

i)

PLASMA FOCUS DEVICES, Z- AND Q-PINCHES

L. Bertalot et al. Ion emission characteristics of plasma focus devices

K. Hiibner et al. Space-resolved investigations on the plasma focus neuiron emission
J. Ehrhardt et al. Lighl scattering in a plasma focus, measurement of k- and w-spectra
A. Bocancea et al. Study of medium energy ions in a plasma focus device

M. Yckoyama et al. Analysis of energetic particles in dense plasma focus

V. V. Vikhrev et al. Conlraction of plasma in a vacuum spark as a result of radiation
losses

A. G. Belikov et al. Measurements of radial density distributions in the PPA interelectrode
gap by CO, — laser interferometry

A. I. Zemskov et al. A short Z-pinch

V. A. Bykovsky et al. Shaping of local high-temperature plasma formation in a powerful
pinching discharge

E. Panarella et al. The reximplo spherical pinch: improved neutron production and 3—D
ccmputational analysis '

G. E. Vekstein. Anomalous thermal losses in a high-g plasma

V. A. Burtsev et al. Study of the heating of a dense plasma in linear theta-pinch systems

B. Lehneri. Effects due to violation of the second adiabatic invariant

S. Sinman. Determination and evaluation of the parameters of ADFF using an alternative
method

S. Czekay et al. Investigation of the breakdewn and run-down phases of the DPF discharge

S. Czekay. Influence of external B, magnetic field upon the process of creation and disinte-
gration of plasma column in plasma-focus device

N. G. Reshetnyak et al. Investigations of a Z-pinch plasma-focus sustem with pulsed gas
filling

Yu. V. Matveev et al. Mechanism for generation of nonequilibrium particles in dynamical
Z-pinches

A. 8. Sharma et al. Kinetic stability of Bennett pinch

A. JJErT.yf{iEWiCZ et al. The reproducibility'of neutron yield and discharge symmetry of the PF
device

Z. Jankewicz et al. Computational optimization of thermonuclear reaction intensity for mat-
her's type plasma-focus devices

M. Gryzinski et al. Ion beam measurements in cylindrical ion implosion fusion facilities

F. Moser et al. Absorbtion of magnetoacoustic waves in high-p plasmas

Cie}
C—2
c—3
C—4
C—5
C—6
C—7
C—8
C—9
C—10
C—12
&—i13
C—14
C—15
C—18
Ci7
C—18
C—19
D—1
D—2
D—3
Dt
D—5
D—6
D—7
D8
D—9
D—I0
D—11
D—12
D—-13
D—14
D—15
D—16
Dai?
D—18
D—19
D—20
D—21
D—22
D—23




STELLARATORS AND BUMPY-TORUS

K. Uo. et al. Recent experimental results in HELIOTRCN E
E. D. Andryukhina et al. Radiation losses in L—2 stellarator with ohmic heating
Y. Funato et al. Equilibrium and stability of a current carrying plasma with threé-dimen-

sional magnetic axis (asperator NP—4)

L. E. Sharp et al. Optimizing the maximum transform for 1=3 stellarators by pitch angle
winding modulation

W. N. — C. Sy. Effect of winding modulations on the displaced axis of torsatrons

J. Fujita et al. Confinement of stellarotor plasma in JIPP T—11 device

H. Iguchi et al. Plasma confinement in Nagoya bumpy torus

R. A. Demirkhanov et al. Current profile and plas na transport control under Aliven wave
absorption

V. M. Glagolev et al. Closed magnetic trap with rectilinear sections

M. I. Mikhailov. Description of the .plasma equilibrium for a high-p stellarator

I. S. Danilkin et al. Equilibrium in a stellarotr. The pressure limit

L.-M. Kovriznykh et al. Does the MHD stability determine maximal plasma pressure in a
stellarator?

N. F. Perepelkin et al. The dlstmgunshmg feature of plasma heatmg by high turbulent current
in «URAGAN-2» stellarator

A. Sekine et al. MHD stability observation of high BETA plasma in modified bumpy field

Y. Golo et al. Basic study of an open ended non-planar magnetic axis plasma confinement
system (ASPERATOR NP-01)

INERTIAL CONFINEMENT

N. S. Lrokhin et al. Anomalies of laser beam penetration and absorption in the nonuniform
plasma above its critical value

R. V. Chickin et al! Interaction of the intense focused REB with dence plasma

V. P. Silin, V. T. Tikhonchuk. Electron Cherenkov heating under parametric instability in
spatially inhomogeneous plasma

V. V. Aleksandrov et al. Anomalous absorption and fast particles generation in laser plas-
ma interaction experiments at wavelength of 0,53 um and 1,06 um

N. E. Andreev et al. The interaction efficiency of the laser radiation with the flying away
plasma corona

V. Yu. Bychenkov. The theory of the hali-integer harmonics generation in the inhomogeneous
laser-produced plasmas

A. V. Gurevich et al. lon aceeleration under laser plasma expansion

K. C. Mittal et al. Pulse shaping studies in gas-filled relativistic electron beam diode

M, Borowiecki et al. Investigations of spherical laser compression of plasma

A. \. Gordeev et al. An analysis of possible current instabilities accompanying light ion beam
transport to the target

J. M. Kindel et al. "Theoretical understanding of carbon dioxide interaction experiments

S. Maxon et al. One dimensional magnetohydrodynamic calculations of a hydrogen gas puff

A. A. Samarskii et al. New mathematical methods of investigation of some non linear effects
in plasma

N. V. Zmitrenko et al. Plasma finite mass compression and rarefaction regimes permitting a
time-reverse in a dissipative medium

A. V. Dobkin et al. The motion of the plasma heated by powerful proton beams

N. G. Basov et al. Study of turbulence spectrum of inhomogeneous plasma heated by a po-
werful laser

N. G. Basov et al. X-ray emission and spherical target image at inhomogeneous radiation
(theory and experiment)

E. G. Gamaly et al. Generation of spontaneous magaetic fields at laser plasma compres-
sion

J. Mizui et al. XUV radiation transport iin laser irradiated high-Z metal foils

E. R. Wooding et al. The 2 w, spectrum in laser- plasma interaction

REACTOR PROBLEMS

U. Carretta et al. Alpha-particles dynamics in a toroidal plasma close to ignition
C. Anderson et al. Alpha-particle ripple losses during slowing down in a tokamak reactor
V. Ya. Goloborodko et al. Alpha-particle bootstrap current in a tokamak magnetic axis region

E—I
E—2
E—3
E—4a
E—4b
E—5
E—b
E—7
E—8
E—9
E—10
E—11
E—I12
E—13
E—14
F—I1
F—2b
F—3
F—4
F—5
F—6
F—7
F—9
F—10
F—11
F—I12
F—I14
F—15
F—16
F—I17
F—I18
F—19
F—20
F—21
F—22
G—1
G—2b
G—3




B. G. Bespoludennov et al. INTOR poloidal field con figuration

Yu. L. Igitkhanov et al. D—T ignition in the tokamak-reactor with divertor

V. A. Abramov et al. Modelling of start-up in the INTOR

T. E. Volkov et al. Analytical study of the scrape-eff layer and the plasma column periphery

Yu. L. Igitkhanov et al. Plasma effect on the gas conductance of a divertor channel

N. N. Vasil'ev et al. A feasibility of current profile ccntrol in a tokamak by fuel pellet injection

A. V. Nedospasov et al. Recycling effect on divertor plasma parameters

F. Pegoraro et al. Magnetic fluctuations. Their role in the confinement of high energy particles

A. V. Komin et al; Parameters optimization of energy hybrid tokamak reactor

Yu. K. Kalmikov. Parametric analysis of power plant based on laser fusion

N. Sasaki et al. Reactor aspect of a stellarator with a closed helical magnetic axis

A. Sestero. Proposed scenario for burn control in tokamak reactors

B. Kiihn. The interaction of neutrons in the plasma of fusion reactors and the balance of nu-
clear fuel

A. V. Basaeva et al. The local hybrid divertor for tokamak

HEATING AND CURRENT DRIVE

M. W. Alcock et al. High power ECRH at the second harmonic in TCSCA

G. M. Voroviev et al. The first compression experiments in TUMAN-3 tokamak

A. V. Grigoryev et al. Heating of ions by magnetic compression of the plasma in TUMAN-3
{okamak

V. V. Alikaev et al. The ECRH-experiments on the T—I10 tokamak

G. Bugmann et al. Preliminary Alfven wave experiments on the TCA tokamak

S. Itoh et al. Turbulent heating of well-confined plasma in the TRIAM-1 tokamak

J. Datlov et al. Low-hybrid heating experiment on the TM-1-MN tokamak

A. W. Kolfshoten et al. Plasma heating by weak turbulence in TORTUR 11

Yu. F. Baranov et al. Electron cyclotron heating in FT-1 tokamak above critical plasma
density

I. A. Kovan et al. Numerical simulation of ion-cyclotron heating in Dy+23He++ mixure in to-
kamak

0. S. Boordo et al. Numerical calculations of plasma HF heating within the Aliven frequen-
cy range in a tokamak

V. P. Bhatnagar et al. Analysis of the finite-lenkth ICRH antenna

A. B. Kitsenko et al. Particle trapping under cyclotron resonance ccnditions

Yu. F. Baranov et al. Electron cyclotron heating of high density plasmas in large tokamaks

M. Bornatici et al. Absorption of a plasma of finite density around the electron-cyclotron har-
monics

M. W. Alcock et al. Local heating and current drive investigations on TOSCA

D. F. H, Start et al. Observations of currents-driven by RF waves at the ECR in the Culham
levitron

V. V. Parail et al. Steady-state current generation by cyclotron waves in a tokamak

S. Takamura et al. Toroidal current drive by helical slow wave structure

A. G. Sveshriikov et al. Optimization of negative ion beam - acceleration system considering
interaction with residual gas

P. Massmann.et al. Production of negative deuterium ion beams by means of negative sur-
face ionization '

V. M. Gribkov et al. Numerical model for plasma heating by neutral injection in a high field
tckamak with adiabatic compression

K. Ushigusa et al. Elimination of surface waves in lower hybrid wave heating

IMPURITY CONTROL

M. Shimada et al. Suppression of impurity influx, remote radiative cooling and helium ash
compression with poloidal divertor in DOUBLET III

N. N. Brevnov et al. Fluxes of energy and particlesin the T—12 tokamak with divertor

R. S. Ivanov et al. Nonambipolar plasma transfer in TV-1 tokamak scrape-ofi-layer

N. M. Zykova et al. Arcing studies in tokamak TV-1

K. Jakubka et al. The influence of surface conditions on unipolar arcs in a tokamak

N. N. Vasiljev et al. The effect of particle recycling in a tokamak with high plasma density

V. M. Gribkov et al. Plasma diffusion in systems with separatrix

S. V. Bazdenkov et al. Diffusion of impurities in the presence of external forces -and ano-
malous processes in a tokamak plasma

G—4
G—5
G—6
(it
G—8
G—9
G—10
G—11
G—I12
G—13
G—14
G-<15
G—16
Ge17
H—1
H—2a
H—2b
H—3
H—4
H—5
H—6
H—7
H—8
H—9
H—10
H—11
H—12
H—13
H—14
H—15
H—16
H—17
H—18
H—19
H—20
H—21
H—22
;.
J—2
J—=g"
J—4
J—5
J—6
F
Yo




A. A. Shishkin. Impurity flow reversal in tokamak with helical magnetic fields

D. Ashby et al. Impurity radiation from a plasma in diffusive equilibrium

D. G. Baratov et.al. Experimenal study of limiter erosion mechanismus in the materials
test H-3M tokamak facility '

D. Hildenbrandt et al. Analysis of a graphite limiter after operation in T—I0

V. M. Chicherov et al. Time resolved measurements of the impurities flux in the limiter sha-
dow of the T—10 tokamak

WAVE-PLASMA INTERACTION

E. Lazzaro et al. Full-wave propagation analysis for the X-mode at 2

K. Itch Propagation of kinetic Alfen wave in cylindrical tokamak

A. V. Timofeev Evolution of the unstable Alfven oscillations in the inhomogeneous magne-
tic field

M. M. Skoric. The magneto-parametric instabilities

S. J. Karttunen et al. Particle trapping-in stimulated brillouin and Raman scattering

M. Sugawa et al. Nonlinear interaction between ion beams and electrostatic cyclotron waves
in an ion beam-plasma system

V. Stefan Nonresonant parametric interaction of a high-frequency, non-monochromatic driver
pump with magnetized plasma

V. Stefan Nonlinear dissipation of parametrically driven bernstein modes in plasma upon the
action of non-monochromatic driver pump

D. Farina et al. Electron cyclotron absorption for a two-temperature electron distribution

G. M. Batanov et al. Electron heating observation near the lower hybrid resonance — with un-
duced 1-s scatlering

H. Persson Magnetic compression, non-adiabatic particle motion and intrinsic stochasticity

D. R. Nicholson et al. Cubic Langmuir turbulence

V. V. Chechkin et al. Spatially-time evolution of fast magnetosonic waves of high amplitude

K. Baumgirtel et al. Long-time SBS oscillations in plasmas with supersonic flow

N. E. Andreev et al. Resonance absorption of a strong EM wave at supersonic plasma flow

K. Baumgirtel et al. Raman back-scattering in an inhomogenebus plasma

COMPACT TORI AND TOROIDAL PINCHES

A. G. Es’kov et al. Efficiency and physics of collisionless plasma heating by shock compres-
sion in a closed trap «compact torus»

P. G. Carolan et al. Initial results from the HBTXIA reserved field pinch experiment

D. A. Baker et al. Initial reserved-field pinch experiments on ZT-40M with a metallic vacuum
linear

A. G. Es’kov et al. Experimenfs in the «Tor-Liner» device

A. G. Kaligin et al. Compact torus: MHD stability and inner structure in the process of po-
werful compression

J.-W. Edenstrasser et al. Finite-8 minimum energy equilibria in the SPICA screw pinch

L. J. Barrow et al. The influence of a helical field on the start-up and sustainment of a rever-
se field pinch

A. F. G. van der Meer et al. The influence of impurities on the discharge behaviour in SPICA

V. Erckmann et al. Confinement and magnetoacoustic heating of a low density belt-pinch plasma

T. C. Hender et al. The nonlinear «g» mode

K. Watanabe et al. CTCC-1 experiment. CT plasma collision and compression

V. V. Belicov et al. Numerical simulation of the compact toroid evolution towards the equi-
librium state

E. H. A. Granneman et al. A study of the equilibrium and decay of compact toroids generated
by a magnetized co-axial plasma gun

S. Okada et al. Experimental studies on FRC plasma

J. W. Edenstrasser et al. Finite beta minimum energy equilibria ol ETA—BETA II RFPs

RELATIVISTIC PLASMA ELECTRONICS

N. I. Zaitsev et al. Experimental study of the influence of cathode and collector plasma Dyna-
mics on the microwave generator with a REB

N. S. Ginzburg et dl. Automodulation and stochastic oscillation regimes in resonant relativis-
tic electron masers )

V. L. Bratman et al. Relativistic plasma generators with effective radiation output

M. 1. Fuchs et al, States of the thin-walled beam of relativistic electrons in limited channels

J=5
J—10
I=1
J=13
J=18

K—1
K_
K—3
K—4
K—5
K—6
K—7
K—8
K—9
K—10
K—11
K—12
K—13
K—14
K—15
K—16
P
L—2
P
L—5
L—8
-
I8
-
L—10
Ll
Lol
L—14
L—16
L—16

M—1

M—2

M—3

M—4




A

TOKAMAK EXPERIMENTS




HIGH DENSITY DTSCHARGES WITH NEUTRAL INJECTION IN DITE TOKAMRK

P.J. Lomas, XK.B. Axon, J.E. Bradley, R,D, Gi{l1, J. Hugill,
P,C. Johnson, B.A. Fa_well, A.J. Wootton.

Culham Laboratory, Abingdon, Oxon., OX14 1DB, UK
{Euratom/UKAEA Fusion Association)
Abstract

High density discharges have been produced in DITE by gas puffing during
neutral beam injection. The general behavicur of these discharges, a power
balance for a discharge near the density limit and the scaling of B and 1 are
discussed.

Behaviour of a typical discharge

Discharges with mean line of sight densities, i, up to ixloln m~2 have
been produced in DITE by strong gas puffing during injection of € 1MW of
24keV neutrals. The density is ramped until disruprion occurs at f_ Rg/B, S
2x10°%m™?7"! [1]. Figure 1 shows the time behaviour of the main discharge
parameters for a low-g D discharge with Ti limiters, and Figure 2 the elec-
tron density, ng(r) and electron temperature, To(r) profiles measured ac four
times, In this case there is no disruption until after the 100wms irnjection
pulse, No density clamp is seen. | N and Tjp remain about BOOeV and 600cY
respectively as the density is increased. The density profile broadens as
g ig increased, and at the highest density it is filat out te r/a ~ 0.5.
Strong sawteeth can be seen on the soft X-ray signals. Figure 3 shows the
evolution of ET (from diamagnetic loop measurements) as a function of plasma
density for various injection powers, Pyng into similar discharges. For
O <€ Pyny < 600kW both the maximum density reached, A, (max) and Bp(max)
increase with Py, Bp(max) being reached somewhat earlier. For Py . > 6OOKW,
neither fg(max) nor Bp(max) increase further.

Power balance for high density low-g discharge

Power balances have been evaluated for high density discharges in DITE
using the Hermes transport analysis code [2] together with an ion transport
code [3], and the Stott neutral transport code [4]. The profile of total
radiation, P, .4(r), nglr), Te(r) and the central ion tamperacure, T;(0) are
measured. - Tj (r) and the corresponding neutral density profile, nylr) are
calculated assuming neoclassical ion conduction of the form given by Hazeltine .
and Hinton [5] but enhanced by scme anomaly factor. This is chosen to give a
Ty profile which does not diverge at the plasma boundary.

The radial power balance for the discharge illustrated in Figures 1 and
2 _is shown in Figure 4. Two different assumptions have been made for np{(0)
and the analysis has been carried through for each cases. Firstly, np has

been assumed neg].tgj.ble so that charge exchange losses can be ignored. Secondly,
np(0) = 5 x 1013 n™3 has been taken; the value reguired to produce the observed
rate of increase in central electron density by ionisation alone. This is

consistent with the empirical scaling of n,(0) with fi, observed for DITE.
Since the neutrals are assumed cold in the ion transport calculations, this
will provide an upper linit to the charge exchange losses. The shaded regions
in the power balance indicates the uncertainty in the charge exchange losses
and the effects of these losses on the detailed form of the calculated T; pro-
file at the edge. The ion conduction is then 3-3.5 above the Hazeltine-!linton
values,

Within r/a ~ 0.5 these ugrertainties are small, and the strongest loss
mechanism is ion conduction which transports ~ 22CkW. The power input to the
ions ccmes directly from the beam ~ L40kW, and from the electrons by
equipartition, ~ 90kW. Electron conduction is significant at this radius,
~ 140kW, but smaller than the ion losses. Radiation accounts for only 7OkW

‘The density profile is broad so that electrons and fons are closely
coupled by equipartition in the outer regions of the plasma. The effect of
charge exchange is to keep T; < T, so that power conducted from the plasma
centre is lost by charge exchange rather than electron conduction. In this
case the product n_}. is more nearly constant than the case where neutrals
are neglected., Although charge exchange losses have a significant effect on
Te~Tys Ty does not change very much, so that the power conducted by the ions
in the outer regions is insensitive to the assumption about np. Thus the
dominant loss channels at the edge are ion conduction, radiation and either
electron conduction or charge exchange.

The power balance analysis for a lower current, I ~ 110kA (g = 3.5)
lower density, fig =3,7x10!9 discharge which is also close to the DITE
density limit shows a somewhat different picture. As expected from the
variation of electron and ion thermal diffusivity with density, electron
losses are more important and ion losses less important than in the dis-
charge just described. In addition the density profile is much less broad
so that electron-ion coupling is weak. As a result charge exchange loss
from the edge is fed by ion conduction from the centre rather than by egui-
partition. The ion conduction is a similar factor of 3-4 above the Hazeltine-
Hinton neoclassical values.

Scaling of T, and B at high density

A wide range of discharges have been examined with BT = 0.9 to 2.7T,
ohmic current, T = 40 to 260kA, Py s = O to luW, and iy = 2x10'%m? to
9.5x101% 3 using titanium limiters at r = 26cm and carbon limiters which
can be used to set the minor radius between 12 and 22.5cm. In most of these
discharges the density is ramped throughout the injection pulse or until the
plasma disrupts. At higher g values, g 2z 3,density claumplng usually occurs
where, with constant gas feed, the density stops rising upon injection. A
two to threefold increase in gas feed rate is usually required to restore
the density ramp. B values, as d by the di tic loop,exhibit a
broad maximum as a function of density similar to the example in Figure 3.
Although in ohmically heated discharges the energy confinement time is well
represented by Tg = 10720 naz, in injection dominated discharges at high
density T can be a factor ~ 3 less. _

We have fitted the diamagnetic estimates of Bp to a power law in the
other discharge parameters over the ranges given above, to give

= 1.5 & 19 —-3,0-125 6-27, 0-2
_ 4xio 51(kn) 5 (10177307128 ()" 27R (m)

B,(%) = wes (1)
T
B (T 22 a(m)?-0

High B data from ISX, Tll and JFT2 [6,7,8] have been included in this fit, but
this does not affect the result appreciably except for the introduction of the
weak dependence on R. This fit is ifllustrated in Figure 5. Note that the T1l
and low power ISX data agree very well with this scaling and even the highest
B data from ISX and JFT2 is not significantly further from the fit than the
best DITE data. The dependence on ?'e and P, indicate a tendency to satur-
ation in B at high densities and injection powers.
We can express the fit of equation (1) as

715 q0-12 p1-2
ST

0. .
BTZ p-7

where the increase in T,
injection power are the most notable effects.

A-la

with current and the reduction with increased
Although the power balance

of Figure 4 shows that icn conduction is important, the dependeneies on n
and power in equation (1) are weaker than would he expected assuming an ién

conduction loss of the form ~ nT7-.

The strony dependencies on I, By and a

suggest that we are observing a soft limit on f, which scales as ~ /Y1

Coneclusions

ificant loss mechanisms for discharges in DITE at high density.

Ion and electron conduction, radiation and charge exchange are all sign-
The general

behaviour of these discharges and the scaling of discharge parameters is con-

sistent with T11, ISX, JFT2,

This scaling is more complicated than pa?

scaling because electron conduction plays a minor role in the power balance
at these densities, and although the underlying physics appears straight-
forward it has not proved possible to explain the scaling on simple trans-
port arguments,
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IMPURITY RADIATION IN DITE DURING NEUTRAL INJECTION
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ABSTRACT The large increase in radiation during neutral
injection in DITE is identified as being primarily due to the
charge exchange recombination of the impurities by the fast
neutrals. The scaling of the radiation increase with inject-
ion power and density has been determined and the signific-
ance of its toroidal asymmetry is discussed.

INTRODUCTION A large and rapid increase in impurity line
emission and total radiation is observed in the DITE experi-
ment during neutral injection. In a previous paper

charge exchange recombination of the impurities by the in-
jected fast neutrals has been suggested as the primary cause
of the enhanced radiation. Experiments to obtain the scaling
of this process with injection power and density have recently
been completed on DITE, and compared with theory. A brief
account of this study is given below.

THEORETICAL MODEL The 'average ion' model developed by
Post et al is used to describe the atomic physies. The
main theoretical difficulty is that the profile of the in-
jected neutrals is three dimensional (r, 3, #); previous
treatments have usually neglected the # and $ dependence
ar..ing thar the transit time of an impurity around the
torus is short compared to the atomic physiecs timescales.
This approximation is not satisfied in DITE, since the imp-
urities are actually collisional and their diffusion time
around the torus can,in some éanﬂitions,be longer than their
ionisation time. In this case the full transport equation
for tie impurity d;nsity n? of the qth charge state

95,9 o g9-1,9-1 _ ga.a . patloa+l _ q.q (1)

has to be used. In the above S is the ionisation rate and
RY is the recombipation rate, which includes radiative and
dielectronic recombination as well as charge exchange re-
combination on both injected fast and thermal neutrals.

The component of the diffusion coefficient along the
field lines in eq(l) is assumed to be classical, Dj = vffu“.
with ,9 the collision frequency of the impurity ion in charge
state q. If the ionisation time is longer than the diffusion
tiye, 7103 > vqﬁzfvf ;2 (# rotational transform), the impuricty
density n' is symmeiric in $ and 9, and a field line averaged
form of eq(l) is appropriate. Both the line average and non-
averaged rate equations were solved numerically and the non-
averaged solution used in comparisons with experiment when
toroidal asymmetry was important.

EXPERIMENTAL RESULTS Radial protiles of carbon, oxygen

and titanium line emission during neutral injection, obtained
from photographic grazing in-

CARBON cidence measurements are

4 shown in Fig.1 for a low den-
by sity case (ﬁe = 10%9).
These profiles, which are
, beaked on axis due to cx

)
5 10 15 20 recombination, have been

rnm_kgn__z

compared with solutions of
OXYGEN
the averaged-rate equation.

Taking the impurity profile
proportional to the density

Bl S '}

profile (n, = n) is found

Normalised Inlensity
o
. 1.

= s to give a good fit.
5 [ 15 20 E e

The time history of

TITANIUM N
the line intensity during
neutral injection, measured
by grazing and normal in-
cidence photoelectric‘spec—
trometers, is shown in
Q H 10 15 20Fig.2 along with the theo-

Minar Radius (cm) retical curves. The CVI,
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Ti XIII 1lines

increase by an order 0
of magnitude during
injection with rise
and fall times of
the order of 2 ms,
in contrast to the
Ti XVIII line which
initially falls due
to the recombination
of TilT* by the beam
neutrals. The theo-
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retical curves (dotted
in Fig.2.) show a 1
similar time behaviour
znd absolute increase.

The scaling of the

ratio of line intensity
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-
scaling is linear with power. The lower density case has a
larger slope due to the increased importance of charge
exchange recombination relative to ionisation,

The toreidai asymmetry of the radiation is shown in Fig.4
where the line emission and total radiation in the vicinity
of an injector is compared with that from a region on the
opposite side of the torus. Typically there is a factor of
2-3 difference in the intensity of the radiation between the
Two measurements. The theoretical solution of the non-
averaged rate equation has a similar asymmetry.

The asymmetry of the radiation makes precise power bal-
ance calculations very difficult. Present indications are '
that at low densities, the enhanced radiation (x 5) due to charge
exchange recombination of the impurities does play a signif-
icant role in the power balance, and is responsible for the
poor electron heating at low densities in DITE.
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ENERGY CONFINEMENT OF HIGH DENSITY -PLASMAS IN THE FT TOKAMAK
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INTRODUCTION

Energy confinement studies have been performed on FT in the.param-
eter range 60 kG < By < B0 kG, I_ <550 kA, Ay <4.5x10™ e, At ow
densities the confinement time increases roughly linearly with density.
However at densities greater than i = 2.5x10'" cm ~ the rate of in-
crease seems slower. The maximum peak density obtained is ﬁ=7.5;m”
cm'3 with an energy confinement time tp = 55 ms and a corresponding val-
ve of the Lawson parameter fit of 4 x 1013 :m-3 sec.

The main characteristics of the machine and of its operation are
described in Ref. 1, For the discharges considered in this work FT op-
erated in deuterium with a s.s. limiter having a radius a = 20 cm.

DISCHARGE EVOLUTION

The evolution of a high density discharge is shown in Fig. 1.

The density is increased by puffing gas with a piezoelectric fast
valve. In most discharges the main gas pulse was during the last phase
of the current build-up. Typical values of fluxes were 20+ 30 torr-li-
ters se:'] lasting 100 milliseconds. If the amount of gas is increased
substantially, a major disruption occurs. Non thermal effects are pre-
sent during the current rise. A strong enhancement of the D, radiation
occurs abruptly at high densities. The correlation of the start of this en-
hancement with the discharge parameters is unclear and it can not be

600
(kA al
400+
200
0 —————— 1
200ms/DIv 200ms/DIV
6-10" 6
figlem®) ch (g, (au) o
4 4 4
2 - 2 d)
1 MAIN GAS PULSE
0 = — . 0- o
200ms/DIV 200ms/DIV

fig. 1 - a) Plasma current; b) Loop voltage; c) Linear average density
d) IJ“L emission at a port different from the puffing gas

easily controlled. Sawtooth oscillations are well developed for most of
the duration of high densiiy discharges. Their period varies from 3.5
me for 7 2x10'% cn 3 up to 9 ms for v 7x10 en 3.

ENERGY CONFINEMENT

The electron density and temperature profiles were measured with
Thomson scattering. Peak ion temperatures, as determined by neutron
yeld, turned out to be about .9 ?e' Energy confinement times were cal-
culated by assuming the same temperature profiles for electrons and
ions.

Figure 2 shows T vs n, the straight line is the Alcator law
e(ms) = 4x10718 7 a2(cm ). The scatter in the data is large, but some
trends are visible. For densities lower than 2.5x10" :m'3 the points
are above the Alcator line while for higher densities their are below
the line and the increase with density, if present, seems slower.

Figure 3 shows the effect of high densities on the temperature pro-
files. fe.‘is the cross section average electron temperature.
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Fig. 3 - Cross section average electron temperature vs average density

Figure 4 shows the electron density profiles for one of the high-
est densities discharges.
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Fig. 4 - Electron density and temperature profiles for a high density
discharge

The influence of ion transport on energy confinement at’ high den-
sities has been considered. At half radius the nmeoclassical fon heat
flux of the discharge shown in Fig. 4, calculated with the theory of
Hazeltine and Hinton [2] gives a loss of about 150 kW compared with an
ohmic input power at the same radius of about 750 kW.
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INVESTIGATION OF FT-1 TOKAMAK PLASMA BY MEANS
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In Eaf.“/ a method of plasma diagnosiics, based
upon the investigation of the impurity, eblated from the
pellet's spurface was proposed. It is possible by this me-
thod to determine the velocity of poloidal rotation
and the impurity confinement time « The ablation rate
can give information on some of the plasma parameters 4 .
The magnitude and the direction of Euoloidal rotation may
influence transport processes both for the main plaesma
component 5/ and for the impurities « Meanwhile, the
data concerning poloidal rotation are dissimilar for dif=-
ferent tokamaks. In TM-2, T-3 7/ and T-‘IG/4/ plasma had
a positive charge, but in ST 8/ and LT-3 9 a negative
one. The direction of the radial electrical field in 2/
was not determined. We present below the data on the di=-
rection and the radisl profile of the poloidal rotation
velocity vu(t') and on the impurity confinement time in
FI-1 tokamak.

\hen the poloidal rotation having been investigated,
the 0.7 mm carbon pellets were injected in plasma upwards
along the central vertical chord or elong the chord shif-
ted outward on 7.5 cm (for sign determination). The spa-
tial distribution of ablating impurities was detected in
different spectral lines (CIII, CV) by the rapid scanning
optical system. The discharge was synchronised with the
moment when the pellet reached the upper point of the tra-
Jjectory. The data concern the 5+10 ms from the beginning
of the discharge. The undisturbed plasma parameters at
15~th ms are follows: '.ce(o) = 2004300 &V, Ti(O)-TO-HOOeV.
n (0)~10" en™?, B = 6+12 kG, I = 20460 kA, Limiter ra-
diug a = 15 cm.

The measurements were made at t = 6-th ms, when the
ablating impurity did not disturb the discharge essential-
ly. In the case of injection along the shifted chord the
radial profiles of CIII line were measured. Typical profi-
les of CIII for direct and reversed directions of toroidal
field are shown in Fig.1. The profiles are asymmetrical
and the asymmetry reverses with the reversion of By. Thie
fact indicates on the drift character of the slowly decay-
ing wing of the profile. The line intensity decreases ex-
ponentially with the distance from the pellet to the point
of observation L , see Fig.2. It means, that the spreading
of GE"' ione aleng the magnetic field is insignificant. The
abpence of epreading along the magnetic field can be con~
nected with the low level of ion temperature at the ini-
tial stage of tokamak discharge. In this case the ion=im-
purity collisional frequency is high enough. The poloidal
rotation velocity was obteined from expression:

A . x
~ N ex (— == ) (1)
I T P Vo Tion
where HI- ablation rate, T,  =- ionization time for
CIII. The values of v,for r = B cm are shown in Fig.3.

When the injection was made along the central chord,

we used the same method for v, measurements as in Ruf."z

The value v, wae calculated from the expression:
Mo (2)
Vi ——=— %
I

where Ty = radius of the ntugmtic surface, on which the
pellet was ablating, A1 - intensity of the main maximum of
spectral line emission, 12 - intensity of the "patellite®,
appearing on the opposite side of the magnetic surface due
to poloidal rotation. The expreseion (2) differs from the
expresslon (2) in Ra.ﬂ./zl, where the significant spreading
Velocities of the impurity ione along the magnetic field
were supposed. Therefore the Yo valuee in 2 seems to be
overstated. The vo(r) profile, obtained by this method, is
Blgo shown in Fig.3.

The direction of poloidal rotation could be measured
only by injeciion along the shifted chord. The sign of po-
loidal rotation corresponds to the direction of the radial
electrical field from the periphery to the centre. This
sign did not change during the stage of intensive ablation,
when the plasma paremeters were strongly disturbed.At thig
stage the CIII line intensity decrease was aleo exponen=
tial with the same characteristic lemth as at the initial
stege (t% 546 ms).

Impurity transport was studied by means of injection
of the very emall pellets (0.1 mm). Such pellets did not
influence the macroscopic parameters, but yielded the
perturbation of the electron density and the impurity ra-
diation. From the relaxation of this perturbation one can
obtain the impurity confinement time 'EI « For the large
set of impurities from Li to W (see’ for details) it was
shown, that the impurifies did not accumulate in plasma of
relatively emall electron density n ~ 1013 ™3, Impurity
confinement time was independent of the kind of impurity
and could be approximated by expreasion:

3 2
_ 2 Ra'B? [em’kG
tmr = 0.5'10 'T:WZ ev3/2 (3)

shown in Fig.4.

DISCUSSION. The direction of the radial electricel
field in PT-1 tokamek was measured at the initial stage of
the discharge, when the ion temperature was low and the
ions were in Pfirsch-Schluter regime. In this regime the
ion thermal conductivity must exceed the electron one,and
the electrical field confines iona, as the most rapid com=
ponent. The sign of the electrical field in FT=1 is the
same as in LT=3 /9/, where ions were in hjrdrudynnminal re—
gime. At the intensive ablation stage the collisional fre-
quency increased due to the input of impurities snd plasma
cooling, so the Pfirsch-Schluter regime maintained and the
sign of the electrical field did not change. The magnitude
of the electrical field, as pointed in 2 y is close to

E:["@/eh)dﬂ/o('g It does not contradict the conceptions
of electrical field in the Pfirsch-Schliiter regime “Of.

The impurity transport was studied at the stationary
stage of the discharge. In this case electrons were more
rapid than iona: tEe ~1 ms, 'tEi ~ 546 ma. The impu-
rity confinement time observed here is in good agreement
with the expression (3) , obtained from the neoclas-
sical theory in assumption that the plasma had a posi-
tive charge.

It is possible that the discrepancy in the directions
of poloidal rotation in different tokamaks can bLe connec—
ted with the different relations between transport coeffi-
cients of electrons and ions.
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PELLET DIAGNOSTICS EXPERIMENTS IN T-10 TOKAMAK

S.H.Egorov, A.P.Zhilinsky, v.A.Krupinf B.V.Kuteew, V.4, Nikiforov,
V.A.Rozhansky,L.D.Tsendin

Kalinin Polytechnical Institute,Leningrad,USSR
xK.u.w:haf‘.mr: Institute of Atomic Energy,Moscow,USSR

In virtue of the short duration of pellet heating and ablation
in large tokamaks, it is necessary to use fast pellets for diagnos—
tic purposes /1/.‘1'1115 method has some additional advantages with
respect to the method of immovable pallt;.zl!gllets can be injected
it the arbitrary stage of the discharge.Sc it is possible to create
almost instantaneaus impurity source in any point of tokamak.The
passibility arises for detailed investigatiom of transpert phenomena
in plasma.It is essential,that ome can get the information about
distribution of examinsd characteristics during one impulse.

Experimental scheme is shown in Fig.l.Pellet radius and velocity
wWere 103-300’111 and 100 .il/B,l‘e!ch‘ti“l,.In first (I) case pellets
were injected along the vertical chord 20 em shifted to) the inner
side of the torus.In second (II) one the trejectory formed 30°zngle
with the equator plane.Observation on. the pellet ablation and impu—
rity cloud was carried on with the optical system.It provided spatial
distribution of impurity line intensity with the resolution~1 cm and
periodicity ~ JDOPB.InveBtigatiunu were fulfilled in the discharges
with the following parameters:magnatic field Bt-15—1m,diacharge cur-
rent I=200 kA,safety factor gm2,mean electron density (ne\-(]ﬁ))lou
cm'j,aluctmn. Te and ion '.‘l‘i temperatures 1 keV and 0.5 keV,respective-
1y,limiter radius a=29 cm.

The investigation of fast high-melting pellets interaction with
plasma is of interest both for further development of diagnostics and
for elucidation of heat transport mechanism on the hydrogen pellet
useg for mmeling/3/.])apendanoes of the ablation rate ﬁl.' from radius
in two variants of injection are ghawn in F‘i.gz.'Zi.In the experiment
lines of CII (Al1,TiI) were observed.lLine intensity was supnosed to
ha'proplxl):;o:iunal to !'i':..n:soluta calibration of l'l: and evaluation of pel-
1ot size carried out by the total electron density inorease affer in-
Jjection.It was supposed,that the final ionization state of C was total.
Intensive carbon ablation started near r=26 om.It was in good agrecment
with the model of pellet heating up to the temperature $2500°K under
the heat flux [=9/4 Sna'l’zlgm;{llz (s-surface area).This expression
was derived with the account of negatively charged pellei surface.

In the case I ;f: varied with radius proportionally to~ n'I'3 2 (sen
Fig.2).In the case II line intemsity sharply increased at r=20 cm.
A% lesser radii ﬁr did not chenge until the total extinetion of the
pellet.The pattern of Al and Ti ablation was similar.The expression
for the ablation rate with the account of dense plasma cloud for-
mation around the pellet siates

&z‘mm Sne':'g/zjgo (1)
F‘o" 50 eV-being the ionization energy to ion C+1.Pnsnibly,the digere-

pancy at r=20 cm is caused by the observed group of Tast elecirons
on the outer side of the torus,which may lead both to the shift of
n'I‘3 2 maximum outside and to the additional heat flux on the pellet.
From the obtained it daia it fellows,that for the nnxt-;tep tokamal
pellet diagnostics velocities about ~1 lcm/a will be sufficient.

The injection of small pellets did not lead to the loas of stabi-
lity and discharge disruption.For the investigated low-q regime the
critical siszes are abont. 300}.171 for C and IDOfm for Al and Ti,Maxi-
mum density increase for C at (ne\ 2103 on™? mounted up to 100%,but
for Al and Ti was less than 105.After injection there were observed
relatively fast changes in ng,balumetric and soft X-ray(SXi,E»2 keV)
signals and subsequent signal relaxation fo the undisturbed level
(Fig.4).Decay time of these signals may be interpreted as the impuri-
ty life-time ‘t:.In the case of carbon injection the main contribu-—
tion to n, gave nueclei G*E.By the a signal relaxation it was pos-
sible to defermine 'C':.It increased with electron aem.nty {see Figh).
'C; values obtained {rom relaxation of nB,EXR and bolometric signals
are close to each other.The situation is different in case of Al and
Ti injection.Density increase is small in this case and bolomeiric
signal rapidly (with the ionization time to He-like ions) relaxea to
the undisturbed level.Pellet injection most affected the 3XR-simnal.
If the SXB-signal is proportional to the centm] &1 density ythe A1
transport time from r=20 cm,where the pellets -ere zblated,to the
centre was about ~50 ms (for (ne}-E.-lDU cm-l).rl'he relnxation of SKR
signal is caused by the impurity outflow.il and Ti ions remain 1in
plasma a little longer than C.The rr valuee for C in a facter of 1.5

exeed the Ar*ls transport time [4/.Tue question of ‘5 denendencesn
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from the impurity species requires more detailed investigationa.
For theoretical analgsis of plasma and impurity transport it is
necessary to Xmow the magnitude and the direction of poloidal rota-
tion velecity V° /5/.These characteristics were determined by the
method described in /2/.The dependences of CII line intensity I at
carbon injection along the wertical chord are shown in Fig.6.The
profile maximum shift corresponds to pellet movement.The profile
asymmeiry is caused by the plasma rotation.It reverses with. the mag~
netic field reversal.On the profile wing the stiriatioms mi’? di=
rection were observed.The similar ones are observed in the active
cosmic experiments /6/.The values of V, were determined acoording
to l-Ioexp(—x/(Vo‘t'h“.)),ihareg‘m.- ionization time.The striation
must be formed at the distance 51-v°ri“_ from the impurity source
/6/.V° values calculated from I(x) decay and from the first striation
pusition are shown inPig.T.'.l'h*nlnidsl rotation direction corrosponds
to the positive charge of the plasma centre.Its value considerably
exeeds the electron diamagnetic drift veloocity. um-twu/alin)g-;-
Acocording to/5/ the neoolassical convective impurity flux mmst de-
pend on the radial electric field magnitude and be directed ouiward,
if plasma is charged positively.Transport veluuitirsu values ‘J'I)aal—
culated according to /5/ with measured Vu were abo 'tt--lt)3 cm/a.'l‘hie
velocity corresponds to 'Crﬂa/@Ibt}.O ml.!iowever,d:ﬁundece of (Vr>
from Vn in the ‘Jo range from 1!'@-““a to the experimental values

turned to be weak.So scaling /2/ corresponding to Ve gives

"E,(ms)-i:).5-ltl_2 2{5211‘2(;"]‘(111)‘1';3/2 (cmlkuzaf'slz)azo ma.In low dengi-
ty regime these values are in quite good agreement with measured omnes.
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HICH BETA STUDIES WITH BEAM-HEATED, NONCIRCULAR PLASMAS TN ISX-B#*
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J. L. Dunlap, G. R. Dyer, P. H. Edmonds, J. H. Harris, H. C. Howe,
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C. H. Ma, J. T. Mihalczo, M. Murakami, L. E. Murray, G. H. Neilson,
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A. Wootton
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Introduction

In this paper we describe some preliminary results of high beta
studies on 1SX-B for mildly D-shaped discharges. ISX-B is a modest
salze tokamak (R, =93 em, a =27 cm) equipped with two tangentially
aligned neutral beam injectors piving a total power up to 3 MW. The
poloidal coil system (Fig..l) allows cholce of plasma boundary shapes
from circular co elongated (v <1.8), with D, elliptical, or Inverse D
cross sections. The noncivcular work discussed here is for x vl.5.

In brief, the major rcoults of high beta experiments in egircular dis—
charges (x <1.2) are as follows: 1 (a) with injection powers up to 2.5 MW,
we have achieved B (=<82,.;) ~2.5%, 8% (=/<B%>) ~3.5Z, 8 ~2.5, and qu
(=de/d¥) ~3; (b) & increases more slowly with beam power abu\re 1.5 MW
and it is the quactity £ VT that saturates, rather than 8 per se;
and (e) the sacturation results frem a degradation of energy confinement,
primarily due te decreasing clectron energy confinement time as beam power
increases. A possible mechanism for the decreasing confinement is en-
hanced electron heat conductlon due to mixing of magneric islands at high
fp equi].ihria. a mechanism consistent with the observed MHD activity.
However, beam-specific effects (e.g., plasma rotation) may be involved.

ioncircular Discharge Characteristies

Typical discharge characteristies for a sequence at By =0.91 T are
shown in Fig. 2. The plasma current is programmed to rise slowly, lead-
ing to a q value that decreases to q ‘=3 at the end of the discharge.
Titanium gettering has been used to gucili:nte low q operation. The in=~
Jjectors are turned on at 80 and 120 ms. A slowly rising baam current is
used to {mprove plasma positlon control. 'The time behaviors of # and B
derived From the magnetic measurements are shown in Fig. 2d.

Analysis of Noncircular Discharges

The data analysis procedure has recently been expanded to determine
the internal magnetic configuration consistent with MHD equilibrium theory
using a moment analysis method.3 The shift, elongation, and triangularity
(Fig. 5) of the internal flux contours are derived from (a) the experi-
mental pressure profile, based on the midplane Thomson scattering profiles
and fon temperature measurements supplemented by neoclassical ion power
balance and beam slowing-down equations; (b) the plasma current profile,
modeled to be consistent with the radius of the q=1 surface observed with
the soft x-ray array; and (c) the form of the outermost magnetic surface,
determined from the coil currents and the array of magnetic probes shown
in Fig. 1. As a further self-consistency check, predictions are made of
experimentally determined quantities not used as input to the analysis,
such ag Ty and ng profiles 10 cm above Che midplane (Figs. 3a, 3b) and
multichord line integral densities obtained by vertically oriented
far-infrared (FIR) interferometry (Fig. 3c). The example shown in
Fig, 3 shows little difference in the Thomson scattering profiles on
and above the midplane, an indication of the substantial internal
alongation observed in the lower q discharges. A further check on
the sell-consistency is illustrated in Fig. 4 where the value of f
computed from the mognetlc analysis is compared with the value obtained
from the energy analysis. Agreement is excellent.

Experimental Results and Discussion

Due to the apparent B saturation observed in cireular plasmas, the
high B Htut_llus with Llungu?ed plasmas have emphasized low q operation.
This results in operation at curreat levels close to the machine limit
(for low R,) and low toroidal field (for high £ and low g). However, no
sign{HcanF penalty is incurred by low By operation. This can be seen
in Fig. 6, which shows that 8, remains constant as B is reduced to 0.75
T at constant plasma current, beam power, and line density. Although
the total energy content remains a constant, significant changes in pro-
files are occurring, as evidenced by an almost linear decrease in T (D)
from 1.35 keV to 0.65 keV as B decreases from 1.4 T to 0.75 T.  °

The results for elongated plasmas have been similar to those for
circular plasmas. For example, a similar dependence of & values and con-
finement time on beam power has been observed. Figure 7 shows that the
clectton energy confinement time (evaluated at a/2) normallzed to n_ de-
creases with Pp as It did in circular plasmas, data for which are répre-
sented by the cutrve shown. These similarities are perhaps not surprising
because the internal elungation (x '“1.3 compared with « %1.1 in circular
discharges; see Fig. 5) has not increased greatly.

The power balance in these plasmas is similar to that in circular
plasmas. There is a large unidentified electron #nergy loss in the plasma
core, Two possible mechanisms for this loss are beinp investipated:
reslstive MHD modes characteristics of high B, plasmas and beam-specific
affects such as plasma rotatlon. The MHD m:tgvlt)' is being studied with
a new 32-unit array of soft x-ray detectors viewing the plasma from the
side, as well as an array of Mirnov coils. The signals confirm that the
MHD instability is dominantly m=1. The m/n=2/1 response of the Hirnov
colls is not a "separate" mode lecalized near q=2. Experimental waveforms
are similar to those generated by a simulated x-ray diagnostic agplied to
Instability structures obtained from resistive MHD calculations. From
these calculations the more unstable toroidal eigenmede Is the n=1, which
has m=1 as the dominant component and an m=2 component that peaks near
the q=1 surface (as opposed to the q=2 surface, as would be expected if
the m=2 mode were dowinant). The distorted mode nonlinearly generates
many overlapping magnetic islands that may enhance heat conduction loss.
The beam-specific effects, such as plasma rotation and beam-driven
current, are being studied.

In conclusion, we have expanded the high 8 experiment to include
elongated, moderate q plasmas and developed profile analysis methods
consistent with both MHD equilibrium theory and details of other support—
ing measurements., Measurements to date have not resulted in higher &
vilues than those achieved in circular plasmas; however, we are not
prepared to conclude that further experiments cannor demonstrate
Improvement due ro elongation.
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(0), SUAPING (5), AND RADIAL FIELD (R) WIND-
INGS ENERGIZED IN SEQUENCE #040711; ALSO,
THE s,( ) AND Bz(|) PROBES USED FOR TEE
MAGNETIC ANALYSIS. THE DASHED

REPRESENTS THE LIMITER POSITIONS. THE DNNER
FLUX CONTOURS ARE THOSE DETERMINED FROM TEE
EXERGT ANALYSIS WITH THE OUTER BOUNDARY AS
DETERMINED FROM POLOIDAL FTELD MEASUREMENTS.
THE DASHED CONTOUR IS THE q=l SURFACE.
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EXPERIMENTAL OBSERVATIONS OF TOROIDAL DISCHARGES IN RINGBOOE IT

L.Th.M. Ornstein, R.W. Polman, E.P. Barbian, C.J. Barth,

W. van den Boom, G.J. Boxman, J.J. Busser, R. Eppenga, W.J. Goedheer,
C.A.J. Hugenholtz, 0.G. Kruyt, H.A. van der Laan, J. Lok,
B.J.H. Meddens, J.H.H.M. Potters, W.J. Schrader, D.A. van Wezep.
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Nieuwegein/Jutphaas, The Netherlands

ABSTRACT,  Measurements on toroidal arcs with ng > 2x1020 m™3 and g,
Tanging from 1.5 to B are presented. Plasma prof?]es are found to ex!en}
beyond the limiter radius. A persistent outward shift in the Hj-emission
is observed. The power input needed to sustain the discharge is high.
This may partly be due to oxygen line radiation and,in some regimes,

the losses may be enhanced because of the observed magnetically unstable
behaviour of the plasma.

In RINGBOOG II [1], a tokamak-like device with By up to 3.2 T,
R=0.56 m and a=0.08 m, toroidal discharges can be produced in a wide
range of filling pressures. In this paper a description is given of the
behaviour of discharges with various values of qua”. produced at a fil-
Ting pressure of 6.8 mtorr, resulting in plasma densities ~ 2x10%9 m~3
throughout the duration of the discharge. The purpose of the experiment
is to study cold-plasma and gas blankets which may surround a hot plasma
core and provide shielding from plasma-wall interaction as well as fuel-
Ting and helium exhaust by diffusion through these blankets.

In earlier reports a description was given of the behaviour of the
plasma in regimes which were characterized by different initial filling
pressures, resulting in electron densities ranging from ~ 101% m~? to
3x102! @3 [2,3]. The measured radial profiles of ng, Te, and the Hy-
and Hs-amission were compared with results from numerical computations
based on a 1-d, three-fluid, steady-state model for cylindrically sym-
metric cases [4]. The energy loss of the discharges could not be ex-
plained by means of the model when applied to pure hydrogen plasmas.
Therefore, we assumed that the major part of the power input is lost
through 1ine radiation of impurities, mainly oxygen. This assum?tion
Teads to an upgar estimate for the oxygen density of n_, = 2x1018 p=3
(cf. mg = 2x10°° m™3) when the pertinent radiative enerdy losses are
taken into account [5]. When a small amount of oxygen was introduced
into the code, broader profiles were calculated in reasonable agreement
with experimental observations.

Recently, profiles have been measured by simultaneous horizontal
and vertical scanning. In all discharges studied, plasma profiles, such
as Sneds, Hy- and O1V-emission, are found to extend far beyond the
limiter radius, in contrast with usual tokamak results. Furthermore, it
may be observed that although the discharge is well centred, as is
evident from the cosine-belt and from the Sngdi-profile (see Fig. 1),
an outward shift is found in the Hu{lt)-mms?un. This asymmetry persists
for all positions of the discharge, even if it is shifted over 20 mm
towards the inside. This phenomenon is, as yet, not understood. The
asymmetry makes our earlier comparisons of symmetrized experimental
profiles with the numerical results questionable.
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Fig. 1. Radial profiles of /neds (in 101® n~2) abtained from CO,-laser
interferometry, TaC(in eV) obtained by Thomson scattering, and

Hy-emission (arb. units) for discharges with pﬂ” = 6.8 mtorr, .

= 29.5 KA, = 2.35 T, limiter aperture 0.11 m. Values are

1
tgka\ at t = 4.4 ms.

To study toroidal arcs in a wider parameter space, I, was varied
from 7 to 35 kA and By from 0.7 to 3.2 T; pp” was kept cbnstant at
6.8 mtorr. As shown in Fig. 2, the temperatures depend strongly on the
value of g,a1] and on the discharge current.

In Fig. L the power input per particle,P*, is plotted as a function
of T2. A number of observations can be made:

a. For low discharge currents, I, = 7, 15, and 22 kA, the values of T‘:
and P* are 1imited to narrow Panges (regimes labeled a, a', a").
The values of qyay] for these regimes are high: ranging up to
Gyall = 8. In m“ regimes the fluctuations in the poloidal mag-
neﬂc field are low. We may again assume that the power loss is
mainly due to oxygen line radiation as stated earlier [2,3].

The evolution in Eime of characteristic 0 IV-0VY-0 VI-}ines in the
VUV range has been studied. The temperature on axis ad deduced from
this evolution (~ 20 eV) compares well with the Thomson-scattering
data, where T3¢ = 16 eV for rather flat profiles.

b. Regimes (b) and (b') at I, = 15 and 22 kA, are characterized by
higher values of P* at lower values of Qya1) >3 to 4. Small mag-
netic fluctuations with f = 10 kHz occur, corresponding to vertical
oscillations of the plasma column; possibly some interaction of the
plasma with the walls and the limiter leads to increased power
Tosses.

c. At low values of q,,,q (< 2), plasma regimes (c,c',c") exist (see
Fig., 2) with a strongly increased P*. Irregular high-amplitude high-
frequency (~ 50 kHz) magnetic oscillations on all magnetic pick-up
belts and coils, accompanied by positive voltage spikes, indicate
strongly unstable behaviour. In this regime the /ned2-profiles are
wider than in the standard regime a'.

d. For Ip 2 25 kA (regimes d,d',d") with q,,17 ranging from 3 to.6,
strong vertical oscillations of the plasma column are found (f =
10 kHz). Occasionally, fast horizontal displacements of the discharge
are observed, accompanied by negative voltage spikes. These occur at

rather regular intervals: ~ 1 ms in regime dand ~ 0.3 ms in regime d'.

This loss-of-equilibrium phenomenon may cause enhanced power dissi-
pation.

In regime d the temperature profile Téc(z) has been determined by
Thomson scattering, The profile is peaked rather than uniform with
T8¢ = 75 eV on axis (see Fig, 1). Furthermore, the /ngdi-profile is
found to be narrower than usual,
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Fig. 2. Conductivity temperature, TY (calculated for uniform current
density distributions extenﬁing throughout the discharge
chamber, a = 0.08 m, and for Zg¢g = 1) as a function of gyua1y
with I, as a parameter:
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Values at t = 4.4 ms.
(Labels a, b, c, d refer to different regimes as described

below. )
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Fig. 3. Power input per particle, P* (in eV/ps) versus T3 with the
discharge current I, as a parameter (cf. Fig. 2). Labels as
before, Values at t'= 4.4 ms.

REFERENCES
1. RINGBOOG-Team, Proc. 10th Symp. en Fusion TechnOJ\Ogy, Padova, 1978,
Vol. 1, 9.

p.

2, RINGBOOG-Team, Proc. 9th Eur. Conf. on Contr. Fusion and Plasma
Phys., Oxford, 1979, paper D 2.6, p. 92.

3. Goedheer, W.J. et al., Proc, 8th Int, Conf. on Plasma Phys. and
Contr. Nucl. Fusion Res., Brussels, 1980, IAEA-CN-38/Z:1,

4. Goedheer, W.J., Rijnhuizen Report 78-111 (1978).

5. Jacobs, V,L. et al., JQRST 19 (1978) 591.

This work was performed under the Euratom-FOM assotiation agree-
ment wjth financial support from ZWO and Euratom.




A-6

DISCHARGE INITIATION WITH AN IN-SITU HYDROGEN PELLET IN DOUBLET III
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G. L. Jahns, J. L. Luxon, R, T. Snider

General Atomic Comfany, San Diego, California, USA

Abstract: The results of the in-situ pellet experiments Ln Doublet ILL
are summarized, with partlicular attentlon to the recent measurements of
the electron temperature and density during the early phase of the dis-
charge when large vertical elongations are achieved.

Introduction: Experiments are described in which a 2-mm diameter
cylindrical pellet of solid hydrogen is injected at low velocity (9
m/s) to the central region of the discharge column ia the Doublet III
tokamak, immediately prior to initiation of the plasma discharge. The
pellet provides a source of high purity hydrogen on axis which forms a
dense, cold plagma when ionized. The cold plasma regulates the pellet
ablacion rate, allowing a relatively slow buildup of plasma density.
The in=situ gas source results In a plasma with higher density, lower
impurity levels, and a persistent broadened current density profile.
The recently obtained electron temperature data reported here provide
important iaformarion for understanding the evolution of thls broadened
current density profile.

Experimental Apparatus: High-purity solid hydrogen is extruded and cut
into a 2-mm diameter rod approximately 3 mm long [1]. The pellet is
accelerated vertlcally upwards at velocities up to 14 m/s, and is timed
to arrive at the discharge magnetic axis {mmediately priar to discharge
initiation.

The Doublet III tokamak [2] has the following parameters: major
radius Ry = 1.43'm, plasma widcth 2a, < 0.94 m, plasma height 2z, < 2.90
m, and toroldal field = 2.4 T. Feedback control of the magnetic flux
linking -the 24 field shaping coils allows the shape and position of
many types of discharge to be controlled [3]. For pellet experiments,
the power supplies are programmed to produce an elliptical plasma in
the upper half of the vessel with a nominal external vertical elonga-
tion of 1.3-1.4 for discharges with a typlcal ohmic current profile.

Experimental Results: The results common to the earlier [4] and more
racent experiments are summarized as follows. The in-situ pellet
ablates in the presence of a neutral shielding cloud over a perfod of
‘6= ms after breakdown, providing a high purity source of hydrogen on
axis which 1s retained in the plasma with BOX efficiency. The line-
averaged density is increased from 2 x 1013 eq-3 by a factor of 2 to 3
up to a maximum of 5 x 1013 m'-". Electron density profiles are
obtained by inverting the measurements from a CO7 laser interferometer
array. Electron density profiles of discharges with pellet initiation
(type P) are flat, whereas normal discharges with no pellet (type NFP)
have hollow profiles For the first 50 ms. Both types have identical
levels of gas preffll and power supply programming. They are quies-
cent, accept gas puffing beginning at 50 ms, and last over 800 ms.
Hith moderate gas puffing (20 torrelitres/sec, vessel volume 27 “3).
type P discharges have lower electron temperatures and impurity levels
for at least 450 ms.

Pellet initiation produces current profiles which are [nitially
hollow and then peak very slowly. These profiles allow a large
increase in the vertical elongation of the plasma. MHD equilibria [5]
were calculated at several times for type P and type NP discharges.
The flux surfaces of a type P discharge at 30 ms after discharge fniti-
ation are shown in Fig. 1. The inner and outer flux surfaces have very
high height-to-width raties «(0) = 2.4 and x(a) = 2.1, and safety fac—
tors of q€0) = 11.0 and q(a) = 9.8, respectively. The plasma current
ts I, = 450 kA, and the major and minor horizental radii are R = 1.42
m, a = 0.39 m. The current density profile (s hollow, and the internal
tnductance {s £4 = 0.26 (a flat profile gives &y = 0.5). The high
elongation is confirmed by the presence of a large electron density at
the vessel midplane. Type P discharges maintain broader current pro-
files, lower values of internal (nductance (Fig. 2) and larger height-
to-widch ratios than type NP for up to 250-350 ms.

The lower current density in highly-elongated type P discharges is
accompanied by lower electron temperature. The electron temperature Ta
and density n, were measured 20 ms after {nitiation, by laser Thomson
scattering at two points. Both points are at major radius R = 1.49 m,
nne on the vessel midplane (M) and the other on the upper (U) diagnos-—
tic port axis at a height z = 0.89 m. In type P, the temperatures were
Te(U) = 36 £ 10 eV and To(M) = 48 * 13 eV, indicating a hollow temper—
ature profile, and the densities were ng(U) = (4.4 * L.5) x 1013 ca
and na(M) = (1.2 £ 0.4) = 1013 cn™3. In type NP, the upper temperature
fnereased and the density decreased to Ta(U) = 54 * 15 eV and ng(U) =
(1.9 £ 0.8) = 1013 cm3. Wo midplane density was observed in type NP
due to decreased elongation. Within these errors, the point measure—
ments of electron density conflirm CO; array measurements for type P,
but mply that density profiles may be somewhat less hollow in type NP
discharges than Indicated by Interferometer array measurements. Very
recent studies of clreular type NP plasmas with an additional CO; array
channel at an intermediate position support the earlier finding that
these discharges are hollow during the Firsc 50 ms.

The temporal evolution of the electron temperature profiles for
type P and type NP was observed with a scanning Michelson interfero—
meter which measures 2w, (twice the clactron cyclotron frequency)
radiation alonp the diagnestic chord at z = 0.89 m. The maximum tem—
perature of each profile is shown in Fig. 3 for both types, and the
first few profiles for type P and NP are shown Ln Figs. &4 and 5. The
interferometer was calibrated by the Thomson scattering measurements at
high temperatures. The electron temperature calculation assumes that
the plasma is hlackbody for 2w, radiation. Even at the lowest tem—
peratures, the optical depth is approximately one, so when a wall
reflectivity of = 0.9 is assumed, then the 2w. radiation is blackbody.
Each scan lasts 14-16 ms, and the time of each scan after discharge
initiation is shown. In type P, the electron temperature (s inirially
lower and increases more slowly than in type NP. The first scan at 28
ms in type P ghows a hollow temperature profile corresponding to the
hollow current profile for the equilibrium at 30 ms (Fig. 1). At R =
1.49 m, z = 0.89 m, the 2w., temperature at 30 ms is 60 eV, which is a
reasonable increase from the laser temperature at 20 ms. At later
times, the, peak electron temperatures in type P continue to be lower
than type NP.

The slower rate of temperature rise im type P discharges s also
observed by a fast far-infrared radiation detector which continuously
nonitors 2uw., radiation from the entire plasma width. During the
first 100 ms, the signal, which {s proportional to an average of the
electron temperature, is half as large in type P as in type HP,

Initially, soft X-ray signals are very low. At later times (after
300 ms), the peak electron temperature {s measured hy a soft X-ray
spectrometer averaging over 50 ms intervals. The soft X-ray spectro-
oeter teaperatures are typically 85Z & 10% of the 2w, values and con-
firm that type P discharges are colder than type NP. The soft X-ray
enhancement factor over pure hydrogenic radiation at 325 ms is £ =4 in
type P and £ =10 {n type NP, indicating that type P discharges have a
lower impurity level. After 500 ms, both types exhibit large decreases
in soft X-ray diode signals, after which sawtooth oscillations
appear [6].

Discussion: The electron temperature measurements show that type P
Euchnrges have lower electron temperatures and a slower temperature
rise than type NP, which is consistent with a larger area and therefore
a lower current density. The properties of these equilibria (flat cur-
rent proffle and high-elongation), are all favorable for stablility to
ballooning modes at high 8 [7]. The electron density is high enough at
early times to allow auxiliary heating by high-energy neutral atom
beams, yet low enough for wave heating by ECRH.
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DEE-SHAPED PLASMA EXPERIMENTS IN DOUBLET-TIT
H. Yokomizo, M. Nagami, M. Shimada, H. Yoshida, M. Maeno, K. Ioki,

S. Izumi, K. Shinya, N. Fujisawa, 5. Konoshima, S. Seki, A. Kitsunezaki

Japan Atomic Energy Research Institute
Tokai, Ibaraki, JAPAN
and
GA Doublet ITT Group
General Atomic Company
San Diego, California, USA

Abstract: Dee-shaped plasmas are obtained stably with a surface
elongation of K = 1.0 - 1.8. The maximum elongation of K = 1.9 is
limited by the appearance of axisymmetric instability. The energy
confinement time with an elongated plasma is improved by its geometri-
cal effect.

Experimental Procedure: The details of an active and passive plasma
control in Doublet IT1 are described in another report [1]. The

17 field shaping coils among the 24 coils are used to produce dee-
shaped plasmas [2] in the upper half of Doublet III. The rest of the
lower coils are left open to decrease the power supply requirement and
eliminate the production of runaway electrons. Since these coils are
located just outside the vacuum vessel and are connected in parallel
with each other, they are expected to work like a conducting shell and
stabilize MHD instability. The plasmas discussed here have a major
radius of R ~ 141 em, and & width 2a ~ 90 cm with an elongation of
K= 1.0 - 1.8, Figure 1 shows the three kinds of plasma shapes which
are sustained to be stable during the flattop of the plasma current.
The diagnostics used in this study are: 5-channel tangential CO,
laser interferometer for n, (r), scanning soft X-ray energy spectrome-
ter for Te[r]. S-channel bolometer array for Pr{r), charge exchange
energy analyzer for Ti (0), 10-channel tangential and 19-channel
vertical PIN diode arrays for MHD activity, and 24 magnetic flux loops

and 12 Rogowski coils for MHD equilibrium calculations.

Vertical Stability of Elongated Plasma: Vertically elongated

plasmas are sustained to be stable with an active feedback control
with an elongation of K = 1.0 - 1.8, MHD behavior measured by PIN

diode array shows no drastic difference in shape. The plasma
becomes vertically unstable with elongations above K = 1.8. Figure 2

shows the growth rates of the vertical displacement in hydrogen plasma
without active feedback control of the vertical position. The

grdwth rat; increases rapidly around the decay index of the external
field n (= - %r- %Br = - 1.5. Since ideal MHD theory in the shell-
less tokamak predicts a growth rate of v 10° sec _1, the difference
between the growth rates in theory and experiment is caused by the
passive feedback effect from the field shaping coils. The wall stabi-
lization effect estimated by numerical calculation produces a stabi-
lizing field with a decay index of L 1.5. The instability of
the present experiment agrees well with this calculation. A plasma
with a larger growth rate than v = 200 se(:_1 fails to be stabi]iz;d
because the response time of the vertical position control system is
%~ 5 ms. Figure 3 shows one example of a positionally unstable dis-
charge which is controlled to increase the elongation gradually during
discharge. The vertical position becomes unstable after 0.6 sec and
oscillates up and down. VWhen the vertical position finally runs out
of control, the plasma current begins to decrease. It is interesting
to note that the plasma motion is not a rigid movement during posi-
tional oscillation.

Improvement of Energy Confinement Time by Elongation: Figure 4(a)

shows the experimental results of gross electron confinement time

under three conditions. TEUG is defined as the following:

T 3
EC.G = fi nE TE dv/ﬁDH av

where L Te' P_ . denote electron density, electron temperature and

ohmic input, re;):ectively. Volume integration is carried out inside
T = a/2 because energy transport is dominant at T b a/2 and radiation
loss is dominated at T af2. The experimental conditions in Fig. 4
(a) are: (DK = 1.0, T, = 350 kA, @K = 1.4, 1= 520 kA, @K = 1.7,
IP = 650 kA of deuterium plasmas at a toroidal field of B =24 kG.

Under the assumption of neTc = “iTi s tF‘cG is expressed as:
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where Pl_,l’01 indicate radiation loss power and heat transfer from
electrons to ions. Because the ratio of PPJPOH is almost constant
in these discharges, the saturation behavior of TE:G at the high
density region is caused mainly by the electron and ion confinement
properties. One of the best expressions tb explain the present ex-
periments has the following scalings: ’

B = A EY 5 ) 5
T > 4 :

b (=nq*)

2 -
% =z I K’ ( x?
i > B fex
14k% & 2
7

where n and 1 are non-dimensional electron density and plasma current.
Figure 4(b) shows the model calculations which simulate the actual
experimental conditions shown in Fig. 4(a). The comparison of experi-
mental results and model calculations shows good agreement at n, I
normalized to the case of @ where ‘Ei takes two times neoclassical
confinement time. K in the model calculation takes the values of an
elongation at r = ;. At the high density region, 'EEG with K = 1.7 is
improved v 65% compared to that with K = 1.0 under the same q* .
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INVESTIGATION OF PLASMA CONTAMINATION IN THE MT-1 TOKAMAK
AND MODEL EXPERIMENTS ON HIGH ENERGY EXFOLIATION

F. Pdszti, G. Mezey, L. Pogény, E. Kétai, A. Manuaba, L, Pées,
T, Lohner, J. Gyulai, G. Birger, P. Kostka, E. Klopfer

Central Research Institute for Physics
Budapest, Hungary

To check the plasma contamination in the MT-1 tokamak [1] H
single-crystal silicon probes were placed into the limiter
shadow in a configuration where the probes were facing either
to the electron or to the ion drift, This way one can measure
the radial distribution of foreign atoms. The probes were ex-
posed in two series in 203 and 751 plasma discharges

RBS and channeling measurements were carried out to investi-
gate the lateral distributlon of impurities. As probing
beams. 2 MeV “He' ana MN* jons served.

On each spot C, 0, P, Fe, Cr, Cu, Ca. Mo and Cd /or Ag/ atoms
were found. The difference between the most abundant C and
the rarest Cd was five order of magnitude. The Fig. 1.
summarizes the observations during 751 discharges. It is re-
markable that besides impurities, serious radiation damage
was observed both on.the electron and the ion side. The inter-
pretation of the results is diffiecult. First of all, the
sticking coefficients of different impurity atoms are un-
known. The second problem follows from the long-time collec-
tion. One can not predict the effect of subsequent discharges
‘on species which are already on the surface.

As a first step to study the blistering and exfoliation
processes due to plasma-wall interaction, exfoliation on cold
-rolled gold was produced by 3.52 MeV qu* bombardment. To
study the inner morphology of the formations, they were open-
ed mechanically, The summary of the observations is the
following:

- The formation have more than one level, dome-like structure
and their diameter increased with the bombarding dose.

- After npening, regions bordered by zones were ohserved both
on the bottom and inner side of 1lid.

- The size of regions were highly independent of the dose,
oniy the number of them increased with higher bombarding
dose,

- The borders of regions consisted of splitted up lamellas

that were bent outward on the bottom and inward on the

inner side of the cover.

The regions had different degree of surfage roughness.

- The network of cracks due to the radiation hardening can be
observed hoth on the bottom and the inner side of the cover,

- On the bottom of exfoliations several dips of quasi-éireulgr
shape in the diameter range of 10-90 ,um were found.

The material missing from them was found on the inmer side
of the 1lid.

- On the bottom regions several secondary blisters were found.

~ The skin of the exfoliations consisted of a soft and a
radiation hardened layer respectively.

The gold served as a model material. SimiTar phenomena were
observaed on INCONEL and stainless steel samples, too, but this
investigations are still in progress,
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PLASMA PROPERTIES OF THE MT-1 TOKAMAK

G.Bﬂrqar,G.Hrehuss,B.Kardon,P.Kostka,Z.Mészéraa,a.uontvai.
L.P6cs,I.Szentpétery,L.Valyl

Central Research Institute for Physics
Budapest, Hungary

The MT-1 tokamak, a recently installed machine, pro-
vided with copper shell, has a major radius R=0.4 m and
the radius of the Mo limiter is a=0.09 m. A toroidal
magnetic induction of 1.2 T is attainable by discharging a
condenser bank of 250 kJ through the 20 toroidal coils.

The maximum plasma current without major disruptions is
I =35 kA with a duration of 8.5 ms and stable operation can
be achieved with g(a)z2.6.

The surface MHD activity pattern has been mapped by
means of a set of Mirnov probes over the whole region of
gross stability in the Ip - gas pressure(cont.) plane
(Fig.1l). A more detailed analysis [1] of the MHD resonances
and also that of the freguency-amplitude patterns revealed
characteristic figures for the derivatives
ldtnkT)Idr|r=a=2xlD° J.m~% and |d Idrlr:a=10“kg.m'“7 be-
ing the mass-density of the plasma. The volume averaged
transverse kinetic pressure as given by diamagnetic flux
measurements ranges up to the order of 1 kJ.m™? and yields
maximum energy confinement times approximating
1 ms (at Btor=1 T, see Fig. 2). This does not contradict to
Alcator-scaling, even for our relatively low Btor values.

Special attention was paid to the soft- and hard
x-ray spectrometry of the plasma. The soft spectra (Fig.3)
are measured both with a windowless Kevex si(Li) spectro-
meter and a gas-proportional scintillation counter [2].

The peak electron temperature reaches a value of 500 eV

for regimes with IP>30 kA, in agreement with Spitzer
conductivity estimates assuming zeffs 3. For gas pressure
corresponding to the middle of the stability pattern (Fig.1l)
the hard x-ray spectra consist of one dominant exponential
term only with an energy parameter e30.3 MeV (Fig.4). The
anergy integrated intensity oscillates in a fairly regular
way being similar to and in phase with the soft x-ray saw-
teeths off the resonant surface q{rs) = 1. For the lowest
possible gas pressures, however, the time dependence becomes
mostly irregular -fluxtuating around an increased intensity
level and the usual runaway spectra appear as a roughly ex-
ponential additional term with ¢ = 1.4 = 1.7 MeV.

The soft x~ray sawtooth oscillations as measured by
means of a 5-channel pinhole camera have a repetition time of

about 0.2 ms (following Launois’s scaling). These are analysed

in terms of the called model [3] yielding Xg (o) = 10%cm3/s
for the electron heat conductivity at the center, a value in-
compatible with the energy confinement time measured. This
suggests that the radiation losses should dominate over heat
conductivity in our small machine.

An extension of the diagnostics (including Thomson-
scattering, charge exchange measurement of ion temperature,

electron density measurement by microwave interferometry, etc.)

and further investigations are in progress.
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Figure 1. The inverse MHD activity (waawj-1 as a function

of the plasma current Ip and gas pressure p.
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THE PECULIARITIES OF THE TE-PRQFH.E INTO THE T-10

Bobrovskii G.A., Vesin N.L., Vinogradova N.D.,
Gorbunov E.P., Yesiptchuk-Yu.V., Knv:;ev P.E.,
Lyadina E.S., Notkin G.E., Odinjov A.N.,
Razumova K.A., Fyachretdinov A.N.

I.V.Kurchatov Institute of Atomic Energy,
Noscow, USSR

Possible reasons of the X-ray intensity profile asym-
metry with regard to magnetic surface were investigated
systematically on the T-10 Tokamak.

The analogous feature of the chord profile of the
X-ray intensity I, (h) was observed previously /1/. The da-
ta presented in this paper were received in a good repro--
ducible regime with H =1.5 T, IP=240 kA, a-§=29 cm (bot-
tom carbon limiter), qlay)=1.8, G =2,2.10"%cn™. As in
/1/, the plasma column was scanned by Si(Li)-detectors
along X and Y axes (Fig.1). Along the Y axis the column
was scamned by a triple-crystal detector with different
filters and diaphragms. For the observation of the sawtooth
oscilletions surface-barrier detectors were used which re-
gistrated soft X-ray rediation along different vertical
chorda. For the two-dimensional inversion the method was
used analogous to the one described in /1/. The method
makes possible the solutions in cases when a diatribution
is not symmetric to the X and Y axes. It takes into ac-
count the exponential drop in the Ix(h)-value at the co-
lumn periphery. The Tex-value was then calculated both
Trom the slope of the spectra II(E) and by the filter
method. In the first case the T -value is averaged over
the time interval 0.3 ... 0.7 s of the discharge. The fil-
ter method had time resolution of about 20 ms. Figure 1
ahows the Toiprnfilcrs determined both from Ix(hJ (with-
out inversion, curve 1) and from I, (x,y) (with inver-
gion, curve 2). It is clearly seen on the figure that
the E‘cx(x)—prcfila is shifted outwards end therefore
there is no symmetry in it at the radii of sawtooth in-
version, 1 Ts, which are belicved to cofresphhci to a
magnetic surface. The asymmetry can be seen also on
the n (x)-profile (Pig.2). This profile wes obtained
as o result of the "two-dimensional"™ inversion of the
phase shift profile measured along vertical chords.

We made it clear that the T_, -profile could not
be ascribed to the bulk of electrons, i.e. the elec-

-tyon distribution function was not a Mexwellian one, but
contained also suprathermal electrons. The distortion is
wmore cosential on the outer side of the torus and may

be exploined by the toroidal drift of locally trapped
fast electrons (Ee> 2 keV) which are walking from the
centor of the column to its periphery. This mechsanism
leads to the appearance of the "overheated" toroidally
trapped particles outside /2/. The emount of those elec-
trons is not less than 2.10"'em™ at the radius r=+15cm
where tite effect is maximal. This density is in agree-
ment with the value which can be estimated using the
results of /2/. Pressure of those electrons is not
uniform around the magnetic surface as it is peinted
out by Pig.1 and 2. The energy loss due to the convec-
tive Tlow of such electrons is not more than a few per-
cents of the heat conductivity losses.

We then calculated Z cs and current density profi-
les taking into account the suprathermal electrons.

The calculations showed: 1) the safety factor in the
center of the plesma columwas as small as 0.5 ...
0.7: 2) the 'ﬁoff(x)-profile was nonsymmetric and

had the maximum on the outer side of the torus

(r = + 15 cm). The asymmetry of the profile can be
explained by the slectrostatic well formed by the
energetic toroidally trapped electrons. Our estima-
tions showed that the well depth should be a few tens
volts and could trap ions. For ezample, the asymmetry
of the carbon ion density profile due to this well

is estimated to be several tens of percents.

In conclusion, the electron distribution function
is enriched by suprathermal particles at the periphery
of the column, its amount is of order of 10 c.:n'J,
their energy transport is negligible compared with heat
conductivity, the Zeff(x)-—pi:ofile appeara to have a maxi-
mum outside (r = + 15 em).

We thank 0.P.Polytsa and his colleagues for the
manufacturing the triple-crystal Si(Li)-spectrometer,
P.N.Yushmanov for fruitful discussions and K.N.Tara-
ajan for helping us in the evaluationa of the results.
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PECULIARTTIES OF THE ION DISTRIBUTION FUNCTION IN THE
1-10 TORAMAK
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M.P.PETROV, 8.Ya.FETROV
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Formerly the investigation of ion energy distribution
function on tokamaks has been carried out several times
by scanning plasme cross-section with neutral particle
analyzers up and down according to the machine equatorial
plane.Ion temperature profiles obtained were,as a rule,
apymmetric because of the drift of localized iomns [1,2] .

This work is dedicated to the scanning of the plasma
crosg-section in the meridianal plane(inward-outward)of
T-I0.It was achieved by using the methods of active and
passive neutral particle diagnostics(the experimental set-~
up is shown on Fig.I).Two neutral particle analyzers (AI
and A2 on Fig.I) and diagnostic injector of atomic beam
1 [3], were used in these experiments.This injector made
it possible to perform active diagnostic experiments on
the charge-exchange of hydrogen beam atoms with plasme
deutrons(deuterium had been used as working gas in T-I0).
The plasma was scanned by the beam along the sight line
of AI apalyzer and by the beam with A2 analyzer simulta-
naouslj along the horizontal line.Experiments were carri-
ed out in the discharge regime ‘with low safety factor g
(discharge current I=220 kA,toroidal magnetic field H=I5kG,
mean plasma density ns2,5.I0%em™>). )

Ion ‘l;emperaturn profile T,(r) obtained by active char-
ge—exchange is shown on Fig.2.Ilon temperature values were
deduced from the slope of neutral atom spectra in (2-8)-
T,(0) energy range.It is seen that the shape of Ty(r)pro-
file is asymmetric.Caloulated profile T, (r)=600(I-r/29)%'%)2
eV corresponding to the neoclassical energy balance for
this discharge conditions is shown on Fig.2 by a dotted
line.On Fig.3 the density profiles for ions with two de—
finite energies are shown.These profiles were obtained by
active charge-exchange technique along the sight line of
AT apalyzer.Calculated distributions ny(E,r)with ng(r)=
4.1013(1-(:'/5‘?4)40111-3 and Ti(r) mentioned above are shown
on the same figure.It is clearly seen that experimental
curves on the plasma periphery are shifted outward compa-—
ratively to the calculated ones and that this shift grows
with energy.This effect is the cause of the asymmetry of
measured distribution T,(r) shown on Fig.2.

Pig.4 presenﬁ the distributions of passive charge-ex—
change atomic fluxes obtained by plasma scan with analyzer
A2 for direct and reversed toroidal magnetic field.Again
there are shifts of atomic fluxes outward which are more
evident 1f compared with Fig.3 because of the increase of
neutral atom density within the plasma edge.

Presented experimental data have proved the displace—
ment of energetic ions to the outer side of plasma torus
cross-section.The explanation of the given effect may-be
that observed ions have rather small longitudinal velo-
cities( \r\|/'\f_|,_'$ 1072).5uch velocity ratio is characteris-
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tic for instance of the ions located near the tips of the
banana orbits.These ions can be active in the convective
transport,which was described in [ﬂ]. The trensport takes
place because of high probability for the lons located
near the tips of b;lnanas to be trapped by the local mag-
netic wells and to receive drift displacement Ars V"(O—-Eslz
/(ni.zoﬂ) ( S ~the depth of the magnetic field ripple,
E-ion energy,Z,p,-plasma effective charge).Then these

ions might leave the local trap because of soft collisi-
ons and continue their movement along the banana orbits
appear to be shifted outside(the value of this shift will
be about AFE).This phenomena is the most evident in the
outer plasma regions with the largest values of the mag-—
netic field ripple.Here a noticeable"overheating" of ion
velocity diatribu-tion function takes place as s result

of combined drift of trapped and localized ions.Calcula-
ted ion drift displacements are presented on Fig.3 by ho-
rizontal chords.

The curves presented on Fig.4 show the role of the mag-
netic field ripple in observed ion displacement.The re-
versity of magnetic field H leads the changing of toroi-
dal iom drift direction.As a result atomic fluxes detec—
ted by A2 analyzer changes considerably while the atomic
fluxes asymmetry direction remeins permanent.

Thus the displacements of emergetic iomns to the outer
region of the torus are experimentnl.iy detected which are
probably the effect of the superposition of drift displa=-

cements of localized and trapped iona.
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SPECTROSCOPY RESEARCH OF LIGHT IMPURITIES
I T-10 DEVICE
V.I.Bugarya, W.L.Vasin, N.M.Gegechkori,
Yu.H¥.Dnestrovaky, 4.G.Zhidkov, V.A.krupin,
5.Yu,Lukyanov, A.B.Pimenov, V.F.Strizhov

T.V. Kurchatov Institute of Atomic Energy,
loscow, USSR

The preacn‘t research concerns the experimental -investi-
gation and numerical simulation of the light impurity be=
haviour on the periphery of plasma column, which were car-
rvied out in 9-10 standard discharge. With the help of the
optical system, which consists of monochromator and rota-
ting mlrrar the tlme and spetial prgflles of CIII ( 3—
= um,n Ry= ;zgm), cv ( A = 2271A) and OV ( A = 2781A)
lines were obtasined. The use of this system gave an oppor-
tunity to record four profiles of the stable discharge
phase. Record duration was 10 ms, space resolution was
10-15 mm, relative pulse duration ~ 100 ms.

Spufial profilea of OVIII ion ( A = 19A) were obtained
with an X-ray monochromator, according to the Woolf-Bregg
sclieme with plane crystal KAP. Space resolution was appro-
ximately 20 mm, spectral one - ‘LJL/A"-: 5 . 1073, Absolute
calibration of optical and X-rey systems end Abel inver-
sion allowed us %o determine the radiation density for
all the above-mentioned lines in energy units.

At the beginning of the dischargafﬁroi‘iles of radia-
tion of all lines were dome-shaped. While increasing T,
their mexima intensities were tranafered from column axis
to periphery rnd then they occupied stable positions in
the course of the whole pleteau stage of discharge current.
The amplitude of maxima wes practically invarieble. A typi-
cal case of space-time evolution of the ion €V line inten-
gity is given in Fig.1. he examples of radial digtribu-.
tions of C and O ion lines in steady state of standard
=10 discherge (I=230 kA, HZ=1G IkGs, .ﬁe= 1.9 . 10130111_3,
BL=29 cm, q(ah)’*E) nre presented in Fig.2a,b.

Simulation of impurity ion radial distributiona was
done by numerical selution of the following equations:

?a':" :—ih;%;("&rn)JfSKf K=1,2..... &
where k is the ion charge, ¢ the charge of impurity nu-

>

cleous, Ty describes the following atomic processes:
. - 5 " L . mTgR
ionization, recombination, and charge transfer, TW = —
ig the time of partiele loss to limiter with ion-sound °
velociby 'U'; . The ion flux - [k was presented in

NE NC A
the form of [ne=ie ‘rr: , where ['.‘ and [

were neoclassical /1/ and mnomalous fluxes with plasma

diffusion coefficient defined experimentally /2/.

+ ‘The populetion of the excited levels of the types
of ions in queation, were defined by the stationary co-
ronal model, which helps to consider the collisional
population of these levels from metastable state.

‘l‘e profile used for simuletion was taken from’
Ref./2/, but its values in the range 20& r< ay weTe
reduced, Additional experimental results underline this.
They are as follows: Lhe velue of T, obtained from Dop-
pler broadening of CV and OV lines, and the value of Te
obtnined from the recombination jump of ion Ar'HT. Expe-
rimental profile of n_ was given by the approximate eque-
tion: ng = 3 . 1013/ - (%7)4/4. Calculated profiles
of redial intensities of theslines under conaideration
are presented in Fig.2a, b, The chosen model gives good
description -of the maxima positions but deacribes not so
well their ebsolute valuea.

The ecnlculated halfwidths of profilea were Tfound
to be nerrower than the experimental ones. Probably this
ie connected with the fact that it was necessary to take
into account the space resolution of spectrometer (

( ~ 1.5 em).

The celculated total concentrations of carbon and

oxygen iona arve N = 2.5 . 10"en™ and ¥ = 0.8 . 10"Ten?

Recent experiments with fast hydrogen atom injection
and the following record of line intensity of H-like oxy=
gen ion /3/ allowed us to get the radial distribution of
of oxygen nuclear concentration,Calculated radial profi-
les of some carbon and oxygen ions and experimental den-
gity values of nuclei 0+8 are shown in Fig.4. It is
clearly seen that the calculations agree with the expe-
rimental results.

It should be mentioned that the Zeff (~ 2) va.]_ue.s
which ie possible to get from the results of the caleu-
lations,are lower than the value of Zors (~4) obtained
from the absolute intensity of continuous spectrum in the
X-ray range and plasma conductivity. The fact, that the
ion-type impurities were taken into account, doesn't
improve the present state of affairs to a great extent.
The reason of such divergence lies, perhaps,in the pre-
gence of some unidentified impurities in plasma,
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Fig.1. Space and time evolution of the ion CV
line intensity (X = 2271 £).

Fig.2. Radial distributions ofoline intensities 5
of ions: 1. = CV (2271 A); 2.- CIII(2297 A);
3,-CIII(4647 A); 4.-OVIII(19 4); 5-ov(2781f).
Calculation-dashed curves, experiment-solid
curves.

Fig,3. Radial distribution of n, and Te'

Fig.4. Radiel profiles of C and O ions

I - 3.

lﬂswa

10 A4 Fig. L.

cm
1
L~ #
1

il 7.

1- X-RAY

05} o- LASER
o- DOPPLER
10

Fig. 3




OHMIC HEATING IN "TUMAN-3" TOKAMAK AT LOW MAGNETIC FIELD

Golent V.E., Gormostaev S.V., Grigoriev A.V.,
Gryaznevich M.P., BEvtushenko T. Pos Kzslyakov A.T.,
Lebedev S.V., Lipin B.M., Litunovskij H.N., Minyaev O.A.,
Rozhdestvenskij V.V., Sakharov N.V., Fedorov A.A.,
Shakhovetz K.G., Shchemelinin S.G.

A.F.Ioffe Physico-Technical Institute, Leningrad, USSR

*D.V.Efremov Scientific Research Institute for
Electrophysical Equipment, Leningrad, USSR

Ohmic heating regime at toroidal iields B't‘.= 3 kG and
By= 4.5 kG with plasma current I_= 70 kA and I_= 100 kA,
respectively and safety factor q=2.5 is described. Low
value of ion collisionality parameter ( A" < 1) characte-
rises the regimes. High average toroidal beta (up to 142%)
is obtained at By= 3 kG.

It's very important for the adiabatic compression
programme, which is being carried out at "Tuman-3" /1/, to
obtain an effective ohmic heating at low magnetic field.
In connection with the beta limit problem study of such
regimes in a emall aspect ratio tokemak is also of parti-
cular interest.

An experimental run followed the cleaning of the va-
cuum chember with a glow hydrogen discharge and low T, in-
duction discharges in the mixture of hydrogen and argon.
Plaema density is controlled by the puffing. Plasma column
equilibrium is provided by vertical and horisontal feed-
back systems. Horisontal feedback has 1 kHz operating fre-
quency and 1 MW power. At the stationary stage of the dis-
charge the maximum shift ie equal to 0.5 cm in horisontal
direction and 0.2 cm in vertical direction.

Using of discharge cleaning, feedback control and
puffing allows one to obtain MHD-stable regimes with low
values of safety factor, The main parameters of two regi-
mes are phown in Table 1, Fig.1 shows typical oscillograms
for the firet regime. Loop voltage oscillations appear due
to operation of control system.

Table 1.
R |a |a B I |gq Pradg 3 n B | Te
c|™1 % g™ B e i &;

cm|em|{em| kG | kA 107¢n?| ev % |ms

T | 55(25(04 [23-31] 70 |og 09| 15-20 [05-13_|100-125| ¢2| 5

IT 35-46 100 1-35 [140-200| €1| 10

Ohmic heating at low magnetic field has some peculia-
rities. At first, plasma critical density (see Tabl.1) is
not high. Increasing density above critical value results
in appearance of MHD-activity and then disruption occurs.
Another peculiarity of the low field discharge is the high
value of Ft .

Fig.2 presents ion temperature, measured from the
slope of charge-exchange neutral spectrum by 5-channel
analiser (energy interval 0.5-1.5 keV). Fig.2 also shows
density profile obtained by B-channel interferometer with

= 2 mm. Spectral line space distributions are shown
in Fig.3. Measured T (r). n (r) and estimated T, allow
one to calculate ﬂt' which is equal to 1. sfzz in regi-
me I. High value of g % ip mainly because of the low to-
roidal field B

i .
Another distinction of the regimas is low ion colli-

t7- ~ -'—1-!"?-(‘5-} due to the
emall aspect ratio (R/a = 2.3) and low q (amee alsoc T-11
data 2 ). In coneiderable part of the plasma column -"
is lower than unity and its minimum value is equal to 0.3.
Ion temperature in regime II reaches 200 eV at 'ﬂe'—‘-' 1-1013
cm'3_ This value is higher than the value calculated in
agsumption of neoclassical "plato™ (" Arteimovich formu-
la"). In the stationary stage of discharge ion energy li-
fe-time eatimated from the balance equation is equal to
5 ms in regime I and 10 me in regime II. These values are

sionality parameter

2-3 times larger than estimations, based on neoclassical
plato heatconductivity, and correspond to banana heatcon-
ductivity. T dependence on n (Fig.4) is another confir-
mation of the considerable mle the trapped particles play
in the ion energy balance. If the plato regime existed one
, but expe-
rimental curve has considerable decrease, which can be ex-
plai‘ by collision frequency growth or by Te decrease.

In both regimes one can see sawtooth oscillations,
3/, bscilla-
tions appear on the interferometer signal, its amplitude
reaches 8-12% of rTe-l value and decremses with n, growth.
Oscillation period is equal to 0.5+1.0 ms (Fig.5). Multi-
channel (@) gcan shows that phase inversion radius
(q(ra)al) is equal to 7+8 cm. "Vare" pinch seems to be an
explanation of the density rise in sawtooth oscillations.
Possibly, this mechanism (particularly strong in the small

would expect T; increase proportional to rTe

they are characteristic of low-q discharges

aspect ratio tokamsk) also results in contraction of cur-
rent density profile. Fig.5 shows corresponding poloidel
field oscillations, registered by magnetic probe ( =0
outeide of torus).

Thus high value of Ft and low collisionality para=-
meter are obtained in the ohmic heating regimes at low
magnetic field. The regimes studied can be used for the
experiments on compression
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TRANSPORT PHENOMENA INVESTIGATION IN THE
TOKAMAK WITH MAGNETIC COMPRESSION "TUMAN-2A"

I-I.I.Vil'dzhyunaa,‘J._,'[.Gladuahchak.,S.G.Goncharo\r, V.K.Gusev,
V.A.Ipatov, 5.G.Kalmykov, S.I.Lashkul, B.M.Lipin,
3,V.Lebedev, G.T.Razdobarin, V.V.Rozhdestvenski],

V.V.Semenov, A.I.Smirnov, I.D.Shprits
Physical-Technicel Institute, Leningrad, USSR

1. For some years a magnetic compression of plasma
in minor radius is being investigated on small tokamak in
Physical-Technical Institute in Leningrad /1-2/. It is
considered not only esa a method ef plasme heating but also
as a method to form actively space distribution of plas-
ma parameters. From this point of view the study of the
tokamak confinemant properties in the compresmsion experi-
ments is of interest. The aim of the present work was to
obtonin heat diffusion coefficient radisl profiles both
for the guasistationary ohmic heating and for the maximum
of compression.

2. The main experimental parameters for chosen re-=
gime are listed in the table as well as some data on trans-
port processes for ohmic heating.

Typical discharge oscillograms are given in Fig.1.
The dashed line correspondas to the discharge without com-
pression. Electron temperature 1e(T), density We(%)and
radiation losses M(’Q radial profiles before compression
end for the moment of maximum compression are shown in Fig.2.
To obtain them microwave interferometer, ruby laser and
scanning collimated pyroelectric bolometer (F:Lg.‘l.'ubofi )
together with the sta*ionary wide-angle one (Hg.1,'ube;)
were used. )

Comparing Ate end ‘I':E' listed in the table,one
can see that the compression is much slower than the adi-
abatic one. As it can be seen from Fig.2 there are no sig-
nificant changes in the outer discharge regions for such
a slow compression. But the total particle number in the

Major radius, ? 40 cm

Limiter radius, Q 8 cm

Plasmae current, : ﬁw 11 kA

Safety factor at the 11miter for

the ohmic heating, t} (Qf) 5

'2 (taking into account trapped par-

‘ticles) 1

Compression ratio, = 5 B'|' 2

Compression time, A": 0,5 ms

Relative level of radia J.on losses, PMA‘/P(;,H 0,3

Particle life time, 'I’P 2,5 ms

Averaged aver croas section dii‘fuaion

coefficient, "Qg/(ﬂ ’ZF ) o 4+10° ende

Energy lire—tme for electrona; totl,m‘ ekt 0,25 ms
transport, Tg, 0,35 ma

Averaged over cross section electiron

heat diffusion coefficient, x# Qe/(gz‘ 3.107 cn¥s

plasma column N—‘E‘R[he('z]'ld'l increases during compression
time At¢ , indicating confinement improvement. It follows
from Fig.1 (oscillogram of Vl,f) that plasma density remains
at a stationary level during postcompression in spite of
B; and neutral hydrogen influx (see Pig.1, spectral line
s oacillngram) decresse. Particle life-time estimate
gives ‘TP =436 ms and :D:.H— —a;/lﬁ'zpjﬂ 10® co¥s.

In spite of low compression rate the temperature
increase in the center of the plasma correspondas to adia=-
batic law T (OW:H(O)"’J,G"'&A . This implies that energy con-
finement improves too during compression. From the soluti-
on of the power balance equation for the moment of maximum
compression

:Ne(’f)_'[ “rﬁ“Pw _%%Q -

where V()= jwm']ZJV  Poagn=3 Bl vet) torosaar
magnetic field Rower input, Ipqu ~ ohmic J;mwa:z- input,
one obtaines 'Z'eg- 0,4 ms. The bolometric measurements
made it possible to evaluate transport losses of energy

0 & 4 &6 & w0 tmy)
Fig.1 Fig.2

for electrons both for ohmic heating and compression. For the
moment of maximum compression the transport energy life time
was 'L’; 1,6 ms and i.c“_ 27.10° en®/s.

To obtain local velues of effective heat transport
coefficients K eff(?) and Beff(2)=, 5%3('2)‘1.%‘-('!) for electrons
the local heat balance equation was used M(‘ZJ

YR eff | Te (V)] = By, (2)+ R, (1) ~Prud (- Pe( - TE (2)
R, () =35 Ups L,(md’i %(w—eﬂ‘ﬂ ﬂV(we'P)I'l‘oh

The rasults of calculation are.presented in Fig.3.
The strong decrease of transport coefficient values in central
and outer parts of the discharge column might be connected with
MHD activity n=1, m=2 damping. But the decrease of the total

transport level during

Setf Xefy
oy 1oty compression needs more
H explanation. Plasma pa=
wd \OH rameter variations could
4 lead to changes in con=-

finement as 1n conven-
54 tional stationary toka-

/"‘\":::"P'T 3 ARz ELmpr maks (see, for example,
f i /3/), but they are not

I T 3{:?-) o ¥ § & g(zj large enough in our case.
3. The results of

Fig.3 the present paper support

and extend results of /2/.
It was shown that in "Tuman-2A" machine the confinement of heat
end particles was significantly improved even under conditions
of slow (dtg>'r5 ) compression in minor radius. One of the rea-
sons for confinement improvement might be contraction of the
current channel = heat source. The second reason is the trans-
port coefficient decrease., Por the case of fasi compression a
formation of a rarefied layer near the wall is poasible, thus
leading to further thermoinsulation improvement. The confinement
improvement due to compression can result in an edditional
superadiabatic heating during the time of Atc , it is an advan-
tage of minor radius compression.
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THE DISTRIBUTION OF THE LOCAL VALUE OF DIFFUSION
COEFFICTENT MEASUREMENT IN TOKAMAK FT-1 BASED ON
PLASMA FLUORESCENCE DIAGNOSTICS
V.S.Burakov®, I.P.Folomkin, M.M.Larionov, P.Ya.Misakov' ,
P.A.Naumenkov‘, G.T.Razdobarin, V.V.Semenov
A,F.Ioffe Physico-Technical Institute, Leningrad, USSR
*Institute of Physics, Minsk, USSR

ABSTRACT. The distribution of the local value of the
diffusion coefficient in the tokamak FT-1 was obtained
ueing the data on the hydrogen atoms icnization rate and
the electron density profile time evolution.

The absolute density profile of hydrogen atoms measu-
1/

red by the resonance fluorescence method was used to

obtain the radiel distribution of the diffusion coeffici-
ent in tokamak FI=1 (R = 62.5 em, J= 27 kA, n,¢ 10" 2en™,
TeQBSO eV, H = 7.5 kG). The local velues of the diffusion
coefficient were calculated using the electron surface

flux outside the cylinder of radius r .
aQ
[ =—ao7 Qg (1
i 2% meﬂf"") e

The electron surface flux I: was teken from the par-

ticle transport equation

E=f_§;_lfl (2)

uéing the experimentaly measured hydrogen atom ionization
rate I and the rate of electron number change gg‘ in the

volume enclosed by the cylindrical surface of radius r and

unit length.
I"'Df"cnq<é'£v) 25 oz’ (3)
%
g% = ;lf-‘- ere'de’ (4)
Q

The radial distribution of ionization rate n_.n <& V> in
formule (3) was determined from the fluorescence emission
intensity on the Balmer H , line. The fluorescence emis-
sion intensity may be written as

G(¥) =n.nas (5)
with the coefficient ,3 calculated in paper ",

The radial profiles of the coefficient /3 and the
ionization rate coefficient <g, ) received from experi-
mentaly measured electron density and temperature profiles
12/ are shown in Fig.1. In the condition that both coeffi-
cients indicate very similar temperature dependence and
esgential independence on electron density in the n, range

o o>
10122103cn™> the ratio Y

is nearly constant over
the column cross=-pection up to the wall region,

As a result the ionization rate nn, <¢4; V> and the
fluorescence emission intensity G(r) have the similar de-
pendence on radius r. The radial distribution of ioniza-
tion rate n.n <& V> calculated from the fluorescence
emission intensity is shown in Fig.2.

The electron density was determined by multichanel
microwave 4 mm wavelength interferometer. The measured 1i-
ne average electron density ne(t) on central chord decrea=-
sed from 8.10"%cn™ down to 2.10'2cm™> during the time in-
terval At =230 ms after the maximum of the discharge cur—
rent. There was no seen any significant change of the ele-

ctron density profile form. In this case the rate of the

electron number fall ;}Vﬂ inside the cylinder of radius

r could be obtained using the formula
— T y

e é'%"!zf”m’/'ﬂ’f’?’ ®

W

QF

tion to the electron surface flux (et the distance r=2/3a

i = 3.5x101%a 800", ggf- =~ 7.108

The hatched area in Fig.3 represent the determined lo=-

Both terms f and appear to give compareable contribu-

em™ 'gec™ ).

cal values of the diffusion coefficient. As can be seen

3 cmzlaec on

the diffusion coefficient increasegfrom 10
axis of discharge up to 2.6::10:‘l cmzlsec in outside region.
The cxperimental error in plotting the radial distribution
of the diffusion coefficient i8 mssociated mainly with in-
accurate specification of the radial distribution of elec-
tron density ne(r). In the estimates of D,pp the influence
of impurities (zeff" 2) was not taken into account. Elect-
ron density increase due to impurity ionization might be
resulted in higher values of Deff' The increase of Deff in
the outside region due to impurities could not exceed 30%.
On the discharge axis the correction of Deff should be lo-
wer. Curves 1-3 in Fig.] represent the diffusion coeffici-
ents calculated on the basis of theoretical predictions
according to neoclassical transport (curve 1) and anomalous
trangport theory (curve 2 - pseudoclassical diffusion, cur-
ve 3 -~ diffusion due to Id'].aaipat:!.va trapped-electron insta-
vilities)/3/.
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THE STUDY OF SUBWALL PLASMA PARAMETERS IN
THE TM-4 TOKAMAK WITH DIFFERENT METHODS
OF THE CHAMBER WALL CLEANING

V.I.Bugarya, A.V.Gorshkov, S.A.Grashin,
V.F.Denisov, K.A.Razumova, V.V,Sanni-
kov, Yu.A.Sokolov, V.M.Trukhin,
V.V Hi1i1

Kurchatov Institute of Atomic Energy

I.5.Bondarenko, L.I.Krupnik, I.S.Nedzelsky
Charkov Physical Technical Inatitute
The comparison of the TM-4 tokamak plasma parameters was

performed with the discharge chamber temperatures TL=2°DC
and TL=300°L'. Such experiments are of interest because
INTOR-like tokamaks will operate at the first wall tem-
perature about 300°C. The experiments were performed in
the TM-4 tokamak /R=53 cm, 8;=8.5 cm/ in the following re—
gime: Hy=20 KOe, J=35-36 I, fi,= 3-3,5 . 10" en™3, q e3.6.
The discharge chamber with molibdenium limiter is made of
steinless steel. The parameters of discharges with TL=20°C
and T, =300°C are given in Fig.1. The main data is in
Table 1.

Table 1
:T (0): 2 i- iy i [
e e ThadP? T 3
fev f(0) Wanrs eff.mlﬁ 3 o P i&/w

1;=20°C 650 1.36 3.13.6 5 B  0.56 1.6 10%
T;=300°C 700 2.3 4.85.5 5 12  0.56 2.2 20%

The impurities’income /C,0,Mo,Fe/ was controlled with
visible spectra observations, The impurity fluxes increa-

sed by 30-1007% at TL=300°C. This increase may be the con-
seoguence of the higher chamber wall pollution, increase

of the sputtering yield factor or the limiter shadow plas-
ma parameters' variation. As TL=300°C Langmuir probe measu-
rements showed, electron temperature Taw in the shadow of
the limiter approximately increases 1.5 timea at constant
density n_,. The increase of T, may lead to the higher
impurity influx because of the sheath potential increase
7/1/. Namely this mechanism, to our opinion, can explain

the increase of the impurity income at TL=30000. No notable
change of the impurity content determining Zeff happened at
passing to TL=300°C temperature. According to the eoft
X-roy measurements, Zeff(n) value is mainly determined by
light impurities in both cases, although 2.5 times increase
of Mo L-line was observed at T =300°C. No lines of iron
were detected in the spectra. There ia a discrepance in
the determination of éﬂff using different methods. The ave-
rage effective charge 7 efr celculated from i(r) ~ '1'3"'2 (x),
vloop’ J assuming uniform profile of the electric field

is higher then Zeff(m' Such discrepance was previously ob-
perved in the TM-3 experiments /2/. The calculation of Eeff
inside g < 1 region gives a value close to Zeff' Following
the /2/ assumption about nonuniform electric field profile
i1t is needed to decrease the electric field in the center
of plasma in 2.3-2.5 times.

Interaction of hydrogen with the chamber wall was con-
lidered from the view of hydrogen deposit. The deposit of
hydrogen wag determined using thermodesorbtion method at
the increase of the temperature up to 450°C. The experi-

Ments were performed with T;=20°C and T;=300°C. The total

deposit of hydrogen ie given in Fig.2 afier operation at
TL=20°G versus the number of discharge pulses. Hydrogen
is deposited 10 times slower at TLn300°G. The conside-
ration of the particle confinement time and the amount
of the injected cool hydrogen makes it possible to as-
sume 2-3 times circulation of particles between wall
and plesma in the experiments with TL-20°C before the
particles are locked by the well, The pame factor at

1;=300°C increases up to 5-7. Such recycling factor

makes it possible to explain the observed hydrogen de-
posit on the chamber wall.

Core plasma density fluctuations were studied in the
TM-4 by ce* /3/ ion beam probe, Local plesma density was
determined at q < 1 region. Secondary beam ions Gi*’(a).
proportional to the local electron density, and soft
X-ray oscillations (b) are given in‘F:Lng The estima- [
tion of local density fluctuations gives the value close |
to 1-2%. Interferometric measurements of the plasma den-
sity also show the existence of relaxation oscillations
in the central region (Fig.4). Just before the inner
disrTuption there are oscillations obviously connected
with m=1 mode development. Fluctuations connected with
m=2 peripheral mode are also observed in the density
curve, Typical characteristic parameters are the follo-
wing: T, _, = SO/ua Tm 5= 36,«3,41: = 500-800 ps. Phase
shifts ?f:m,f{_, 43 T ’ total phase shift P =127 .

Denaity fluctuations estimations give B _, = 3-8.108877,

= 1-2.10"%em™3, n(o) = 4.5 . 10'3en3,
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THE ROLE OF TRAPFED PARTICLES IN DISTOR-
SION OF A TEMPERATURE PROFILE MEASURED BY
MEANS OF CHARGE-EXCHANGE NBUTRALS

Yu,V.Gott, E.I.Yurchenko

I.V.Kurchatov Institute of Atomic Energy,
Momcow, USSR

Abstract. In the paper tokamak plasms ion temperature
radial distributions measured by means of corpuscular diag-
nostics are shown to be anomalously broad. This is due to
the effect of ions moving along banana trajectoriea., A me-
thod to reconstruect a true radial temperature distribution

from charge-~exchange particle spectra is described,.

Corpuscular dimgnostics is currently widely used for
tokemak ion temperature measurements /1-4/. This technique
records fast atom spectra resulting from charge-exchange
of a small fraction of the plasma ion component on neutral
gas atoms. Measurements start generally with a minimal charge-
-exchange atom energy exceeding m maximal plasma ion tem-
perature ( /o ) by a factor of 2-3, Hence, any distor-
tions of the distribution function of these fast particles,
which do not affect the bulk of the ions, can cause expe-
rimental errors.

For example, the particles trapped in longitudinal mag-
netic field ripples cause essential asymmetry in the radial
temperature profile memsured by charge-exchange /1,2/.

The recent T-10 experiments have given anomalously
broad ion temperature radial distribution profiles. These
cannot be associated with the effects of particles trapped
in the magnetic field ripples. In this case, the tempera-
ture in the vicinity of a limiter wes about 400 eV, that
in the column centre being about 600 eV.

We show that the temperature profile distortion can
be attributed to the effect of particles moving along
banana trajectories, i.e. of those irapped in the toro-
idal field mirrors.

The expression for a charge-exchange atom flux rea-
shing the analyser is:

Q) ~ S”—\;—?J;‘.(z,s)(a(,zp e',:,/z )
where /o is the neutral gas density, ;" the lon
distribution function, 62, the resonant charge-ex-
change crosg-section, the French quotes mean avera-
ging over the neutral gas particle distribution, L -the
plasma optical thickness for charge-exchange atoms.

With an axperimental wvalue of wﬂ.‘) one can find
the plasms temperature by the formula:

7’_—4/___-)""?/‘?@ R (2)

It is eeen from (1) and (2) that en experi-

T

7

mentally measured temperature dépenda i
on the ion energy distribution fune- |
tion -;,_‘ . We take the distribu- “.
tion function appearing in (1)

and taking into account the ion

motion along banana trajectories

in the form:

fae7)- L) exP(-:r%,))(a)

T( r °) 7

where &' =& - AT ~ YA mwax (4)
P g '
A B \EVL-COSE: a2 Lf s,
@/ is the ion Larmor radius in the toroidal field Bo
9= £B,/B, € = B/R the
toroidality, 9., the azimuthal angle of the reflection

the safety factor,

point of the trapped ion, Bs the current magnetioc field,
Y,-the ion velocity component in the direction of the
resulting magnetic field, & = ¥ 1.

The design of the analyser and the tokamak defines
the values of U,; and é for the perticles that
can be recorded. Distribution funetion (3) differs from
that of the banana guiding centres /5/ because when de-
riving (3) we have taken into account the plasma tempe-
rature gradient over the banana width. The parameter

¥ < 1 arises from averaging of the locally-laxwellian
function over the benana trajectory and depends on the
particle energy end plasma temperature gradient. To in-
clude the effect of particles trapped in the magnetic
field ripplea we have used the distribution function
in the form:
R(2-8F)

£
§ale) i, EXPL )
where = 1is the coordinate along which drift trapped
ions, AZ= '%E (28 -Sm?w) s 2y = 5,;—2:';
o =
the drift velocity, of - 5»"; = Bevsr _ the memsure of
the ripple magnetude, Y= UH/?J; — the ion pitch-angle.
In numerical simulation of the radiml temperature
distribution measured by charge-exchange particles we
look for temperature profiles in the form:
7= T (1 = (%a,)f ) (6)
where d’, is the radius at which the plasma tempera-
ture equals ﬁ) o end the parameters to be fo-
und from the condition of agreement between numerical cal-
culations and experimental dete. When calculating the model
charge-exchange particle flux we substitute into (1) a cal-
culated neutral gas distribution Zs  [6/, ion distri-
bution function -L' in the form (3) end (4) with a tem-
perature distribution in the form (6).
Particular calculetions have been performed for the
conditions when the particles getting into the analyser
=0 w=0

device 2, /20 ~ 1/250). The results of caloulations for

are those with (for the T-10
the T-10 low q (g(a) % 2) operation are shown in the fi-
gure. Here a solid curve is a true temperature profile (6):
& =2, P =4, & dotted curve represents numerical simu-
lation results, points correspond to experimental results
/3/. It im seen that experimentsl and simulation results
are in good agreement, and a true profile is reasonably
peaked. The perfofmed calculations show that it is posaible
to determine true tokamak temperature profiles by means of
corpuscular diegnostics provided the trapped particles are
teaken into acount.
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PARTICLE BALANCE IN T-11 TOKAMAK
V.MsLeonov, V.G.Merezhkin, V,S.Mukhovatov

3 T T T

and V,V,Sannikov . s
I,V,Kurchatov Ingtitute of Atomic Energl, L °‘-25 ax 20 em
Moscow, USSR g0 o : °
Abstract. Total particle loss rate /5 as a function i - "
of line-averaged electron density Ae in ohmically heated m'z'l "
discharges at different limiter radii &, and safety 2 X e A "“
factors q(aL) heve been measured. The values of (g and b . ]
J?eD are found to rise with an increase in @, and |
with a decrease in q(ﬂ.L).
In Refs /1-3/ it has been shown that the gross par-
ticle confihement time T increases with rising den- 0 : + :.’ .
sity, 2;9 ~Ag , and the ps.rtacle diffusion coefficient £ TR
scales as D~lg . In the recent experiments on T-11 S g
we attempted to determine the dependence of the total
particle loss rate, /& = /Vg/go (/Ne is the total number Ref./4/ for the electron energy confinement time, name-
of electrons in the plasma column), on the limiter radi- 1y g~ figa(ag)ad 3, the absolute values of T
us ap and the safety factor q(nL). The meesurements were and ?Ee were found to be H, 04 € 9,4 08
performed et By = 8,7 - 11.5 kG, I, = 50 - 100 ki, a;= close to each other, 8 AT P e e
= 20 cm and 15 cm, a(a.L) 2.5 and 4.1 in the density Using the calculated ra- f
range fi, = (0.9 - 3.6) x 10"3en™3. The value of /z iB dial profiles of neutral -
determined from the equation /& = /t.ot -d/g /o7 , where dengity end teking into ac-
/_' = fw ‘/-f /;p is the volume ionization rate count the neoclessical pinch 1
for neutrala incoming from the chamber wall frur)' effect,we evaluate the par- T;
from the limiter {/-j and from the pulsed valve ticle diffusion coefficient 7: 1
f/E,-p) . The value of /2 is obtained from a change D. In the calculations,the :;
in the time derivative of the mean plmsmas density, c/ﬁ,/dz‘; energy of incoming neutrels _ i
just after closing the pulsed valve, The ratio /7 /o /W was varied in the range 2-5 H |
is determined from the ratio of 4, intensities near eV. In Fig.3 we plotted ’j
the limiter (/'#) , near the pulsed. valve /r‘t" , and the values of /2.0 - dedu- B
in the region awey from them (H , teking mto acco- ced from these experiments-—
unt effective lengths(along the torus) of neutral-influx and the values of /% Xg i
inhomogeneities in the vicinity of the limiter and of ( XNe veing the electron
the velve, These lengths are evaluated from the measure- heat diffusivity) obtained 0041 r oa é = B L 10107
menta of tangential charge-exchange neutrel fluxes in the in our previous measure- o 78
region where the vaelve and the limiter are located and ments /4/. A veriation in o R
far away from them as well. In the present experimentsa, 7eD with plasma perame- FIG.3

the typicel ratio ép/gj is found to be about 0,35,

o 1323 ters appears to be similer to that in ﬂ,,ﬂ giving
The ratio /7 /I;d. measured at i, = 2,10 “em™~ increa-

an approximately constant ratio X /.D"'%-fﬁ

ses from ~ 0.1 t0 ~ 0.35 with & decrease from 20 cm Assuming A,0=2. 1019(1/?/?9)0"/4?/!, which does
o 15.5"" . not contradict our findinge for hydrogen plesma, one
Fig.1 showa the typical oscillograms of the line-ave- should expect the particle loss to be important in the
raged electron deneity B and /7 intensities in the ion energy balance at an electron collisionality factor
‘discherge at a;=20 cm end q(ap)=2.5. Usually, the dis- Y)"41 in ohmically heated plasma, end at J°<£ 0,1
charge is izsxi-tiated at low init_ial hydrogen pressure, in the discharges with high-power additional heating,
£2 ~ 7.107torr. The pulsed valve is switched on short- P /Pao
] ADD ol "

ly after the discharge initiation. Gas ia injected at an

approximately constant rate ( ~ 1.1021 atom/s) during HelSTenges

~ 50 ms resulting in a nearly constant rate of densi-— /1/ E.Apgar, B.Coppi, et al., in Plasms Fhysics and

ty rise, Tt was possible to change the density achieved Controlled Nuclear Fusion Research (Proc, 6th Int.

by the end of the gas pulse from ~ 1.10em™3 Conf,, Berchtesgaden, 1976) Vol.1, IAEA, Vienna

up to ~ 4.10'%cm™ by & relatively emall (1977) 247.

(~30%) increase in the gas injection rate. At the same /2/ J.W.Paul, in Proc, of 9th Buropean Conf. on Contr.

time, en increase in the total ionization .rate was no Fusion and Plasma FPhysics, Vol.II, Oxford (1979)

more then ~ 10%, After termination of the gas-puffing, 13.

an almost linear decay of density, corresponding appro- /3/ R.J.Goldston et al., in Proc.of 2nd Joint Grenoble=

ximately to the same value of of/y/a/f =1, 1021571 Varenna Int. Symposium on Heating in Toroidal Plas—

at different plasma densities,is mas, Como, Italy, 1980.

observed. L :‘ /4/ V.M.Leonov et al., in Proc. of 8th Int. Conf. on
Fig.2 shows an electron loss wa ¥ 2.0 Plasma FPhysice and Contr. luclear Fusion Research,

rate f; as a function of Ee for ¥ ? Brussels, 1980, IAEA-CN=38/N-2.

two values of qlap) at two diffe- -,

rent radii of the plasma column, o

One can see that /e practically :

does not depend on fi, , and it L

drops with a decrease in ap and "

with en increase in q(ap). These w !

dats show that i’—o is proportio- N

nal to f, 3 wea.'c]:y ‘depends on o

Bp» ;—,- B.L . and rises with Y 0 ]

en increase in q(ay). These trends TIME fast} d

are similar to those obtained in
FIG.1




THE FIRST EXPERIMENTS ON THE TO-2 TOKAMAK
WITH DIVERTOR

L.I.Artemenkov, E.V,Grodzinsky, A.A.Gurov,
P.I.Melikhov, P.A.Mukhin, L.N.Papkov,
A.P.Poprjadukhin, N.N.Shwindt

I.V.Kurchatov Institute of Afomic Energy,
Moscow, USSR

The different types of tokamak divertors are inves-
tigated in recent years. It would be interesting to in-
vestigate experimentally a possibility of using a clas-
sical toroidel divertor /1/ for tokamaks /2/. The rage =
track tokamak TO-2 with two toroidal divertors has
been built for this goal (fig.1).

Table I

T0-2 tokamak parameters

Large radius of the toroidal sections - 0.6 M
Length of ragetrack sections - 0,72 M
Separatrix radius - 0.12-0.14 M
Toroidal magnetic field - 1,041.6 T
Plasma current /q(a ) = 3/ - 30455 kA
Inductor magnetic flux - 0,87 Bec
Divertor chamber volume (one unit) - 1.5 W
Asotite surface of divertors (total) - 5 M
Pumping speed for two divertors - 1061. sec™!

The basic discharge regimes

There is possible to run experiments in the next
regimes (see table II).

Table II
Continuous  gstart Asotite -
gas &aakage pulse Puf- gettering &e. Discharge
2.107%orr,Hy gag in- i0g in the op~3 duration
daption divertors inmsec
1 * = - 5.10" 122504300
2 = + = = 4,018 ana
3 - + e + 2,012
4 - % ¥ - 1.5 .10"2 1004150
5 = + + &, 1.0 .10'3  _we

In these regimes the plasmy current is Ip=24130 kA with
B°=1 T. The stationary state of discharge is become
settled after 15420 msec. The typical oscillograms of
the plasma current Ip. discharge voltage U, plasma
density n, H’ » Fe II, hard X-rays are presented on
the figures 2 and 3. One may note the importent feature
of the divertor tokamak discharges. The pulse time
length is diminished drastically by a small changes of
the divertor coil currents. In particular it ien't pos-
gible to obtain a long stable discharge when the diver-
tor currents are switched off.

It is measured the radial profiles of some sgpectral
lines /CITI(4647 R), cv (2271 R)/ (fig.4). From these
profiles one could see, that plasms discharge is isola=
ted from the wall (a metal limiter was not used) and is
limited by the separatrix, Comparison the mentioned pro-
files with the one's obtained on the nondivertor toka-
mak TO-1 (at nearly the seme plesma paremeters) is indi-
cated on some broadening of the hot plasma region in
T0-2.

The divertor layer probe messurements

It is placed two probes on the toroidel part for a
measuring of plasma parameters, One probe could be shif-
ted in the vertical direction and enother in the hori-
zontal one.It is possible to use each probe or for the
electric current measuring or for the measuring of the
thermoelectomotive force, arising in the result of the
probe heating by a plasma flux, Combining these data
one could obtein the plasma density n, and the ion tem-
perature Ty, Using the probe characteristics (obtained
for many identical pulses) one could determine the elec-
tron temperature T, also. In the regime N 1 (see table
II) the electron temperature T, is 8412 eV. The ion tem~
perature in the same regime is turned out significantly

A-18

higher, i.e. 60+70 eV, The plasma density across the di- |
vertor layer is presented on the fig.5. On the separatrix |
this density is 7.1010_@' and decreases in ten times over
1.0 on. One could see the assymetry of thia dependence on
the fig.5a (co and counter current directions). The reason
of this effect may be disturbances of the magnetic field,
which were detected by electron beam method is special
measurements of the magnetic field quality. 1t was shown
that the separatrix of one divertor does not transit con-
tinuously into the separatrix of the other one.
The divertor probe memsurements

The four probes are placed near the divertor plate of
a one divertor. The probe construction was analogdéus to
the mentioned one. Two probes are adopted the cocurrent
particles (N 1 and ¥ 2) and two others one - the counter-
current particles (N 2 and N 4). The plaomn denoity pro-
files are presented on the fig.6 a and the heat flux pro-
files are presented on the fig.6 b. The average maximum den
gity in the plasme flux near the divertor plaie equals
2.2 . 1O1Ocm_3. and the average ion temperature equals
L4=70 eV. The halfwidth of the plasma flux on the divertor
plate equals ~ 1 cm.
The measurement of energetic balance

It was measured the heat flux over the pulse length Iva
nsported by plasma on the divertor plates Q( « This was
done in the regime N 1 (sea table II) for plasma current
I = 14 kih. Ve define the divertor energetic efficiency as
relation the total heat on the divertor plates to the oh-
mic energy input.W,,,,,’[-_ %QSN . In the prosesa of this
neasurement it was discovered the existence of two kinda
of discharges with different lz ~yalue, We name them stable
and unstable node. The second case we relate with go-cel-
led trensverse runaway electron inatability, Wikel charac-
terized by numerous short pesitive pulses of the discharge
voltage. In this operation mode " equals 705 (Qpe =4.0u7,
Wy =5.F%7 )+ Energetic efficiency equals 50/ in the atable
mode (Que =277, Wou =5.2T ).

We acknowledge I.N.Golovin for supporting end con-
stent interest to the work and technicians for provi-
ding ‘the experiment running.
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ROT/TLON AND ISLAND EFFECTS IN TOKAMAKS WITH
HIGH-POWER NEUTRAL BEAM HEATING*

J. Hogan
Oak Ridge Natiomal Laboratory
United States of America

I. Introduction: The study of 8 limits in tokamaks with neutral in-
jection has disclosed a slower-than-hoped-for growth in 8 as injected
power is raised. While attention is focused on the stimulation of
new modes to explain this possible saturation (e.g. hybrid tearing/
ballooning) it should be re-emphasized that neutral injection can in-
troduce important new effects at high power level which are unrelated
to 8. We discuss two of these:

1) the effect of toroidal flow on equilibrium and stabilicy.

2) New MHD behavior resulting from large beam-produced tempera-
ture gradients,

and present results for typical parameters of the ISX/B tokamak.

II. Toroidal flow affects: The possible influence of roctation on £-
limits has been noted earlier [L]. While u, has not been measured in
the ISX/B experiments, charge exchange and "MHD loop signals suggest
estimates of 10%cnm/s < v, = 107cn/s.

II.1 Analytic solutions for equilibrium: The analytic equilibria of
Maschke and Perrin [2] are trivially generalized to account for Bp # 1.
With this exact solution, and the solution expanded near the magnetic
axis

U= 22+ Apx? o+ Agxz? + 0D
Ay = - 2/c2 S - =
1 1+ u‘n"cs](l Bp)IBP A3 (r.ﬂ 1)/2r
w1 +e, 2u§/=§)u e mugfsc;)fﬁa
we are able to evaluate flow effects on stabilicy.
I1.2 Local interchange criterion: The generalized interchange erite-

rion of Sclov'ev [3] is applied to rokamak geometry with purely toro-
idal flow. The criterion in this case is: (for w? = c:)

o d
1 vnes? - polediuseox - vorag + Pp@0s - €12

q*
+UTEE + P503 - v—‘ﬂ!f—if*[%; w4 (a3 - e
k-]

2
+ QpeB>n7w?] + U7(2F (@ - o) + <Byanut] 20
o 1 o Er"wZIan
SR A T G C i
2|2/ N e2|oy)2

Considering the neighborhood of the magnetic axis, and expressing the

criterion in geometric variables (ellipricicy E, triangularicy, 7) the
modified "Mercier" eriterion is:

2 e 2.2

1 F(E) J«Bp(n)(l 2 uﬁlcs)

—_—

i E%: ELLIPTICITY

q%(0) 1+ E? E(E + 1)
E2 E? 5 1+ E2 2
TRIANGULARITY: T = — [—— - 2 — + — L ]
-1 O R
o o a [ ]

The flow velocity enters through changes in the equilibrium, and we have

used an expansion in Yy fcs 2

As seen in Fig. 1,

the toroidal flow "
inereases the triangu- |
larity, thus lowering
the tolerable q-value.
qo) ~ .9 could be
interchange stable for
estimated ISX/B para-
meters.

WL 40~ 35444 FEB

Figure 1

Effect of toroidal
flow on Interchange
criterion near the

crit
magnetic axis. q(u)
drops as the tri-
angularity is increased
with increasing u¢fcs.

II.3 MNumerical re-
sults: Solving the
Grad-Shafranov equa-
tion numerically
with flow added
(assuming tempera—
ture constant on a
flux surface)

242 /262
LI - PP wl, . g, O s
a9 —H—rll’,r-*l‘.rtﬂf)r]n
r2w?/2c2 u
PRESSURE P = P (ke R ()

and modifying the Grad-Hu-Stevens [4] generalized differential equation
to account for flow, we calculate the self-consistent evolution of the

14-D transport [5). Evaluating ideal (and resistive) interchange cri-
teria, we see the stabilizing effect for a typical ISX/B case, expected
from previous analytic calculations [Fig. 2}.

cam-cws 82- 310M fE8

III. Periodic N T T T T
MHD behavior: P SANELEN MTERHNAT

p -
High power 33 = o MSATIVE WTEACHANSE wiTH FLOW
injection Figure 2
experiments s SENERALITED TERCHANGE
evidence a il Generalized ideal and
variety of = TEIT O Sg<q resiscive incerchange
new MHD be- v L < criteria for kwo lim-
havior [6]. i iting ISX-B cases:
Some of TS —  momentum lifetimes
this may be é L~ Funurnruw 10 =t ‘ of 30 msec (upper
due to higher Yl _| curves) and 5 msec
temperature L2 (lower curves). =D
gra:ien:sb ol M _BK are displayed,
z;: ui;:ren:ed e with D < D required

e for srabiliey.

heat source, as — Tuougur 8 |
and due to
finite island .
width effects a s

3 "
CONTOUR HUMBER

on transport.
Calculating saturated tearing mode island evolution with the quasi-
linear model

%% = nd"(w)
we find a periodic alternating 2/1, 3/2 behavior to result, under
some conditions, without a priori assumptions about periodicity.
{Figs 3a,b]. Transport modelling of the "sawtooth' process has been
hampered by the need to specify an ad hoc trigger parameter (rypically
the qm T 2llowed before recommection). A periodic 1/1 oscillation has
been sﬂcuvered [7] which does not require this assumption. The 2/1,
3/2 2lternation is similar in nature to the oscillation reported in [7].
The q-profile required to produce such activity is restricted, and this
"pre-spike" behavior (with mild positive voltage spikes) should occur
in the near-disruptive regime.
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Evolution of a calculated ISX/B case with 1.2 MW injected power. In-
jection is assumed to begin at 20 msec.
a. Electron temperature oscillations. with period 16. msec .
b. Oscillation in the teroidal current density, driven by alter-
nating 2/1 and 3/2 islands.

The behavior is sensitive to assumptions about transport across the
island: enhanced ¥ will not produce this activity, T (out) = T_ (in)

e e e
boundary conditions are required.

————— AL
*Research sponsored by the Office of Fusion Energy, Department of
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YHC THEORY OF DISRUPTIVE INSTABILITY IN TOKAMAKS
Zaknarov L.E.
I.V.RKurchatov Institute of Atomic Erergy,
Llos¢ow, USSR

Couditions of lhelical equilibrium give an opportunity
to uaderstand the cause for the kink and tearing instabili-
ties,to_formuiate inverient{independent of the plasma model)
requirements for a steady state regime, to give an estima-
tion of the pooaible results in the development of kink
instabilities,

1.Conditions for the helical equilibrium with free
boundary /1/.

In case of a rectilinear plesma column, which has an
clliptieal cross-section with helical symmetry characte-
rized by a poloidal wave number m=2 and by a toroidal n
at the uniform plasma current j £=cnnst, one needs an
external maintaining field to be produced with the heli-
cal windinga:

[ 2

%rt - 67') (_\M)’-(jfe -JBJ #

Here, -[]Jexi, (Pﬂ ) is the flux function through a heli-
cal surince B = w- 23S =const, M =N/mRis the
helical symnmetry index, R is the radius of an equivalent

torus, -)~ = /{z ia the cross-section semiaxes
ratio | 4{/.5 - in B8 , By is a longitudinal
field. ¢ oL

Prezence of a term o -5 ~ Bs  shows the role
of a longitudinal field Bs in the mainteinance of &
non-cirecular cross-section of the plasma column.

7q.(1) shows, that a ecross-section of the helical
plesma column ls determined by a belance of three forces:
a) selicontraction / I! x B ¢ [/, b) interaction of the
plasma current, i‘lowing elong the helical lines w:\.th longi~-
tudinal ficld /i()f s / c) mteraction of (}ft’ with
an maintaining 14 ! jfe

The relotive value of the 1irst twua:_fxurces is ldeter—
mined by the ..isn of h_;‘.ucke..s (1) 3t [Aﬂ)ld?t -(J >D
then ﬂ'sﬂ- > d"_xB
in opposite case.

2. Cause of kink and tearing modes.

-ue__k:.r.k ingtabilities are caused by the > disruptive

-

, and JJ’E’BP[ <(J5XB

force / x B /, when it is greater than / B’t r &
For e mogle n-2 n at =*1 this, condition is satla—-
fied when r

th £ 3 ds (2)

that corresponds to nq = 1. In generel case, this con-
dition is substituted by ng 2 ng.., where Q. COTTes-
ponds to the left boundary of kink modes (nq 2 m - 1
for unitorm current).

For resvnance surface inside the current channel,
the helien” equilibrium will be violated on the boundary
of a tearing mode, where A'< O . he tearing mode
is nlso coused by e disbelance between the selfgontrac-
tion forece and that of interamction between the current
flowing through the cross-section nq ¢ m and a longitu-
dinal field. The currcnt beyond the resonance surface
helps to stabilize helical perturbations,ac it follows
from & general structure of the tearing-mode configura-
tion with mognetic islands.

3. The surface currents on a boundary of the current
channel act as a linear stabilizing mechaniem /3/ and give
the right boundary nq = m. The second linear mechanism in-
cludes the eddy currents through a casing. Later, the se-
cond mechanism will not be teken inte asccount. The third
linear stabilization mechanism is the eddy currents through
the liner in the presence of sufficiently fast plasma ro-
tation. In this cese,the liner becomes equivalent to o per-
fectly conducting casing.

4, Quapi-linear mechanism of stabilization /4/ ie o
current redistribution near the resonant surface in
such & way that an increased current density is produced
acroos the magnetic islands. Thus, the eurrents through
the magnetic islands produce a maintaining field like.heli-

cal conductors.

5. A non-linear mechanism for stabilizing the kink
and tearing modes is generation of a negative surface cur-
rent { on the boundary of a current channel or in the
region of large jump in the cu:_;rent density /2/ whiuh pro-
Cuces a stabilizing force / LX5 /. The reason of [ . ge-
neration is the increase ulk current due to flux con-
servation, For a plasma column with a uniform current and
with elliptical cross -section the  M-value ( I(w='1/-],) is

iy
iM=1 - ——
P il ( 1) S (3)

Viith an increase iﬂ-}- dr{ as well as the bulk current should
riase to conserve .

6, The disbalance between the disruptive force f’{ gl’Bs /
and /th X { / does not disappear at u non-linear stage.
When the linear conditions of stability are violated,
the only stationary mechanism of stabilization is a quasi-
linear one which is appliceble in this case only to a
tearing mode and only near the marginal stability.

Therefore, a requirement for a steady-state discharge
in e tokamak is to meet the linear conditions of stabili-
ty for the kink-modes and for the tearing modes (quasi-
linear mechanism of stabilization should be taken inte
account).

In particular, at ng( & ) € m on the boundary of
a current channel, it is necessary to satisfy the follo-
wing unequality on the axis:

ng{e) € m -1 L (4)

This is the necessary stability criterion for a fal-
ling-down current profile.

T. A drop in the current density at the centre of
a plasma column (broadening in the current profile) re-
sults in a disruptive instability so thet either the
conditions for the kink instability /2/ are violated (when
ng & m on the border of a current channel) or a quasi-
linear mechanism of stabilizetion stops to work (transition
of & magnetic islend beyond the boundary of a current chan-
nel indicates this: thus, the tearing-mode is actually
converted into a kink-mode with a free-boundary).

8, A disruptive instability is being actually deve-
loped as a kink-mode with a free boundary. Then,it is
necessary to discern two cases.

a) The linear conditions of stability are violeted,
but the necessary criterion (4) is met, In this case,

a kink mode can rearrange only the periphery of a current
channel without touching its centre, It is a minor dis-
ruption.

b The necessary criterion (4) ia violated (conside-
rable drop in the current density at the centre). In this
cage, the instability completely turns cut the plasma
column, It is a major disruption. An increment in the total
current s'I/I (negative voltage apike) is determined by a

relationship: B': " _:':‘_- (J)
B, BUeaiy g 185 ()5 (5
il e d By 0

d is the radius which is reached by a magnetic axis after
a complete turning out. In some cases, d ias the radius
of a limiter.

After a complete turning out with a mode m, n, the
value of ng (0° becomes equal tong(0)=m/5/and, thus,
the conditions for a disruption with the next mode
(m+1)} are provided. Thie fact explains & consecutive
development of modes in the proceas of disruption.
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IDEAL MHD STABILITY OF A FORCE-FREE MAGNETIC FIELD
AND THE RESISTIVE FLUID FORCE-FREE FIELD
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ABSTRACT

The variational problem is discussed with examples in cylindri-
cal symmetry. Self consistency conditions are associated with some
hypothesis in the model of a diffusive force=free field.

I + THE VARIATIONAL PROBLEM

With no pressure term the potential emergy of a m fd fluid

i i 8 ar
D
(Dis a simply connected domain with boundary §).
Let the Eield B be equal to ﬂ + e Bl and W(B) = ﬂ
LA - IB B dt + -!- : IB 2 dt. The fxald B has locally ehrn degrees
of freudom if the constraints have one of the following types :

has the form

a) V.k B=10 (Bu =W, By = WI) ¥, = const. on 5. The associateg va-
riational equation is v.B = 0,

b) v.B =0 (80 =7 x Au' B| =Vx Al) Aj = Vg ¥ on 5. The associated
variational equation is V x B = 0.

In both cases the solution of the variational problem gives an
absolute minimum W, of W(B).

A force-free field is a solution of a modified type b problem
where the varied potential A, has two degrees of feedom with the cons-

traint A.I.Bu = 0 (this observation is taken from H.Grad's work).

c) BU-WIVE, 8]
These conditions imply that the magnetic lines have tied ends eon 5.

Now the potential emergy W(u,v) has terms in €, :2, CS: :t'. The

'V‘KAIHI'.ﬂlAI'uVy—vVBmdu-D,v-OonS.

first order variation is I:L)B. (Vu x V8 + Py x Uv) dr
= Iﬁ J. (uVB = vVy) dr. It is identically zero iffJ x B = 0. When
J x B =0 the potential emergy is stationary. The field is called
stable when the second order variation is positive and unstable in the
opposite case. An example of an unstable force-free field with cylin-
drical symmetry is obtained in ref. (I). An example of gn unstable field
and of a stable field is given in the next section.

If the field B, is stable, W, is a minimum of W for any field
B in a functional neighborhood of B . Under what condition the field
lo makes ﬂ{Bn) an absolute minimum of W(B) is an open question.

II - STABLE AND UNSTABLE CYLINDRICAL FORCE-FREE FIELD

Let Bo be a force-free field and I, =9x B, = alx) B. The
second variation of W can be written in terms of a vector field A such
that A. B

= —J} -ch VxA] dr or equivalently
(A - at)? + 2AA - ml)] dr.
1f B = Bg(r) ey + B (r) e, is & force-free field we have

J = VxB -u(x)n. .
o o x o nebions
The field A can be written in terms of two arbitrary/u, v :
A=ue, xB +ve.AFourier transform in z and 8 gives u(r,8,2)
spe f "“u ey

The minimm with respect to v is obtained algebraically and

Wy is a sum of terms :
2
k9 2
. " ra:i(”z [n.2+(m |*kzmz) uz]
1+kr T

2 2 2 2, 2
—2- (Bg" =k r" B )u !
I+k T 8 L
s 2
where u is written for un(r,k). u' for - um(r,k) and f* =B, + kr B,.

This formula is used in the two next examples

(1= n]i

B-3

a) The "solid" force-free field (the magnetic lines satisfy the equa-

3 Ar 3

tion § - Az = conat.) B, B,= is locally unstable
' 1+J\2r! B it

for any r (r £ 0) (with a k value close to )

= -0
b) The one-parameter family of force free fields Bz =r BB’ =,
0<n<|, o<t <R, has a total current inside the tube of radius
T i
[ 3 :
I(r) = of—r and a magnetic energy per umnit length equal to
2(] I-n
These force-free fields are all stable for any value of R, The
following inequality is used for huundlns’ I
r
J‘ ] rrl; 2 2 > j 2“2
° mdct

where £ = (kr -

(C is an arbitrary constant),
The energy "u is bounded by a term J’:'w(n.k,r) uz dr with
some function v(n,k,c) which is computed by numerical means.

III -~ THE RESISTIVE FORCE-FREE FLUID

In this section we consider a system of equations combining
premaxwell equations, fluid momentum equation with no inertia and no
pressure J x B = 0 and ohm's l.awE.+va- 3 5

v is interpreted as ar ’l;:'.lty. The question of the comsistency
of this system is related to constraints on the v field.

For example : does a field v exist such that g{- =0,o0r isv=20
compatible with 5= J x B = 0.

In case of a negative answer the system is somehow a singular
limit. This type of question is similar to the problem of the Pfirsch-
Schliiter diffusion velocity : in order to compute < 7 > one assumes a
stationary equilibrium and the meaningfull effect, observed for .80,
imply a non-stationary equilibrium (ref. 2).

We introduce some hypothesis for the discussion :

1) The initial variational problem assumes that magnetic lines have

tied ends. It is therefore natural to associate a gnnditiun like v = 0.
It follows however from g% - - ¥x(nJ) that 7%,——5—21 == u2_ We

conclude that v = 0 is not compatible with 3! = 0.
2) Hnre generally does a field v allow a— =07

-n
T

If 3— = 0 is used to compube v with the field B =r n. B' = o
:nn:rndu:::ury conditions are obtained. ThareEnra such a field cannot be

stationary.

3) Is it possible to have v = O and a varying force-free field (such
- ?
that z=J x B =0)
In case of cylindrical symmetry it is found that v = 0 and
aaTJxB- 0 imply ':—r (na) = 0.
The constraint Va = 0 is therefore related Eo the resistive

time scale.

4) With the force-free field of section II b does the constraint
aaTJ x B = 0 determine a field v ?

There is a solution to this equation with a radial velocity
I=n
I+n
This discussion presents the force-free field as a singular

piven by v = 7

limit of the low B resistive equilibrium.

(1) D. Voslamber and D. Callebaut
The hys. Rev. 128, 5, 2016, 1962.

(2) M. Bineau
Phys. of F1. 10, 9, 2026, 1967.
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EXACT ANMALYTICAL FORCE-F@EE THREEDIMENS IONAL
TOROIDAL EQUILIBRIA OF ARBITRARY CROSS SECTION

Ferdinand F, Cap, University of Innsbruck, Austria

Force-free equilibria which are described hx

curl 8 =yB, aivB=o0 m
became recently again of interest /1/ since analytical so-
lutions of (1) can be found. In circular cylindrical coor-

dinates r,,z the solution of (1) is given by
- imp+ikz|_mk, 242N o 2
By = mi;lamkle [ %z o (Ny2-k°x) yzmwvl kir)] (2)
o 1[__ . rTT
B_ = E Ankyie m¢+ikz[£-"}zm{ Tf—kzr} 1-kzm( yl—h t)] (3)

m,A,)
i, ]‘E lhmkleim@+ik: [(Yz N kz)zmﬁir_yf—kzr]] ) -
TR,

where v, is the l-th eigenvalue and Z, 2 superposition of
Bessel's and Neumann's functions. First, we investigate
axisymmetric toroidal equilibria (m=0) of arbitrary cross
— wards 48 -
section. In this case we have /2/ B¢ = TZO, Br T 3?5¢r

= ikz}, and Bz=‘(ir B—’r(:a“ = tyz—kz)zo. On the other hand,
the differential equations for the magnetic field lines

read (m=0)}

dr a8 , . dr___ . @3 (5)
B, B, -Bhwriaz aB¢r73r'

Integration of (5) yields rn‘# = const. This means that
the magnetic figld lines (along which the normal component
of B vanishes) are described by rB, = const. On a wall made
of a perfect conductor, the normalrccmponent of B vanishes
too. Thus, the wall of an axisymmetric toroidal chamber may
be described by (m=0, k=0, k1, 1=0)
=X 03, [yr) = %r¥, (VE) + X,

xlrJ.I{\"r z-kf r} - x4r!|.'.|(\,\‘2-k$r)

By choosing for a given vy (or k1] a set of 5 coordinates

(6)

2lr) = ](Larccos
1

%5 =z(r1), i=1...5, we may generate various arbitrary cross
sections. For i=1...5 equation (6) represents five homoge-
nous equations for the five unknown constants Xy In order
to obtain a non-trivial solution, the determinant of the
linear equations (6) must vanish. This condition yields the
eigenvalue L {or v). Then the equations (6) are solved for

the Xy If the Xio ¥ and k, are known, appropriate initial

conditions may be assumed and the numerical integration of
the magnetic field lines (5) yields the field. Arbitrary
cross sections of the toroidal vessel may be obtained by
appropriate choice of the Iy 254 See Figs. 1-4."

In the thresd<menai.nal (non-axisymmetric) case we have
m# 0. Now we may use X,...¥g, vy and k = 0, k, from the axi-
symmetric case, but row new constants Xee Xg etc appear.
They may be chosen arbitrarily or in such a manner to deter-
mine a special helical structure. The differential equations

te be integrated are now

az _ rB= ar _ rBr o
- Erhm ==
de B¢ d¢ B@

They yield z(¢), r(4¢). The expressions to be inserted into

(7) for the field components are e.g.

By leezab] = %y () x50, (vr) +|:x3J1NYz-kfr} *X,,‘Y,(\IY fk1x]j|omk1z +

X,
+ I:—x.&ao(vr) = %Y, (1) +—r§J1 (yr) +?¥1 ('rr)]u:n ]

B (r,2,9) =k, [x3J1sz-k12r) +x,,v1(¢,2-k$:)] sink,z -
= %[KGJ1 (yr) + Y, h’x)] sin ¢
B (r,z,8) = x.J (vr) +3¥ (yr) + 2~ k?l[xf!owyz—kfr) +

+ x4Y°sz—k,2r]] cos k2 +[xsﬂ‘ yr) +x¥, h-rl] cos ¢.
If more modes m, k (and more eigenvalues Yo Yyr¥y --. are
chosen, many arbitrary cross sections may be produced /3/.
In order to obtain the cross section of the torus for var-
ious ¢, it is necessary to follow (by integrating (7)) a
field line going around and around the torus, i.e. for
C £ ¢ £ n"2n. For n = 50 we obtain 51 crossing points of a
field line in the meridional cut at ¢°. Repeating the same
procedure for ¢° =0, n/4, 1/2 etc we obtain a series of me-

ridional cuts, see Figs. 5 and 6.

References

/1/ F.Cap,, Proceed.Int.Conf.Plasma Phys. Nagoya, April
7-11, 1980, Vol 1, paper 7a-I-01 and Beitr.Plasmaphysik
Vol 18, no 4, pp 207-216 (1978)

/2/ F.Cap, R.Deutsch, IEEE Transact.Microwave Theory and
Techniques, Vol MTT 28, Nr.7, 700-703 (1980)

/3/ D.Lortz, W.Lotz, J.NUhrenberq, F.Cap, Three-dimensional
Analytical Force-free MHD Equilibria, submitted Zeit-

schr. f.Naturforschung.

1.16
L
139 8 8.6 /?‘g’_‘g— T
=1.16
Fig.1 Nearly circular Fig.2 D-shaped cross
cross section section

Fig. 1 Nearly rectangular cross Flg.4 Hollow cross secticn
section

z

L 0.95

e OIS
i .95 4

Fiq.f Toroidal J-d field
meridional cut at ., = n/2

Fiq. 5 Toroidal 3-4 ficld
meridional cut at Qo = 2n



WEAK FLUIDOMAGNETIC EQUILIBRIA ABOUT A SURFACE
C. Lo Surdo

Associazione EURATOM-CNEN sulla Fusione, Centro di Frascati, C.P. 65,
00044 Frascati, Rome, Italy

Despite its relevance to thermonuclear research, the gquestion as
to the existence of general global magneto-fluidostatic (MFS) fields
remains essentially unanswered. Confining ourselves to nowhere force-
-free MFS fields in a bounded, connected R with (smooth) boundary &f,
the problem is that of proving the existence of C' solutions (B, P) to
the PDE system
(1) #g=0,vx=xBxB=vF inn, with
(2) vP+# 0 in uU3A and under the boundary conditions
(3) P =consty on 30y, the i-th connected part of 32 (i =1, ..s5).
Standard characteristic analysis shows that (1) has the B-lines counted
twice as characteristics. Since these lines cannot cross 3q nor have
singular points they must be closed or unending. This global-hyperbolic
nature of the problem gives rise to peculiar difficulties.

As a matter of fact, only two special classes of C' MFS configura-
tions are presently known, the axisymmetric and the plane-(pseudo) sym-
metric classes. On the other hand, no significant attempts have been
made to date of constructing (not to say of defining) weaker (in a con-
venient sense) MFS fields. This is rather surprising, on considering
that by now for several decades the generalized-solution standpoint
has played a major role in PDE research, especially linear.

A classical theorem [ 1] states that 0 must be a toroidal annulus
(and so s = 2) in order that a C' solution to (1) exists. This induces
us to study the MFS problem in weakened sense, where a larger solution
space is allowed by definition, in a @ with the above topological sstruc-
ture.

A step toward the possible solution of a local version of this
problem - that is, about a given (smooth) toroidal surface, assumed
isobaric - has been recently contributed by the author [2]. What follows
is an outline of some new ideas related to and inspired by that previous
analysis.

By using P as first common Euler potential and (€14C2) as second
(monotone) potentials of § = V x B and respectively B, one puts
(8) Y = R-V'C;xV'C;, where R is the normal unit vector (for instance,
pointing outwards) on the initial surface % (say, P = D), and V' means
surface gradient. The requirement that the surface differential form
y'ldx-ﬁxv'c, be integrable is an initial constraint. To first order in
P, the neighhourmq surface 'can be determined by displacing x,Eb" by
the amount P y n. The 3 o€ 's one needs to compute the (J,B) surface
fields on ¥ are then given by the following global-hyperbolic linear
equations (read alternately upper or lower indices):
(5,) ﬁxv'c,-v'anc}+v'c!-|v'(ﬁxv'ca)-ﬁ+v‘c.] =
Fifally. one goes on to next (and higher) order Eqs (4, 55) by replacing
3,n by =y~19'y. Eqs (5!) (and n-derivatives) both have the B-lines as
characteristics. The main difficulties - and, ultimately, the need of
making recourse to generalized solutions - are tied to these equations.
In fact the relevant unknowns must be periodic on &, up to arbitrary
monotone summands. General questions of existence/uniqueness under these
conditions cannot be reasonably put - for the equations of cx;ncern -
but in some averaged sense; typically, on allowing the (periodic part
of the) unknowns to be only L* - summable over &, (w.r.t., d;%). Unfor-
tunately the simplest and best-known (sufficient) existence/uniqueness
criteria appear of hard application, or unsuitable, to the present case.

An interesting alternative to the above formulation is allowed by a
sort of inversion between the independent and dependent variable spaces.
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Precisely, one puts
(6) ¢y = c}uzu (a, etc, = 1, 2), and

(7) ¥ = (det E‘)"anz’, where ¢y are the (surface invariant) increments
of r.‘l the Tong (a = 1) or short (a = 2) way around ¥, and ¢ = [ [id S,'
(det C turns out to be # 0 in view of (2)). Then one looks for a mapping
z (2%2%2° J—%, periodic with unit periods w.r.t. z' and z?, such
that x(z', 2%, 2 = const), with const about zero, are the isobaric sur-
faces about ¥.. The equations to be solved can now be written in terms
of the metric Gi T A% (i, k, ete. =1, 2, 3, 3; = az.} as
(8) Tlu[‘. = aala(glju 7y,
(9) g = det(g]k) 1, together with *he initial int?‘gn:albilig_y constraint:
(10) T“aﬂgﬁ.-r“aﬂgﬂ,h = 0. Here 7°" = Gmcga(datr_‘) B, B are the
unit antisymmetric density and capacity, and L lmeans alternation. The
problem has thus been entirely geometrized. The order of the differen-
tial PODE system (8, 9) in x(z',2%z)can be lowered by one by taking
the gik's as unknowns together with the second fundamental form g o0
¥ viat -
(1) gy = r"usp" » with T, | being the usual connection coefficients
and p-= det (PuB = gus). Of course one needs three more equations.These
are provided via a long manipulation starting from the Gauss-Weingarten
formulas on Ytoge_ther with
(12) 2:x = ggam + 3yx%32% p~" . where ;‘; E ginaa. The result is (with;
meaning surface covariant derivative)

=12 Y
(13) 395 = , 08 " P uqvﬂ+g q ;B ?q'r(ugs i8)?
where ( ) means synlnet.ruution Note thnt "the third term on the RH is
symmetric w.r.t. a, B in virtue of Codazzi's equations. Equations (13)
can be shown to be solutions of the z®-derivative of Gauss-Codazzi's
system, as it must be. Finally, Eqs (8, 11) can be restated as

.-m
(14) 33;:1:'ﬁ = ngl(u B) - g) and

(15) pe0, 5 a 0 = 2t
r’g,s‘u- T&B 718 ﬂ+Ep T’qas,mththednt_z

(ordinary ) derivative. Note that the 3,x's disappear from Eqs (13, 14),
in agreement with Gauss-Bonnet's theorem. System (15), which has the
inverse image of the B-lines on the (z', z?) plane as (straight) char-
acteristic lines, is the global-hyperbolic counterpart of system (5_“).
If the (linear) operator on the left is invertible (in the weak sense),
we are thus in position to obtain x via Eq. (12) (by means of similar
recursive procedures) as a formal power series f (2°) a}gl,. with L? -
summable coefficients over the unit (z', z?) square. To each order
m(m = 0, 1, ..) the four constants d'!l.'r'“B are prescribed arbitrarily. The
above geries might quite converge (for instance, in norm) in the asso-
ciated Hilbert space. Contrary to the case of Eq. (5!), the classical
Friedrichs (sufficient) criterion [3] for the invertibility of a 1st-
order symmetric operator .can be applied to Eqs {15), requiring that the ma-
trix %Ewith (e,B)elements p“rﬁmr" be definite (positive or negative)
in the integral sense; namely, that:

Inf (oh,h) > 0 or Sup (®h,h) < 0, where

Ihi=1 Ihi=1

(f.g) = A1 dz‘dz’fugu for any 2-column fﬂ and 2-row g% ( periodic over
the unit square),and Ih1? = (h,h). What is laking is rather an intuitive
interpretation of such a condition. Finally, Eqs (15) can be shown uncon-
ditionally and classically solvable in the usual symmetric cases, as ex-
pected,
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ERRATUM
In the L.H.S. of eq. 15 a term

- prag’ i
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POMLINEAR EVOLUTION OF IDEAL MHD INSTABILITIES NEAR
THE THRESHOLD OF MARGINAL STABILITY
E. Rebhan

Institut Fiir Theoretische Physik, Universitit Dilsseldorf
4000 Diisseldorf, Federal Republic of Germany

Abstract: A one parameter family of toroidal ideal MHD equilibria is
considered assuming, that an increase of the parameter by beyond a

certain threshold Ao leads the plasma from stable to unstable. A

may be equal ta ,ﬂ , a shape parameter or something else. Using re-
ductive perturhation theory, the nonlinear MHD equations are expanded
near A=A, with redpect to a dmall parameter € . To second order in
£ , & nonlinear ejuation for the umpl'itud.: of the first grder per=
turbation is found, yielding either explosive instability or a nonli-

near oscillation abgut a neighbouring stable equilibrium.
We consider a one parameter family of ideal MHD equilibria’
Bo = Be(A) Po = pe (R) m
In the neighbourhood of Ae » we expand
BoA)r Bug ¢ TBet # TBoa,  pald) = pow s Thoar L @)
where Besn Bo(Ad), Beom dB0/dd| ke ctc. oud vhere T« 2-de.
With eqs. (2) and 1 -Vx D , we have the equilibrium conditions

-j., » ‘é., = vf’au} :_f“ X ?m +§‘g.¥ §.. = V'P"‘

3)
Joox B ¢ jux B 42 (juxBa) = Vpa
‘Nou. we consider a timedependent equilibrium perturbation
3(!.‘) = §-{l) + En + E‘gx (4)

plrt) =- 1”0(2) rEp 4 Etf’l

gl t) = feld)4---.
Since near the thresheld of marginal stability all quantities change
slovly (in ideal MHD theory there is no overstability), we may assume

that g-, gn etc, depend on a slow time T(¢): E, =B (1, T) etc.

The correct linear stability results are obtained with
T = fet )
and with the"slow velocity"
-g:re(:g.u‘v_*,), (6)

JInserting eqs. (2) into (4) and eqs. (4)-(6) into the nonlinear equa=
tions of motion

o( Wit +pTv) - T¥b <% m
Wy = Vxlv.B) (8)
Bk - -(g.vr‘é'rvhh v) 9
and expanding also
T s T+ (10)

vith proper care of the equilibrium equations (3) we obrain

Q a!',,xg. 41. X_Bu 'V’P4
ag./aT = Vot (vax Ba) an

WAT = (Ve Ve s £ po dip )

—

to first order in £ . Setting

w = A f.(r) a2
where ' = o/dT, vith
:5”, = Vx (foxBw), f.*’(f.’vpnf%'pu J»W;(a) {EN

system (11) is solved by

3 = :\(T)'l:?" J P A(TJP: (14)
if j. is a solution of
) E(f) = o . i

Heuif. is the usual MHD stability upautorf taken at A= Ac.To
second order in € , we obtain the set of equations
e_.f_:l;‘_: a j_‘“, B+ s B Vs + Ta(fox B fj.)l&..)&g; x%,
M Tu(vwBu)+ TVr (LxBu)s Vo (vaxBd)
= AR
U = - (0 Ty s S dion)- Ta(eFpuss Spo o 1) - (v T § pudion,)

(16)

1f the First of the eqs, (16) is differentiated with respect to T and

the other two are then inserted in the first, we obtain with (12)
o A fo = Folw) + I,Afy'(f‘] + AA Bo(f.) an

where
l

Fo = ‘f/ll'llo (s

and
Bo(f)= fox[0¥(fix )]« { O [T(fox B} x B

= 5 (19)
+V(ffs £ 5 puuf,) +2(VxB)x B,

Since F is a Hermitean operator, we have
(g.,,;r.(qk)): = JfeFutw)d’™ = (v, E(f) =0,

and with the normalizatiow ( f., f.) =4 we thus get from eq. (17)

fod = r,A'(_f., EG) « (4) (f, Bog) . o)

Integrating eq. (20) with respect to | and returning from T to &
we obtain

d'Af 2 = g "
I A~ 54 i
vhere an integration constant is chosen such as to yield exponential
instability for smsil A and where we have set

- 3 . £

b R foo (E'f Etﬁ_ﬁ(f4)) J § Tgue (;f", ;Ba (f‘)) . (22)
Integrating eq. (21) once again, we get

arde)™ - ya s 0483 @3
3 .

W
. T
a) 1f f< OJ the amplitude at A:--}x/[[ reverses,
the wotion is a nonlinear oscillation around the
"minimum potential™ at J\'-;'ﬂfuheu a stationa-
ry amplitude is possible. After some oscillations,
friction may lead the plasma to settle down in this
neighbouring equilibrium which bears the spatial structure of the mar—
ginal perturbation f. « This situation is expected to be possible e.

g. for axisymmetric instabilities of tokamaks due to the existence of
neighbouring axisymmetric -equilibria.

b) it §> 0, the solution of eq. (21) is given by
L -t e
A= % [('H-e.'“ ”)‘/{1 Sptl-ta)t "lJ . (24)
This is an explosive type of instability, since starting with finite
amplitude As at 4 = 0, an infinite amplitude is reached already
after the finite time
ta == ir.tn[('hfgll. A4 )1+ I: Aeaq)] @
This situation is expected e.g. for nonaxisymmetric instabilities like

kinkmodes in tokamaks, due to the nonexistence of nonaxisymmetric
neighbouring equilibria,




HUMERICAL STUDIES OF EHD-FLASHA EQUILIBRIUXM
IN TOEAMAK BY THE VARIATIORAL EETHOD
V.D.Khait, V.E.Kolesnikov
Institute of High Temperature of the USSR Acedemy
of Sciences, Hoscow,USSR

The variational method of approximate solution of
the equilibrium equation in axigymmetric toroidal sys-
tems is offered in Ref.['].This method (as the method
of moments 2'3.]) enables the two-dimensional problem to
be, reduced to the system of ordinery differential equa-
tions for parameters ll; determining the shape and posi-
tion of magnetic surface (m.s.) cross-section. This sys-

tem is: !
AT oT  _
('5'&1) T 9u; il m

Here T=J‘({}M(r,u‘-,u}[-cfo'v(;,u;)- ITL(T,u),
where } is a some surface function choosed as an in-
dependent variabdle, and the prime indicates the | de-
rivative, .'7(‘{)and P(f) are the longltudinal current and
plasma pressure profiles considered as to be prescribed,
V=27Tff?.d‘zdi? 18 the volume of & given m.s,, L1 =
=2]{f‘duiais inductence of the solenoid that coincides
with m.s. M= é,‘V}'IT"’df/IIF is the integral alomg
the cross-section contour of m.s, ( ¥ and ¥ ars cylin-
drical coordinates), | is the external poloidal current
comnected with J anmd P by the eq. 2MJT+(PV+IIL=0
The external poloidal and toroidal fluxes are defined
vy V=-IMJc, @'=IL/C.

The boundary conditiona for (1) are determined by
the shape and position of the boundary cross-section:

ui(TIJ= W5 - Purthermore the regularity of solution
on the magnetic axis is required.

Taking into account ellipticity and triangularity
is required for adequate solution of a some problems.
One can show that arbitrary cubic curve required to
describe the cross-section contour in this cases 1s
determined by

¥=er-RP+e 2 ts 1y (x-R)] /[ 1+ T (-R)] (D

o stsie foem = HH lJe"l\f cost,

2 = |etyldbad +4)/(1+ ticost]sint, /T w/nNEY .
Here R is the position of m.s., ] is the ellipticity
parameter, 7; and €, are the triangularity parameters.
Eq.(2) enables to rind easily the tunctions of 5‘?11”3} i
blem |77|= t¢gu/g) dfs]@;df whaxéa %z(&-} "('B’FJ
is the mstric coefficlent, g =Z)etg'k :’zi:a—,;i _s_t'k,g%ﬁg

the determinant of metric temsor g;x defining an element

of length in the coordinate system ¥, t,{ (azimuthal

angle).
The boundary conditions for {=0 is obtained by
expanding with respect to § 1in the vicinity of axls.

Let present here only the expressions for A, and ‘?a

on the magnetic axis (expressions for E;; and 'Z'a,;ara

fairly unwieldy):

8= R (ntth) [retp!it-(1+ thi)/u +Jo(1-thn) /4]

n. ={—(£.‘/£,}Rfeq”£hrz., +4thn, [{-2{, + 7’;—36.?, (% ‘21'3'@)]*
+—;—th’rg,(uzi(,+1}'—;,*)—58(#(.}-25‘%.7,(#—}fﬁ -
+BER, (1+4) + 26 (L hin, -hthn,-6)- £1/3R e (-t )

(= yu' ' fﬂ”?u(rra‘ Tn)
Humerical realization of the method had been accom-
plished sc far only for the scheme with two parameters
R ama (%= ?:'2-10) . In this case f:rﬂi'{ (m. 8.
cross-pection area).
Eq.(1) was written in the form of linear equations

system, coefficionts of that were however functions of U

n,nd,ui'. This system wea being solved on each iteration by

the method of factorization as linear one with coefficie
ents calculated from two previous iterations with some

"welght™, The typical computations take 5-10 ilterations

for convergence thef roquires 1-2 sec machine time of

BESM~6 computer.

Ao known there is a limit of the parametex ﬁ,=2£‘2x
ujgdﬂji"jx)nbova that oquilibrium is impossible. Fig.1

o
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presents resultr_s of two parametric scheme computatuins

limitingpyrp;"" ~ aspect-ratio A dependence (N=0)

for two ceses: uniform current densiiy ﬂ':const, para=
bolic pressure O=[f-1/f;)(I) and sharp profiles (II):

p:pa{{—jfj,}/(ff-,},#b'f/f;), Iz Jof/(1+4 f/fs) in accordance

with data of T-II device ['d g

For the same profiles (4=3.5; Ny =0) Pig.2 shows
magnetic axis shift (nopmalized to the minor radius of
the plasma) and semiaxis ratio V of near-axes cross-
section in dependence on fy.

Fig.3 represents ct ag function of By (1-a=2.5;
2=-A=3.0; 3-A=3.5) where o' e the ratio of poloidal cur-
rent I}_- needed to oreat given value of safety factor s
on the plasma boundary to such a value of this current
qA"J/e" chp, as required for case of emall (1+

I JG,)/A *
This value chnractzri log aistortion or magnetic con-
figuration is ol =4 ﬁg%;#ﬁpdffzf"zﬁﬂgj. where Bp is po-
loidal magnetic field and the integrals ate taken along
plasma boundary contour. As it rollows from this formila
ol increases with fy when zero of B, approaches the plas-
ma boundary. Fig.3 shows that ol can vigibly exceed 1.
The dependence o((ﬂ,,ﬂ) turns out to be slightly sensi-

tive to the valus of 0,_- ag well a8 to current and pressure

protiles at least in the reglon whore of viaeibly exceeds
1. Such a benaviour of ol(py)leads to the essential quan-
tity P =8T<P7 /B = Byol’eeh®n, /A% 1 stron-
gly increasing nonlinear function of fy(with q fixed) as
Pig.4 shows. The equilibrium turms out to be possible at
rather high Pre
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4. Muknovatov V.S., Second Joined Grenoble-Varenna Inter—
national Symposium on Heating of Torroidal Plasma, Ita-
1lia 1980,
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TOKAMAKS WITH A FREE BOUNDARY

J.M. Akkermans and J.P. Goedbloed
Association Euratom-FOM, FOM-Instituut voor Plasmafysica
"Rijnhuizen", Nieuwegein, The Netherlands

ABSTRACT. The free-boundary problem for a high-g tokamak is discussed.
Analytical results for free-boundary equilibria are presented. With re-
spect to external kink mode stability 5t is suggested that the Kruskal-
Shafranov 1imit is no longer a strict limit at high beta.

INTRODUCTION. Previously, high-g tokamaks have been mainly investigated
within the context of fixed-boundary models in which the plasma cross-
section is prescribed (e.g., [1]). This Teads to a linear, but il1-posed,
problem. .An approach closer to experimental reality is to ask for the
shape of the plasma cross-section inside a given conducting shell. This
fr'ee-hu-:'undary problem is well-posed, but non-linear. In this work we em-
ploy a surface-current model, together with the high-g tokamak ordering
B ~ e. An exposition of this model is given in Refs. [2] and [3]. Due to
the high-g tokamak ordering the free-boundary problem can be reduced to
a two-dimensional problem in which Laplace's equation has to be solved
in the vacuum region subject to the condition that the cross-section of
the wall and the (unknown) cross-section of the plasma are both curves
of constant flux. The influence of the wall shape is investigated by em-
oloying the technigyes of conformal mapping. These techniques, combined
with fast Fourier transforms, yield highly accurate numerical solutions
for the equilibrium; examples are found in Ref. [3]. Here, we demonstrate
that the high-8 tokamak approach provides the opportunity for fruitful
analytical work on the free-boundary problem. Furthermore, preliminary
results of the stability analysis are shown.

EQUILTBRIUM. Analytical solutions for the free-boundary equilibrium can
be found by combining conformal mapping and Fourier analysis with a pow-
er series expansion in terms of A, the toroidal plasma shift. In this
way solutions up to third order in A were obtained. For circular walls
the solution is a shifted circle in first order in A; in second order it
is a shifted ellipse. In third order the plasma becomes D-shaped. An ex-
ample is given in Fig. 1, where the numerical solution (full line) is
compared with the first-order (dot-dashed line) and second-order (dashed
line) -analysis. The maximum deviation of the third-order result from the
numerical result is about 2% (for clarity the third-order result is not
shown here). In Fig. 2 a comparison of numerical and analytical results
for. the poloidal beta as a function of the plasma shift is given for two
different plasma half-widths a. The ;traight dot-dashed line represents
both the first-order and second-order results. It turns out that the el-
lipticity of the plasma does not influence the poloidal beta directly.
Furthermore, it is seen that the analytical results are particularly
good for fat plasmas.

For non-circular walls we have considered shapes slightly deformed
from a circle (where the deformation must be small, but is otherwise ar-
bitrary), for which a simple conformal transformation onto the circle is
known. As expected, the wall deformation influences the plasma shape in
leading order. For elliptical walls there is the foﬂuw‘ing simple ana-
Tytical result for the poloidal beta:

_ 2% 1 2
a8, = 2 [143eqn (1+02)] . n
where Ewall is the ellipticity of the wall “Ewahl Lo “Eua‘l‘l is the

ratio of major and minor axis). It appears that elongation of the wall
(and, hence, of the plasma) increases the poloidal beta in combination
with the toroidal shift. With respect to the plasma shape it can be re-
marked that for fat plasmas the ellipticity of the plasma is larger than
that of the wall, even when neglecting finite-beta effects.

We have also investigated the influence of surrounding the plasma by
‘a region with force-free currents instead of a vacuum region. In this
case one has to solve Poisson's equation in the region between plasma
and wall rather than Laplace's equation; the inhomogeneous part repre-
sents the strength of the force-free currents. It turns out that the po-
loidal beta of the equilibrium is strongly, increased by the introduction
of force-free currents. For a circular wall the result is

ach = TEn [Za+ r(l-azj]. (2)

where I' is a constant representing the strength of the force-free cur-
rents (I ~ 1; for vacuum I' = 0). Regarding the plasma shape, force-free
currents provide a stronger coupling between wall and plasma shape than
a vacuum does.

STABILITY. Stability results for the free-boundary equilibrium of a
plasma surrounded by vacuum inside a wall of circular cross-section are
compared with previous results of the fixed-boundary model 4] in Fig. 3
Through the influence of the wall the unstable region for external kink modes

is restricted to the range a2 <ngq® <1 at low 8. When B is raised this re-
gion shrinks, as opposed to the situation in the fixed-boundary model
where the stability becomes worse at higher B. In the latter model this
leads to a well-defined maximum value of B where the stability boundary
intersects the equilibrium boundary associated with the incidence of a
separatrix at the plasma. In the free-boundary model complete stability
obtains above a certain minimum value of B, which is well below the equi-
Tibrium Timit associated with the development of a region of vanishing
poloidal field. We conclude that the Kruskal-Shafranov limit is no long-
er a strict limit for stability with respect to external kink modes when
g is sufficiently high.
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third-order (dashed line) for ae By; circular wall.
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THE SHEAR EFFECT ON STABILITY OF BALLOONIRG
WODES IN CLOSED MAGNETIC TRAPS

A, B, MIKHATLOVSKII

KURCHATOV INSTITUTE OF ATOMIC ENERGY,
MOSCOW, USSR

Ve Ve DEMCHENKO

INSTITUTE OF PHYSICS &TECHEOLOGY,
UKR, ACAD, SCI, , KHARKOV, USSR

In paper/1/ideal ballooning MHD~modes of a tokamak
were investigeted to an approximation of & null shear,
In the glven report,as opposed to/1/,we shall assume
the shear to be & finite one and investigate the influ-
ence of the shear on stability of ballooning modes both
in tokemaks and in more intricate toroidal trapa,inciu—
ding the traps with spatial magnetic axls,In this report
we apply the methods of analyzing ballooning modes in
the tokamak with shear proposed in paper/2/ and then
improved for the case of the tokamak with a finite shear
and moderate plaema pressure in paper/3/.We generalize
the method of paper/2/ for the case of traps with an
arbitrary form of magnetic axie,

Similarly to paper/2/,instead of angular variable B
(as 4n/4,5/,the coordinate system 0.,9,9 is used with
straightened magnetic field lines) we introduce the
vnr!.ahl-\a-hoaa meaning was @xplained in /2/,Then we
shall present radisl d:lupluomentl,in eiconal form }=
-y qu,‘g *’?(n,tﬂ,q),where HoyP-slowly chenging funetion
of angular varisbles,q, is a safety factors
1. Jokamak with circular magnetic surfages(MS),According
to .averaging scheme for the equation of small oscillati-
on proposed in paper/4/for an average part of function
'F(n'\.a ¢) »sinilar to equation(5,21)of paper/5/,we derive
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L.%,g-yg the prime is the derivative onaq, ,& ~the value
characterizing the ellipticity of MS, % is the equilibri-
un displasement of MS,From equation(41)it follows the
required oriterion of ballooning modes stebllity:

(S 2p Rt s
F(6-5) ranl-pt-8)>0, &=~ —iﬁ“ y b= -‘T'M, @
- u

M-'i.i.(:y,"‘- 1‘.,2)_ B Ay Y L ‘

o) Ry Ca T

o W
_—.(-—-.-'L) .'.T\usr“ ;)(&;; ) = ___C\-\,_-‘,_ —%—LE)&ZQ&")]
In the case of parabolic pressure profne we have/5/:

V=thapy, a=dbaps, Ta=Gaf Bk, b= chalR,

where&,:y_]‘g:m;,,]a_ ~plamma pressure at the ccntrej‘m-

poloidal megnetic fleld at the shell,From inequality(z)
Y
a-tv:‘l it follows that instability arises at)pﬁ U! s

“2.Ballooning modes in the traps with a spatisl magnetic
axig, There are some experimental reaaltal&/ni;tqsting
realizetion of theoretically predicted effects/7=9/ of
plasma selfe~stabilization,In paper/7/a helical column
was disoussed, in papers/8,9/=the traps with an arbitra-
Ty form of magnetic axis,Both in/7/and/8,9/the pertur=
bation of Mercler type were investigated,In our report
the stabllity of three=dimensional ballooning modes 1s
being examined.

According to our calculations,in the case of simple
plasma configurations with a spatisl magnetic axis-a he-
lical column—~the eriterion of ballooning modes stabili-
iy takes the form:

% aeGon 22 W— - Ja v ) -%«.‘&d\ W, O

a2V (2 3 3) S phayeyp it e

T - )|

PR, gy RIEY b, =r 0, b o, W2,
v, and b ~radius and step of magnetic sxis which hes a
form of a helical line.At parabolic pressure profile we
derivs from(3):

L A% potetymy [tk 2t 5 s SRR K- B0

A3 ¥ Re
whernh.TT::-. Inthe ahaencn of longi tudinal current

(}L_‘-O)ws hara 0(‘) @.@ oMercier criterion in this case
givesh,%u”.) «Thus, for currentless traps with a spatial
megnetic axis the ballooning modes are more dangerous
than Mercier—-type perturbations.Howaver,due to plesma
self-ptabilization effect these modee are also fourd
to be stable if plasma pressure is rather high,
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THE RESPONSE OF ELECTRONS TO LOW-FREQUENCY MODES

T.J.Schep, A.Abels-van Maanen, B.Braams, F.Pegoraro'
Association Euratom-FOM, FOM-Instituut voor Plasmafysica "Rijnhuizen"
Nieuwegein, The Netherlands

We discuss analytic approximations to the non-adiabatic responses of
trapped and circulating electrons to unstable, low-freguency modes in an
axisymmetric, toroidal configuration and cempare them with numerical cal-
culations. We employ flux coordinates (.8 ., ) with Jacobian J. For
large toroidal wave-numbers, any perturbed quantity can be written as1 :2)

£ = £(5,0) expl-imuin"(c-ffqm')l,‘m'th

e
£(S.8) -[ '-2%[ £ (8+2m)expi(-2m +a)$ , m
T

° being the tnrcﬁdal moda number, S(¢)= n°(g- q )s G = (2n)'6 dog , q =
JB fR, q a re'rerence rational surface and o a continuous eigenvalue.
Emp]a_ying th1s mode representntinn. the perturbed electron density is N
(a) et (e) Waa A
= s [l-—]w ORI @)+ @] @
e
where w_  is the dr%ft -frequency. The potential ¥ is related with the

parallel component of the pe:turbed vector’ potential according to (-iulc)A"
= (B/B)-V¥ . The responses "T.C' are obtained by expanding the distribu-
tion function in harmonics of the orbit periodicity and by integrating
over velocity space. Collisions will be ignored. Although, this is not
correct near the boundary between trapped and circulating particles, a con-
sistent and continuous description of the responses can be given.

response of trapped particles is 4)

A a +n A

N, (8)=A ds‘J'I 88 [ I P WL

T (N)L . AhdALL.Bo x(8'+2m) 2 1 (8) +x(-8 +2mm) = ]T{Bﬂi)]s 3
where Alu) =-[m"(21r“\f¥h)[ 1=, /u) (1-3/20)+ (e, I’m)a."aéi .y » prime quan-
‘tities are taken at 8=p', A is the pitch angle var1ab'|e, Bu=B(1w], A

B/B(r), R = min(B /B,8) , L= (1-\8/B Jh k- a4, and
1.(8) = -u:h Ld:exp(-ﬁt’) Lp Z(m-pﬁht)_ cos 2r pB (4)

Here, 8 = (T-T']/Tb.\'=t(5) is the parametric time along a particle or-
bit and T~ 2/t c'ub[ﬂ) the bounce period. The response of circulating
particles is < 51 in

“ (3) = Afw) “dB'.J' ; :ﬁ E;§(§+awg] i (5)
) Ladh s 3s
where i

-~ o
Ic[g)a-atr‘:’texp(.étx)I J ds.ml_Ih.(EfP_)B_ (6)
et

m—(Sfp)w £

with 8 = B4m-2,B= (rr' Vg sty = Z#tﬂat(ﬂ) being the transit time.
In Egs. (3)-(6) we dropped the index o and neglected the magnetic drift
fv_-equency. -lT and lc can be evaluated by summing over the orbit perio-
dicities. This brings them in a form suitable for both numerical and ana-
lytica'i calculations. Using x = (S+p)t instead of S, and performing
_the x-integru‘by contou; integration, Ic can be written as

1.(8) = 2mi J dtt” exp(-6t+ialpm-2|t™), a = Z/a, (7)

o
Usimg Fourier transforms, the sum over the resonant denominators in [.r

can be converted into a sum over exponentials,
+m =

Ife) = 2ol | L"‘ £ exp(-6t2+ialaen|7),a = 2mafy  (8)

Small values of n correspond to large p in Eq.(4) and viceyersa. At the

boundary between trapped and circulating particles, i.e. at A = Ab y a™®

and g = 0 , provided 6' and/or 8'= + m are excluded. The quantity a|g|
remains finite and is continuous. An application of the saddle-point method
shows that the terms with m £ 2 and n # 0, in Egs.(7) and (B) respec-
tively, as well as all terms in the series for IT(BHI'Z), vanish exponen-
tially with a += even for real frequencies. We conclude that the trapped
and circulating responses are continuous over -the boundary Yayer and- are
given there by the n = 0 term in Eq.(B).

In the linit of infinite aspect ratios, i.e., e + 0, aa :;* but
remains finite for trapped particles for all values of A . Consequently,
the trapped particle response vanishes exponentially as e -»n . By con-
tinuity, the circulatmg partic]e response vanishes at A = Ay - In this

limit alg| = (m!w Y-8l (1-A) lwanar'e wy o (A-O! Since l:e)

—

depends only on 6!a|s|, 3/as can be converted into 3/3A. Then the inte-

gration over A in Eq.(6) can be performed and yields
- e

b e o

where s = 1 (A-ﬂ) For small values of its argument, 2z =(aialj\=a .

2"12

cu,fu |e-3'| the kerne] [ can be expanded

(2ni) ' 1g=- +ﬂ+—é:‘]lw/2-'-"t6! 2 ) -ineds- e(l-wy)f {10)
This appraxlmatwn is accuz—ate for localized modes. The exact ls calculated
from Eq.(7) is plotted below and compared with approximation (10) (dotted

curve) to fifth order in z.

° T T T T T a T T
af 4 al
af 4 al

Im I /wi

Next we turn to toroidal geometry and consider modes that are localized
such that only the m = £ term has to be retained in Eq.(5) and have fre-
quencies smaller than the mean bounce frequency of a deeb‘l y trapped parti-
cle. Then, a|g| is small for all values of A and 31 fas can be expanded

1“

a1 (8)/as = f(al8]) = 'T + als|+ {3-3ysin-2ea(s? ala])] (1)
The trapped particle response cannnt be approximted either by the p =0
term in Eq.(4) or by the n =0 term in Eq.(8), as shown in the next fi-
gure where partial sums over p are plotted for circular cross sections
with e =0.1. In approximating a1 /as we split the interval of inte-

i ,@). In each of these intervals the

3)

gr'ation in Eq.(8) into (O,w !) and (T(
sum of the integrals can- be appruxmated and we obtain

al_(g) ia2 : ia?

T 35 _a  fa'l | ag..m _m 1at

2 - flalsl )+expl |{ FyRs {61“5 = 1 ln B+% 2}* %

. (12)
I S Zadpd
- % I E"_SFZ;'_P"' -% [3-3y+ im- 21n(6!a|el)l}
p0
a[}.(Bﬁ-i] ’1a5 } .‘.,m “-_“-a_“!_ Jar [ B'-—
38 HED 5 .16
n 28

(13)

| da? [ cosZn p(ﬁi—‘}
2n p=l

In the last figure, 3I_;/3§ from Eq.(12) is given as a function of A to-

gether with the ex::t expression from Eq.(8). The expressions (11),
(12) and (13) represent the particle responses surprisingly well, even if
an= ZW'EIb is not small for the chosen value w /Qh(-'\ﬂ.'l) = 0.2(].8)3.
The responses are continuous and have a sharp variation in an extremely
small interval of A . This behaviour would be smoothed out if a small col-
Tisionality were included in the theory. The contribution of circulating
particles is mainly imaginary, whereas that of trapped particles is mainly
real. The integration over pitch angle leads to a logarithmic singulari-
3 enllgl=[}| 1in the kernel of the trapped particle response (3). Si-
milarly to the plane slab case, this singularity is related to particles
with vanishing paralel velocity, and, in toroida) geometry, is due to

trapped particles near their turning points.

gpo opi =i ,L 8=0 8'=n/s 3
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CONVECTIVE RIPPLE TRANSPORT OF IONS AND
ELECTRONS IN A TOKAMAK

A.V.Gurevich, Ya.S.Dimant, Yu.N.Dnestrovskij,
D.P.Kostomarov, A.P.Smirnov

Kurchatov Institute of Atomic Energy, USSR

Due to the rippled structure of the magnetic field in
real tokamaks, the effective mechanism of particle trans-
port arises. This transport is due to the drift of a spe-
cial group of localized particles trapped in megnetic rip-
ples [1]. Owing to the strong dependence on the en«rgy,
thie transport through the Coulomb collisione leade to the
distortion of the distribution functions of all the parti-
cles. The ripple trensport mey become important for energy
and particle balances in tokamaks. In up-to-date tokamaks
the electron ripple transport gets the global convective
type for energies W)Wy , where W [2] is ~ 10420 keV.
The seme quantity for ions is (m‘/mu)vsxs times leas
than that for electrons. For tokamaks with today's tempe-
ratures, and especielly with thermonuclear ones, this
transport may play a very significant role. The theory of
the convective ripple transport has been developed in pa-
pers [2—4]. Simplified kinetic equations for the distribu-
tion functions of paseing, trapped and localized partic-
les have been obtained there taking into account the
drift of the latter across the magnetic surfaces. The most
general and complete consideration of the problem has been
made in [4].

In this paper we present the results of the numerical
calculation of the distribution funotions of ions and
electrone which is bessed .on the equations [2] where the ra-
dial electric field and the variation of the relative rip-
ple depth S along the drift trajectory are not taken into
account. In future, the authors plan to generalize these
results.

The results obtained here sgree,in the main,with the ex-
perimental ones both for electrons [5] and for ions [6].
The parameters of the tokamak T-10 have been used. Note
that the winding naturs of the megnetic force line leads to
an effective decrease in the depth and even to local disa-
ppearance of the megnetic ripple wells. In T-10 the ripple
distribution is of such a type that the inner part of the
torus is practically free of ripple wells.First,we consider
the results for deuterium ions. Fig.1 shows the distribu-
tion functions of trapped perticles in the symmetric case
(a) and in the absence of the transport in the inner part
(b) versus the energy for different values of an adiabati-
cally-invariant variable S:(l*%cgse)siﬂa}f [2], where Q40
is the minor redius of the given magnetic surface, R 1s
the major radius of the torus, 9 is the poloidal angle,
and "x:l.a the pltch-angle of the particle. The dashed line
represents the initisl Maxwellian distribution. Here the
rise of the distribution function tail with energy W for

wg 3 keV mey be meen, [n Fig.2 the quantities Mara

fmax(W)
plotted for the cmses corresponding to these in Fig.1(a),
(b) for different energies. There is & marked asymmetry in
the second case. Fig.3 shows the ratio between the looali-
zed particle distribution functions above and under the

equatorial plane of the torus (drift is upward) against S

B-13

in the case (b). Theee distribution functions are averaged
over the permitted range of the magnetic moments inside the
ripple.

For electrons we must not neglect the longitudinal =lec-
tric field since it leads to a strong distortion of the
distribution function. The computation of the distribution
function for the cases of electric field without the ripple
transport hes been made in Ref.[7]. The electric field leads

to the increase in the distribution function tail, even in

the trapped region. When there is a transport in the ripples,

the distribution funetion tail rise leoks like
that tranaferred from the centre to the periphery
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COMPUTATION OF PLASMA EQUILIBRIUM IN TOKAMAK WITH
IRON CORE.
Yu.N.Dnestrovskij, S.V.Tsaun
I.V.Kurchatov Institute of Atomlc Energy,
D.P.Koatomarov, A.M.Popov
Moscow State University

Moscow, USSR.
The numerical computations of the plasma equilibrium

in tokamak with the iron aore transformer for different
discharge stages dre described [1,2]. The equilibrium
otate is determined by the conductors position, ite curr-
ents, /3: -value, and plasma current distribution. The cu-
rrents in the toroidal conductors creating the poloidal
fields are investigated for different moments of discha~-
rge in T-15 device. Let z,49,Z be the cylindrical coo-
rdinates with Z -axis along the main axis of torus. Sp
is the plasma cross-sectlon region, Sﬁi the iron volume
crosg-pection by the median plane, [ is the external and
X is the internal boundaries of S ¥ Svie the va-

cuun region, I, is the total plasma current, 1(are the
stationary currents.

The system of equations for equilibrium has the form:

2 ( t—%)Jr ? (__f__. 'a_‘Pg_DEO’(Sﬁ‘)

#*
A= a7 \Taie) H(B) DE

T
-2

A== v ks 0% (S)
v 3 I8 (20,2 ), Y<d, (5

v lr =L
where ‘l_|) ie the pnloit.ial flux i‘nnction,/.{(s)ia the iron
megnetic permeability.

The equilibrium im numerically integrated bythe "mat-
ching" method, which includes the following iteration
process. Two first boundary probtlems inside the plasma-
vecuuw region and S;Iregion with the boundary conditinnlf:}
arc solved for every iteration step(m is the number of
iteration). Punction is determined from "finite conduc=
tivity" condition on ) vacuum~iron boundary:

T R T i S

Every problem?‘;';lclved/‘{:(ye‘(;zi?endiffe;zngu m.ethuﬂ.a. In
T-15 device there are 62 current windings packed in
4 section pairs (1-‘5.3.1 ). The first section with a total
current I, form the main dipole component of the vertical
maintaining field.The second and the third ones, with the
currents Iz i Ia, basically form quadrupole compo-
nent of the poloidal field, which d=fines plasma cross-se-
ction form and decay index ﬂ:-%i'%—ng. needed for the axi-
pymmetrical stability. The fourth section with the current

L is an inductor.In quasi-static simulatiom of
the discharge,we suppose the functions IP(*). Im. /35“-).
corresponding to experiment gcenario. Fig.1 presents equ-
ilibrium level lines 1|J = const in the initial part of
the discharge, when the plasma current has not reached the
flat top. In this stage, the inductor current and the pla-
ama current have the same directions. In this cnae,l'fn.ﬁﬁg
I‘=-0.1¢5; I_;;ﬁ._"; _".J:O.#OE; /E,: =0.12. In this calculations

we suppose the quasi~ parabolic plasme current distribu -
tion: Sf‘” \-5(’ . The iron transformer core is suturated
/w-rg. The external part of iron is unsaturated./u...llmo
in this case., In Fig.2 the equilibrium level lines
\.\) =const are shown when I =1.4; T,=-0.8; I,=-0.3;
13=-O.3: I4=—D.342; j}asoJ. This calculation corresponds
to the moment when plasma current has the stationary va-
lue. The following figures present the different parame-
ter dependences. In Fig.3 the magnetic axis position R
of equilibrium plasma is shown depending on the currents
I when I,=-0.05 value is fixed (curve I), Iy=-0.2
(curve II), and the currents I, when I1=-0.675 (curve
III), I1=—G.B (curve IV). The calculation correaponds
to the discharge moment, presented in Fig.2. In Fig.4
the plasme ellipticity dependences in equilibrium are
shown on current values in (I} section (curve I) and
(II) pection (curve II), The equilibrium corresponds
to the steady state plasma current velue presented in
Fig.2. The celeulations allow us to determine the
time dependence of control currents needed for equi-

librium for given tokamek discharge scenario,

References
1. R.Aymar, C.Leloup, M.Pariente -
Report UER-CEA-FC-821, 1977.

2. E.N.Bondarchuk, N,I.Doynikov, B,S.Mingalev,
zh, tekh,Fiz., 47, p.521-526, 1977.

Tig.1 Fig 2
Re) lx
7
5 1 I
i &
24 I
I
r
| e g2 03 -1l,(m) of 02 03 ~IL{na)
0 i - I, (Ha) o 1 -I,(ma)
Fig.3 Fig. 4




PARTICLE DIFFUSION AND ENERGY BALANCE SIMULATION
IN A TOKAMAK

Yu.N.Dnestrovkij, S.E.Lysenko, S.V.Neuda-
tchin, G.V.Pereverzev

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

D.P.Kostomarov

M.V.Lomonosov Moscow State University,
Moscow, USSR

‘It is known that in tfokameks the particle confinement
time is considerably shorter than that one could expect from
the neoclassical theory /1/. This fact shows an anomalous
character of the particle diffuslon process. The cxperiments
at ALCATOR /2/ show the anomalous pinch-effect also, though
the experiments at other devices do not support this con-
clusion /3/. Until recently, there were no sufficient amount
of experimental data for a reliable determination of the
transport coefficients. The difficulty of the problem is
in the fact that several processes are responsible for the
formation of the particle density profile and the main mour-
ce of particles is extremely skinned. The equation of par-
ticle balance has the form

B AL R )]+ P Py

where Y\ is the electron density, D is the diffusion
coefficient, U, is the pinch veloeity, P is the in-
flux of electrons due to ionization of neutrals and impu-
rities, me describes the effect of MHD-mixing.

It is too hard to determine the values of separate
terms in (1) from the steady-state measurements. It can be
done more precisely in some nonstationary processes such
as pulsed gas puffing /4/ or MHD-mixing. For describing
MHD-mixing in T-10 device we used the model /5/ with the
transport ooefﬁlebiente g:l.ver'la in /4,6/: o :

D= ‘{.lO/h (CM'/S) , U'P=-U;: (2

heo

where v, is the neoclassicael pinch vnlgacity. Some
radial profiles of particle fluxes [:D'—"D@'%, (;=m:P
are given in Fig.1 (n(u)=2.10130m'3). One can see that
near the axia ||« |r"P[ so the saw-tooth densi-
ty ocsillations are mainly determined by a drift flux r;
The source [ term is small near by the center. Compa-
rigon of the calculations made with the experimenis
shows that model (2) describes the regime under study
fairly well.

Simulation of a discharge in T-11 based on the ideas
presented with the heating of plasma by a fast neutral
beam (0.6 MW) and with a simultaneous rise in density due
to gas puffing /7/ was done., The behaviour of averaged
plasma concentration in time and plasma density profiles
are given in Fig.2 and 3. One can see that at a time
t=45 ms the experimental and computed profiles are quite
similar. An average density continues to rise in the
experiment but ‘it reaches saturation in the computations.
This fact can be explained by an increasing role of the
pinch-effect. It ocould be alsc Lhat,in this regime ,’U'P
is slightly larger than 25 "%°

The preceeding results are related to the experiments
with moderate electron concentration (i £ 10'%em™3). The
situation is changed,if we use the greater values of
density, The experiments with the pulsed gas puffing at
a high density have been carried out at the FT device
in the regime with parameters: stao kg, I=400 kA,
a=20 cm, Some experimental dependences of an average
density 1 (%) and the radiml density profiles for
the shots 3335, 3337, 3338 are given in Figs 4 a,b.
Simulation of this process results in the necessity
of increamsing the modelling transport coefficients

in comparison with the values (2). The best results
which are also given in Fig. 4 a,b have been obtained
for a model

neo e
D:j(}_ 1f='UP (1_+%> s

P 5 ) F .

where n = 3.5 . 10‘3cm'3. These formulae are applicable
for the description of a deuterium plasme diffusion in
the density range 2.1013._/_ n

n <£2.10%en™3,

The suthors wish to express their appreciation- to
the FT-team for presentation of the experimental data
before publication,
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WUMERICAL SIMULATION OF THE PLASMA COLUMN BEHAVIQUR
AT THE EQUILIBRIUM CONTROL SYSTEM OPERATION IN
A TOKAMAK WITH A HIGH FIELD AND ADIABATIC
COMPRESSION

Yu.V.Gribov, V.A.Chuyanov

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

Yu.V.Mitrishkin, L.N,Fitaner
Institute of Control Sciences, Moscow, USSR

Abstract, A numerical model is proposed which allows

to check up the quality of the tokemak plasmn equilibri-
um control system. The operation of the relay control sys-
tem in the tokamsk with high field. and adiabatic compres-
sion is considered. The possibility to simplify the mathe-
matical structure of the model describing the plasma column

behaviour is studied.

The paper aims at checking up the control system qua-
lity and optimizing the algorithm of the plasme equilibrium
control /1-2/ using the mathematical model of the object
allowing for the real tokamsk winding and vacuum chamber
design, The vacuum chamber of the tokamak with high field
and adisbatic compression has no insulating meridional
joints and the varying poloidel magnetic field generate
in it toroidal cur®ents. To calculate these currents the
chamber has been devided into )2 ring elements symmetric
in regard to the Z=0 plane. The currents in an inductor,
compression winding, control winding, chamber elements and
plasma column have been found by solving the set of equa-
tions of the following form: N

1‘ R -+ A—-(ZL ‘ I): E_(‘L) (1

b At < ¢ L

where 1; is the current in the i-th circuit, Ry and Ey
are the corresponding electric resistance and applied
E.M.F., respectively, Il L“'kl is the inductance ma-
trix, N-is the number of circuita. Eg.(1) should be sup-
plemented with an equilibrium equation determining the
plasma column position. The equilibrium equation is
written in the limit of a circular, thin column /3/
and has been solved simultaneously with Eq.(1). When cal-
culating the mutual inductence for the plasma column and
the rest of the toroidal currents and also the vertical
magnetic field controlling the plasma column equilibrium,
the real plasma column dimensions and the poloidal mag-
netic field distribution on the plasma boundary have been
taken into account,

In the paper the results of simulation of the plasma
position control system operation before the major radius
compression are presented. Since a higﬁ-powar output de-
vice is required for the device in question, a relay
control system is supposed to be used. The assumed con-
trol winding parameters were as follows: electric resis-
tance It = 1.8 x 1072 Ohm, inductance L = 4.9 x 10°% H,
E.MF. E = % 2.4 kV. The calculations have been perfor-
med for the 480 kA plasma current. In the relay system
operation studies the control signal of the output device
hap been chosen in the form Z2 = § + k :l‘—i , where
5 is the plasma column displacement from equilibrium,

k is the numerical factor. From the point of view of the

reduction of the plasma column oscillation amplitude, the

optimal value of the K term appeared to be approximately
equal to the time of the current dipole component dam-

ping in the chamber.

The consideration performed has shown that the chosen
relay system allows the effective control of the plasma
column ploaition at any expected slow variations of the
plasma paremeters (with the characteristic times larger
than 10 ms) and at fast disruptive instabilities with
the FJ values varying less than by 0.5. In this
cage the amplitude of the plasma column displacement was
less than 5% of the column major radius value.

In order to synthesize and analyse the optimal equi-
librium control syetem and to reduce the time spent on
the control numerical simulation the possibility has been
studied to simplify mathematical structure of the model
describing the plasma column behaviour. To realize this
the E.M.F., jumps have been applied to the control win-
ding as follows:

+E,, 06 tet, ~E,,0&t4t,
‘Eo,‘L)Lc +Eo,{'—>£a

whish differed by the switch instarnt to, At t= 0

and E

the chamber current was equal to zero. The calcula-
tiona have shown that the resulting phase trajectories
in the (s, I ) plane (5 is the plasma column displace-
ment, I the control winding current) do not inter-
sect at the input signals of the same sign. The situa-
tion is adequate to the behaviour of the phase trajec-
tories of a set of two first-order linear differential
equations. So, to determine S and I one may substitute
20 nonlinear differetial eruations of get (1) by a set
of two first-order linear differential equations,the coef-
ficients of which are matched according to the condition
of colncidence between its phase frajectories of model
of controlled object. Typical phase trajectories are
shown in Fig.1 (the asterisk labels trajectories obtain-
ed using a complete numerical model).

The coefficients in the approximating set of diffe-
rential equations- depend on the ‘53- and Q;_ plas-
ma parameters eand vary within the range 20 to 30%.
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TRANSPORT CALCULATION IN A TOKAMAK WITH
ADIABATIC COMPRESSION

0.P.Pogutee, N.V.Chudin, V.A.Chuyanov

I.V.Kurchatov Insiitute of Atomic Energy,
Moscow, USSR

Abstract, A one-dimensional model which is used for
the transport simulaetion in a tokemak with adiabatic com-
pression is described in this paper. This model allows to
follow the evolution of a plasma discharge, ineluding the
breakdown, initial stage and the compression along the
major and minor radii. The resulte of numerical calcula-
tions have shown an essential increase in the energy con-
finement time with compression aleng the minor radius.

The following set of equations is adopted for the
transport calculation in a tokamak with adiabatic
compression

%: (x—%)na,%g?rﬂg.g +5nn-Ryen’ (1
adg-ﬁ:’—t‘g-’_"ﬂ“g_gﬂ —-Sﬂﬂﬂ-l'RKh! (2)
3dPe_5/y R T 58 (3
350023 (- P)Pert ErlKedle, JTDRA] L Qe - W

b, g(x-ym;%_r{mgg%mgﬁ] el

(4)
+3snnala —3Rn"Ti

dR_13 Ta
3B {310 3D 3]+ s
-%Shﬂ“Ta. +3_Rxﬁ'm {5)

di . 2 2
r=(r-R)jee g 122 d¥ (8)
where %:%Hr =2 Yr=¥g o U= ?g'{él » Q;, describes
the electron-ion energy exchange, ch and W denote
losses due to charge exchange, ionization and radia-
tion. The other notations are generally accepted.

This set of equations is the generalization of
one suggested in Ref./1/ and used for calculating the
particle and energy balance in tokameks /2/. The neo-
classical coefficients are employed in the set of equa-
tions (1)-(6) for the ion thermal conductivity,and the
anomalous coefficients corresponding to the Alcator sca-
ling are used for diffusion and the electron thermal
conductivity. It has been adopted that the transport
coefficients can't be greater than the Bohm's values.
The diffusion approximation is used for the neutral
atoms. Boundary conditions are fixed for n, T, T;
and Ta' The neutral atom density is found from the
condition of equality between Uhe plasma flux and
the neutral influx. The current density is deter-
mined from the external cicuit equation

2R 4 L [We+ £I] = 0 n

The changes in the toroidal magnetic field and
the major plasma radius with time ere given to des-
cribe the compression., An effect of the system geo-
metry is taken into account by a change in the minor
radius of the chamber. The detaila of the model can
be found in Ref./3/.

The calculations have becen carried ouc for a plas-
ma with the average density fi=2.5 x 1013em~>. During
the initial stage the plasma current rises up to I=400kA.
After ohmic heating the toroidel maegnetic field is in-
creased from 2 T to 5 T within 10 ms, Then the plasma
is compressed within 10 ms by the poloidal field elong
the major radius to R=42 cm,
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The main results are represented in Figs.1-4, where
the computed electron and ion temperature profiles and
those of electron density are shown. The ecurve 1 illu-
strates the profiles before compression, the curves
2,3 - aftfer the compression along the minor and major
radii. The computed plasma parameters for the central
region are in a good agreement with those which follow
from the adiabatic compression law. A rise in the cner-
gy confinement time is a self-consistent effect of the
profiles which cannot be taken into account in the zero-
dimensional model /4/. Figure 4 shows an evolution of
the energy confinement time with different compression
velocities along the minor radius. Curves 1-3 corres-
pond to the compression times T¢ =10,20,40 ms., The encr-
gy confinement time risc occurs due to plasma compres-
sion and a simultaneous expansion of the region in which
the electron thermal conductivity is limifed by Bolm's
value. Therefore, a partial closing of the electron
channel of losses (the main one) tekes place.
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THE USE OF NEUTRON YIELD MEASUREMENTS TO STUDY THE SLOWING DOWN
OF_MeV RANGE CHARGED PARTICLES IN JET

P.R. Thomus and W. Core

JET Joint Undertaking

Abingdon, Oxfordshire 0X14 3 DB
United Kingdem.

In order that & d-t plasma should ignite, it Es necessary that
the 3.5 MeV a-particles produced in the fusion reaction deposit their
kinetic energy in 1h=‘p]nsmn. When the slowing down is classical the
power depueition is by coulomb collisions. The plasea is then heated
by the fusion reactions, and ignition can occur when the energy con-
finement vime is large enough. On the other hand, if the a-particle
energy is converted into plasma waves and lost or the a-particles are
created in loss orbits then there may be insufficient fusion power to
balance the plasma losses. 1t is known from experiments with neutral
beam injection that the slowing duwn of particles in the tens of keV
encrgy range is classical, and that the power deposition is that
expected [1].

The ] MeV tritons produced in the reaction d{d,p)t have a poloidal
Larmor radius which is 83% of that of d-t a-particles so that their or-
bits in ‘the tokamak magnetic field are very similar, Tritons produced
by thermanl d-d reactions have a birth profile that is little different
from that of d-t o-particles so that their trapping should be identical.
éurthurmure. their slowing down has a built in "stopwatch" since the
tritons are produced at the same rate es the 2.5 MeV neutrons from
d(d.n)iﬂe and their passage through 240 keV is marked by the peak in
the t(d,n) "He cross-section. It is proposed that the 2.5 and 14 MeV
neutron rates from deliterium plasmes should be measured, in order to

study the ;Pnpping and slowing down of these tritons.

The slowing down of 1 MeV tritons in plasmas with temperatures in
the keV range is almost entirely due to the interaction with the clec-
trons. Effects such as pitch-angle scattering and energy diffusion
cun be neglected so that the Fokker-Planck equation can be solved
analytically, By folding the triton distribution function with the
!(U,MHE) n cross-section, an expression for the ratio of 14 MeV to

2.5 MeV neutron produttion can be obtpined.

MeV
R =K nd % uETl'. "_m_(r';' (1]
ie * .I,: 3y
(" + £ ¥

Here K 4s the Lrapping fraction multiplied by the hranching ratio for
the d-d fusion reactions, '-l is the collision frequency between tri-
tons and electrons, ny is the deuteron density and Enr the critdenl
CNErgy. The dependence of R on density disuppears because v‘a is
proportional to the eleciron density. R is plotted ns & function of
electron temperature in figure 1. Al low temperatures it increases

as T, * pecause of the behaviour of the collision frequency.

Measurement of the ratio of 14 MeV to 2.5 MeV neutron yields, will test
the model for trapping and slowing down. This has already been done
on“PLT [2] where the measured ratio was consistent with equatien 1,
However, the plasma current in PLT is too low to trap all the 1 MeV
tritons so that the measurement there was most sensitive to the trapped
fraction. In contrast., JET will run with plasma currents of up to

SMA w0 that the 1 MeYV tritons will nearly all be 1fappec. Therefore
the same measurement on JET will be most sensitive to the slowing down
time of the tritons. The drawbuck with this method ig that the
absolute weasurement of the relntive yields of different neutron

groups from fusion devices is difficult because it is necessary to

use scparatc detectors for cach meulron energy.
The probability that a slowing down particle will undergo a

fusion is proportional to 0 (v)v. The ov's for the production of

2.5 MeV neutrons by 160 keV deuterons and 14 MeV neutrons by 1 MeV

tritons is shown in figure 2 as a function of time. Time has been
scaled by the time {15) it takes the triton to come to rest. g’ is
tabulated in figure 2. It can be seen that there is a time delay of

order the slowing down time between the peak production of 2.5 and 14
MeV peutrons. This time delay will be visible during rapid changes
in the plasma reactivity, An exarple of the expected behaviour is
shown in figure 3. Initially, 10 MW of 160 keV deuterons are in-
jected into w JET plasma with a mead density of 3 x 10'%x"7.
The energy conflinement time is assumed to be given by:

=33 =iy

T = 5 % 10 na (2]

The injected power is slepped up by 20% for 1 second starting at
t = 2 seconds. The effect of the time delay between 14 MeV and 2.5
MeV neutron production can clearly be seen. A pimilar effect will be
observed with hydrogen injection or any other form of additional heat-
ing. Deuterium injection has the advantages though, that the count
rate is high and the change in 2.5 MeV neutron production is very
rapid. The advantage of the method is that the slowing down time is
@easured directly. The sbsolute measurements can be used to check
that the d-d fusion rate is as expected, and that the tritom trapping
fraction is one. The processes of thermonuclear production, trapping
and slowing down of MeV range charged particles with similar properties
to d-t a-particles can therefore be measured in a2 single experiment.

It will be possible to perform this experiment with the additional
heating and neutron diagnostics that vili be installed on JET.
160 keV devterium neutral injuction will allow experiments of the kind
1llustrated in figure 3 to be performed. In addition, up to 15MW of
ICRF will permit coplous thermal production of tritoms at elevated
temperatures, so that birth profiles typical of d-t plas

& can be
atudied. The major difference between the populations of 1 MeV tri-
tons and 3.5 MeV a-produced jnstabilities and the a contribution to £
will have to await the use of d-t mixtures in JET. However, the
basic processes will have been tested in the experiment proposed here
In particular, the estimntion of the triton slowing down time will be
made using a method that does not depend on absolute measurements of
neutron yields.
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Figure 2). ov Plotted against time for fusion reactions of 1 MeV
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Figure 3) The ratio of 14 and 2.5 MeV neutron production as a
function of time for 10 MW of 160 keV deuterons
incident on a deuterium plasma. The injected power
is increased by 20% between 2 and 3 seconds. Also
shown is ‘the electron temperature.




IOCAT, NEASUREMETS OF ELBCTRON DISTRIBUTION FUNCTION AND
CURRENT IN TOKAMAK DEVISE.
CHULEOV G.N.,SKOVORODA A.A.
I.V.Eurchatov Institute of Atomic Energy,Moscow,USSR.

The spatial distribution of the electron temperature
EI:'e and the current is the impotemt characteristic of the to-
kamak plasma.There is a possivility of the loecal measurement
of these parameters by the determination of the microwave
beam absorption profile near the maximum of the electron
cyclotron frequency.The scheme of such measurements and the
coordinate system used in the cmlculations are shown on Fig.1.
The absorption of electromagnetic wave when ¢ ¢ ,i3 deter-
mired by the resonance region nesr the magnetic field meximum
along the beem direction.The dimensions of this region are:
alons the axis 02"‘3%% , 0T ~
the small dimension of this region it is possible to use the

, 0% ""&%@ .Because of

local magnetudes of plasma parameters(dencity,temperature et.a)
and to approximste the magnetic field dependence on coordi-
nates by means of following expression 3(#,?}* B.-_,(.i ——% )
In this page for calculation of absorption coefficient we

used the method of successive approximatiunﬁ].‘]!he spatial
dependence of the wave electric field emplitude is the follo-

wing g- E‘GKP[- ﬁn -%ere @ -the beam width.The sbsor-

ption cuefﬁ.cient rz is determined by the expressiona

n- 1 Ea_fdy !gxexp(i,, J(‘f"ﬂ':"g)l’e(.'E J) ™

where J_ current density exited by the wave,¥ complex conju-

gation,Re-real part,P -the stresm of electromagnetic energy.
Usine the method described in[‘l}wa obtaind 7 on n-harmonic

for maxvellian distr:.bution'

(o 23 5 i ¥ [t ) Bt
2 o(0)] [t Jgesr ) drespli $teg )]

where 9— {"'*G'xf‘cﬂs d,o(*Ma q,’j{%gwf.) (t.) M(e}

(-4 +V)E —ka(2,-2); 2 -2544{!!.9_)4&5( ,,,,(_12_)
&= FH R A=t qajﬁ—r——;,ﬁ
Pem s Ve - /2L

"‘x E-E»“‘tha components of the polarization vector(see,iof exam-
ple {#. V- collision frequency; Y% — the projection of electron
velocity on maghetic field divection.Using the expression (2)
it is possible to mnalyse the influence of Doppler effect,
magnetic field line curvature,relativistic effect and beam
width on the absorption.The expressicn similar to (2) was
analised in detsil in[‘!].'l?cr the tokamak plrsma dizgnostic aim
we can simplify(2)considerably.The absorption coeﬁlclent '?
at the tokamak conditiona anab < '&{xavr 5"((-5) ‘V) ﬁP 1)

is determined mainly by the Doppler effect.In this czse the
expreasion (2) has the folluwing form

Mo (800) = M&L&.—_Ifﬁ,(r)[ *Ulo,-w)+

Lty NCG- (23" %)!ﬁ

4??’_1%?‘)75}'(1 W) + %U’/z W) +& 1, (1 U- .,,)}

k. 200,
where ¥3 1= B W= G z *f"& % UJ*W -parsbolic cylinder

(3

funcfion[aj,nﬂn —J_ Using 1mquality]">>z_; ,which is
sust for extraordinary wave(the absorption coefficiemt for

this wave is much more then?} for the ordinary wave),
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we obtain:
irtw < 1 Q_ AQ
rl,,(dﬂ.n) n B e;r[ (‘%——1)44'- I ("'*25[1‘) G}
it W% o 0 .2 r(i)dglq
Lt
Yly.(bﬁ..) x 6;1((2!" FED )A l'(i [ éi—;@] (5)
ir W > 1

Qn(8%w) = [ (8m)A* )

"(E-)*‘zﬁ% 5 r -gamma function.

The dependence of the sbsorption coefficient f] VZ(A.Q- ) is

showen on Fig.2,The meximum velue of absorption coefficient
2 2
is equal fl'"'mu =4,% x‘;, ((z:} %L)%)A

Iir Z}"% the messurements of the absorption line profile

wal
when # .

give us the opportunity to receive the locsl magnitude of

electron temperature and longitidinal energy distribution

" function from (4).Ynen plrsma hes a systematic velocity \I'z

(becose of the current,for example) it is necessary to replace
in the expression (2) dﬂ-n on ﬂn-n 4 !P.fﬁ\;i .One con deter-
mine Vz by carring out the simultaneous measurements of
absorption coefficients in two opposite directions Kz and -K .
Tor this purpose it is necessary to use the "tail" and the
meximum of absorption line (@),

It should be noted that the runaway electrons can be
investizated by the s=me method.In the experiment the harmo=-
nie number and the anzle é iepends on the necessary locrli-~
ty,mrenetic field =2nd plesma denslty.lUsinm the lincerly

polarizate waves,which contain both extrnordinary snd ordi-
nary components,it is necesssry to take in tc account that

the dbsorption of ordinary wave is much sm=ller.It should

be noted that the reflection from reson-nt resion is small

in comparison with tbe absorption. A-A*
}@ LA Xp =—
3
A
-,I
rd
-
&
Y L7 L -
- “esona;
b 5 can
Ny \l
\{5'(; w
o) /mlﬁ{
[4] >S5

)
Tiz.1 a,b -scheme of messurements and coordinsts srysiom,
AyA*,B,B* —miorowsve horns,0-axis of tolkamak

c -chrge of n-harmonic of electropn cyclotron
frequency Whalong the microwave(freauencytd)

beam, AQ, - 4 _ ”
Medeo

ln

2 of =bsoriti
?n, Fig.2Plependence of =zbsor>tion

coe{ficient 7" on aQn

Anmax = aQn
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HZAT CONDUCTIVITY OF 2YRAFPED IONS IN
A TOKALAK
P.il. Yushmanov

I.V.Kurchatov Institute of Atomic Energy,
lloscow, USSR

'he thermal conductivity of ions trapped in a space
mmong the longitudinal field coils is inversely proporti-
onal to the Coulomb collisions #: ~5Y2wy/J;, where

vy~ ws R is the toroidal drift veloecity, §
is the ripple depth /1,2/. Such dependence remaina un-
til the distance,at which the trapped ion drifte for the
effective confinement time in a local trap Zegp ~8/¥,
does not exceed the characteristic size of the oystem
non-uniformity. Evaluwting the non-unitformity size as a
(idier radiuc of the torus),Stringer has come to the con-
clusion thet the thermal conductivity type %, ~V*
is true dowm to the considerably lower V; than those
obtained in fusion facilities /1/.

In ‘many tokamaks tlic minimal non-uniformity size for
the trapped particles is not a but zo - vidth of a zone
in whicih the local magnetic traps do exist.

The loecal traps are produced only in the range (see
Pig.1)

12/< %, =8[R,2,) Ng R, (1)
where 1T is the number of the longitudinal field coils,
a is the safety factor, R is the major rndius of the to-
rus. b’ubétitutiﬂg. for example, the parameiters of INTOR
R=5,2 m, g=1, H=12, B=0,3% one will obtain Z = 20 cm «a.
Therefor:, the condition for applicating the thermal con-
ductivity type ¥: ~ ,)‘," is conaidered to be UyTep« Z,

or
v »v°= 12w, K’g M. (2)

Wot fa=0

Wn/w.-'o,f
i AR o2 Tes ‘i”!

In the opposite linmit case of very low colllaion fre-
quency v ¢eV® , tie trupped ions drift along the ver-
tieal without collisions. iliey do not leave the vessel,
but naving passed the distance —~Z. , they enter the re-
gion without any magnetic traps. Returning along the line
of force, tliey move nlong the closed trajectorics shifted
oY arEEtie from the magnetic surface. Taking
ints asccount week collisions one evaluates the thermal
couductivity ¥; n-//\ﬁ“‘/'r’.’f-y_- Z’,"/o‘" J-ﬁ. whore !—:"{./Z
i isn of loenlly trapped particles /3/.

g of low coilisiun Trequencics, a radial
wloctric ficld 2, impuets un the heat transfer in dif-
forence [rom the cnse V; » V® . Due to electric drift

the trajectories of trapped particles are not vertical
lines but arcs of a circle. Therefore, the dimplacement
of perticles becomes less: ar - (22/F) vy fus + o
where Uz = £./8 is the electric d{ii‘t :ﬁ‘o;'ity:{}éha
thermal conductivity decreases correspondingly by a fac-
tor v Muyrvz)t~ RY a* /3.

To find the thermal conductivity for arbitrary col-
lision frequency, a kinetic equation for locally trap-
ped ions have been solved for a magnetic field model
with parabolic wella

Bump, [1-280(1-2"/2-N*5Y4)], (3)

where Srj=0 if x<0 Bix)= 4 it x>0 , ¢ -
toroidal mangle. The thermal conductivity obtained can
be represented as (it is assumed that r» 2, )
AN (r; eRE W (4)
oy e 4 - ol
where W, =(T¥ey (rimuws RN g SR, Z)/2 3}”5 is the
energy of particles for which g/ rw-z. or U= V%,
&=§(R o) W, is the minimal energy of the
locally trapped ions determined from the condition N}(war} =
= 5“’& V(M.)/V/K . Dependence of K on 77 /W, at dif-
ferent values of the parameters eRE./7; and W, /Wi
are given in Fig.2.
At - W,',, « Tec Wa the heat canductianoef trap-
ped ions (4) can be praB’ented in the more simple way
3z 2
re 5 EGEs) (5
Tunction K{( 7 /Wa ) ~(T /Wa) /2 corresponding to
this thermal conductivity is shown in Fig.2 by a dashed
line. The formula (5) coinsides with the result obtained
by Counor /2/ within the accuracy range determined by a
factor ~1.1.
The results of numerical calculations of heat condwc-
tion /4/, where trensition from the dependence x; ~ 1
to ¥~ has also béen obtained,are designated
in Fig.2 es a4 . One can see the ratio of heat conduc-
tions obtained from a numerical calculations /4/ and
from the formula (4) with £, =0 - what was likely to be
uged in simulation /4/ - does not exceed 2.
Determine the value V . Assuming epproximately J(.R'a',)':
s § , one has W,a(z.m'7” BREN g)z/;, where
h, &, R are measured in ecm™’, T, m respectively.
Using the paremeters of the INTOR n = 2.1014cm'3,
= 5,5 T, R=5.2m , N=12, q=1 one obtains Wa=22 keV.
S0, the operating range of temperatures for the INTOR
is T~ 03-06 Wa . In this range, the depen=-

X =003

dence of J; on T;is found to be sufficiently weak as
191542 £or gifferent redial electric fields. Therefore,
it is unlikely to exXpect an effective plasma temperature
control due to the deperdence Z;(7:) . On the contrery,
the heat conduction dependence (4) on a ripple value &
ia very strong. As Wa does not depend on & and Z~9,
the heat conduction (4) is proportional to 59"’.
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ANOMALOUS ELRCTRON VISCOSITY AND BALLOONING
MODES

0.P,.Pogutse, E.I.Yurchenko
I.V.Kurchatov Institute of Atomic Energy,
Hoscow, USSR

A linear ideal ballooning mode theory has been recent-
1y developed /1-3/. In tokamaks these modes must be dri-
ven at pressure gradients.exceeding the eritical value of
A>de 13,4 ( A=-8FP'RgY/B*, & istne
torus major radius, q the safety factor, 8, the toroi-
dal field) end develop at a growth rate of the order of
sn inverse Alfven time o~ 1/2', ( ZB = a/(,‘s‘

Co = B,/ /o7 ¢, B, 1is the current field). In
modern tokamaks with an suxiliary heating the pressure
gradient is of the order of ofc due to the nemtral
injection, but one cannot be sure that the ideal thre-
shold is surpassed.

gince the linear ideal ballooning mode theory is suf-
ficiently well developed, the research is now concentra-
ting on-the problems connected with the presence of
diseipation /5,6/. In the resistive model the pressure
gradient threshold is shown to vanish and the inutnbili-
ty must develop at a growth rate ~% (S’/éa) << ¥,
(zz = Y76a*/c*) - Though this growth rate is
much higher than the reverse skin time E_S' sigece
r._;'/(& s> 7 , the estimates for transport coefficients
associated with these modes show that D~ X/K; ‘-o{az/(; i
i.e. of the order of pseudoclassical. Such coefficients
are Jmown to be lower than experimental onees.

In the paper we attract attention to the fact that
the inclumion of anomality assocciated with an electron
channel, can enhance essentially the transport coeffi-
cients compared with pseudoclassical ones. The enhanced
electron heat transport is m well-known feature of an
electron anomality.

This effect can be related to an anomalous viscosi-
ty in an electron fluid. Th order to explain experimen-
tally the observed Aleator scaling 7. ~na® , one
should introduce into an electron coirponent the tran—
averse viscosity tez: of the order/lrd‘/, f«é’:z AJ
vhere fi ~ M A Q */¢= . Then the Ohm law will

read: e - =
Jls =E +£[VE]+Hzdy o

Using the procedure of Ref./6/ one can obtain
a differential equation valid for higher-number bal-
looning modes ( m =~ nq >> 1) in a tokamak with cir-
cular flux surfaces:

o (1255, {(4 * (1 Ys*n?)
d}'{—f—rm)d;{ 7+5%y%, (7 + 1/¥cc*) (2

-V - ¥ (1+5%y*) e =0
BT /= nigi(resy?)/¥ i + 6RY re STy ) 0T
g =9'z/g 1is the shear, § =C/ep is the colli-
sionless skin-layer thickness( w)p™= 445 h&/m ),

. = Rg/Cs, 8 = LP/® is the sound
velocity, ,‘:‘}" =/mha a‘l//u is the viscosity electron
time; U = L/2 + /R (- 2~?) is the magnetic well.
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Below we confine ourselves to the moat :I.nternting
case when the viscosity dominates ¢ G << 5 h, }/a i

and perturbations are potentiml, and so the pressure
graddient d <de and ideal ballooning modes do not
develop, In this case the plasma pressure ie also suf-
fielently low and acoustic oscillationms have no enough
time for smoothing of ballooning perturbations along the
field lines §¢,>> 1. In this case Eq.(2) reduces to

a gimpler one:
g [ a* ¥ 7 dw { Ly PR
dyl ¢ g v(m'y) oy Nl
- ‘_Lz o> he ¥
(4 S ) St (o) o
The mlxaia of this eq\mtion shows that the balloon-

ing mode growth rate is weakly dependent on the

(3)

lous electron viscosity value and increases with the

mode number:

LIS 5\
b;,., - ...,1/5,._ s (a) ) (4)
The localisation regian uf these modes in the Fourier-
space decreases with both the viscosity and mode number

increase:

y ﬂss?xs(:’)v(m}%_(n;ﬂs (5)

With formulas (4) and (5) it is possible to estimate
the diffusion coefficients asmociated with the balloon-
ing mode development in the presence of the anomalous
electron viscosity. Since Klzc ﬁ‘ng* fay’)/a"
the maximal (in nq) plasma diffusion coefficient
exists:

=
a@__ ,-(/4' £a !
$7 o &)

Phis coefficient is higher that the pseudoclassical
one when viscosity electron time cj., < ?'s(S/g): ?'s/g’o
Assuming the viscdsity time to be of the order of the
energy one 2'/-... -~ ?’5 one can readily see that
in the experiments this inequality is satisfied. The
ohmic heating diffusion. time g determined by coef-
ficient (6) depends on the plasma parameters in the
following way:

o= - (h.?‘)%‘?-a (7
and agrees in the order of magnitude with the experi-
mentally observed one.
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RADIAL TRANSPORT OF PLASMAS IN CENTRAL CELL OF
GAMMA<6 TANDEM MIRROR

T. Kawabe, K. Ishii, A. Itakura, Y. Kimura, S. Miyoshi
Y. Shinagawa, 5. Suzuki, M. Tomishima and K. Yatsu

Institute of Physics and Plasma Research Center
The University of Tsukuba
Ibaraki, 305 JAPAN

Tandem mirror (ambipolar mirror) D2) 55 one of the
attractive approaches to nuclear fusion reactor, and
experiments have been carried out by use of GAMMA-6, TMX,
PHAEDRUS and AMBAL-1.' Expected confinement time of ions
in the central cell of the tandem mirror has been suggested
by Pastukhov), and it was verified by GAMMA-6 experiment?.
At present, one of the essencial problems of this confine-
ment scheme is the radial transport of the plasma at the
central cell due to non-axisymmetric magnetic field con-
figuration, which has been suggested by Ryutov and
stupnkovs’. In this paper, experimental results on the
effects of radial electric field upon the radial ion
transport in GAMMA-6 are described, and they are compared
with the calcu-

lations of the NBI
drift surfaces EnEibe
of the ions in ™o ANALYZER
the central TO PUMP
cell. PLASMA 5= b asua

The GAMMA- OUN B GUN
6 magnetic TO PUMP 70, PUMP
field is formed
by the follow-
ing coils; EEIAJLRAL

] INJECTOR

(Pig.1).
Fig. 1 Schematic diagram of GAMMA-6

The plugs are two pairs of Yin Yang coils to form minimum
B configulation, while the central cell consists of two
solenoidal coils. The magnetic-flux tubes in  the minimum
B plugs antering the golenoid are oriented to face one
another. The field strength are 1.5 kgauss at the mid-
plane of the plugs with mirror ratio of 2.4, and 500 gauss
at the central cell under the typical experimental
condition. )

Plasmas are produced and injected by two pairs of
titanium occluded washer gyns from both ends on the axis.
The typical plasma densities at the plugs and at the
central cell are about 5 x 1013/r:m3 and 1013/c:|n3. respec=
tively. The electron temperature is about 10 eV, while .
the ion temperature is about 30 eV. The cross sections of
the plasma are elliptical of 4 cm x 6 cm in diameter at the
midplane of the plugs and that of 3 cm x 40 cm at the
central cell, Radial -distribution of the plasma potential
was ired by Langmuir probes and it showed that there
was a dip on the axis during the discharge of the plasma
guns to form a radial electric field of several 10 V/ecm _
and that it was rather flat after the discharge.

The radial flux of the plasma ions was measured by a
flux detector of Faraday cap type, which was located at the
midplane of the central cell, and the radial position on
the extention of the short axis of the elliptical cross
section was scanned. The detector consists of a mesh grid
which is biased negatively to repel the electrons and a
collector to collect the ion flux. '

Typical results of the temporal variation of the ion
current to the collector of the flux detector is shown in
Pig. 2, as well as the current (I_) and Voltage (V_) of the
plasma gun discharge, radial potential difference (AV), and
ion saturation current of the probe in the central cell
plasma (I, ). As is seen in Fig. 2, when the location of
the detector was close to the plasma (r-= Icm), the ion
flux consists ‘of two peaks, the one has similar shape with
the temporal variation of the plasma density, while the
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second peak com&s just after the discharge of the plasma
gun. When the location is far from the plasma (r = 10 cm)
then the flux at the end of the gun discharge becomes
dominant in the radial flux. This latter type of burst of
the plasma reaches as far as r = 20 cm.

The coincidence of the starting time of the burst of
the radial-ion flux with the time of the end of the dis-
charge of the plasma gun was veryfied by changing the
duration of the discharge of the plasma gun in a range
from 300 usec to 700 usec, and it was found that the
coincidence was good -

within less than e zr\
£100 usec. The (xA) L -
expansion of the YG 0 — ;
plasma seems to be (v) IOOL/

0 :

quite fast in the

i . Av - i
radial direction.

This enhanced tad —

radial transport has
been considered, and lig¢
it seems to (mA) 5
attribute to either lF 0 : :
the effects of the =
radial electric (mA)zogL"\’\/\ f . 1
field on the ion
drift motion or

If 20|: J\—:ioc_m
some instabilities () Lewmm 1 1

which occur when 0 1 B

the radial electric (ms)

field becomes Fig. 2 Temporal variation of the

small. curranttl’g] and Voltage (V_) of the
To check the plasma guns, Potential difference (AV)

first model, cal- Ion saturation current (I“cj at the

culations of the midplane of the central cell, and

drift surfaces of ion flux current (Ig) at xr = 3 cm and

the ions in the r = 10 cm.

central cell of

of the GAMMA-6 " VACUUM PLASMA  YACUUM

with the experi- R O e

menfal conditions _‘_c-:'-l'""?‘i_'*{ 2 ’

has been carried o & E 3 h

out based on the km _-' . ri ‘ H b

guiding center 2 P .: l -:- il -:f 4

appréximation L :: 5 A! ', :' :_

with and without o} B: : ‘g E ! :_ |

radial electric ] E i £ 5 'u' 5

field. One of 3 ! - ‘

the example is REE :_ l[ \' ﬁ ,= 7 ‘

shown in Fig. 3. ';-_ :I ‘.‘} ;'

As is seen in the "4 | 3( . 1

figure, the drift i S A

surface of the -6 P 1 g -

ions is within LA ‘ z 4 ¢

the cross section Xem

of the plasma Fig. 3 Examples of the drift surface

of the ions in the cross section of
plasma column of the central cell with
(A) and without (B) radial electric
field.

when there is
radial electric
field, while the
drift surface
would expand
beyond the plasma surface when there is no radial electric
field. This is because the E x B term becomes dominant in
the force acting on the ions.

So far, an enhanced fluctuations have not been
observed in the plasma in the central cell when the gun
discharge finished. Those facts suggest that the radial
electric field plays an important role in radial transport.
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PLASMA HEATING BY R E B IN A LONG SOLEROID

V.S.Burmasov, A.D.EKhilchenko, V.A.Kornilov, E.P.Kruglyekov,
V.H.Lukyanov,A.A.Podyminngin,Yu.A. Tsidulko, LdN.Vyacheslavov

Institute of Nuclear Physics, Novosibirsk 630090, USSR

New results in the study of the b plaema in tlon
at the COl-1 device /1/ are reported. The mein experimental
paremetera of the device were the following: the solenoid
length L=7,5m, the homogeneous magnetic field strength
Bg=13,5k0e. Plasme’ was produced by four oscillating dischar-
ges when supplying volteges to four discharge gaps located
along a dielectric chamber. The hydrogen was filled in the
chamber with the aid of five pulsed electrodynamic valves.
This method made 1t poseible to produce a falrly homogene-
ous plasma of 7.5m long end 9cm in diemeter with the den-
sity ng -(3—5}-101401:-3- The pleema parcmeters were che-
cked by the Thomson ecattering method and with three Mi-
chelmon interferometers/2/c Injsction of the REB into the
vlaema was performed through a magnetic mirror (Bm=25k0e);
in the diode region the magnetic field was close to 1tm
maximum (23,5k0e)s At the exit of the system there is lo-
cated a mirror with 31 kOe field (the mirroryatio R=2.3)s
The exit mirror can be removed, if necessary, and the edit
collecter-calorimeter turne out to be in a field close to

““the homogeneous one (B=12kOe).

In the mogt of experiments the plasma density at the ays-
tem axis was ngnn3;1014cm'3 and the radial gradient was
emell enough ( YaR =1.5-1013cm'4). The beam current den-
sity was held consintant: 3 =1.5%0.2%%/cu®, Deoplie the
quite large angular spread of the beem (\fgj =23% just be-
hind the emode foil and \fé? =18° in s homogeneous magne-
tic field), the initial distribution of dlemegnetism along
the device im inhomogeneous, fig. 1. Such a distribution of
diemagnetism ie a etrong argument in favour of the enargy
release mechaniem based on the two-stream instebility /3/e
As it has been previously pointed out (see, e.ge A/), the
digmatch between the energy content caleculated on the ba=-
ple of the Thomson ecattering measurements end the energy
content found from diamagnefic msesurements is sccounted
for by the appeerance of "{ails®™ in the energy distributi-
on function. The plasma energy contensts measured by the
two methods differ by 30 timee. The large length of the
device allows the main parameters of the electrons in the
"taila", i.e. density of "uot" electrons end their mean
energy to be estimated in a sufficiently religble maxmers
The simplest estimetion for minimum energy was made with
the help of a pulped target from the neon plasma (the tar-
get length ig about 100 cm, thé denslty im about.3si0%en™)
formed near the output of the chember. In the case when a
Coulomb meen free peth of "hot" electrons proves to be of
the order of a target length, these electrons will be ef-
fectively back-scattered whether or not there ig a mirror
at the output side. Flg. 28 presents two aslgnela of the
soft X-ray radiation. The signel plotted as a solld line
correspondes to a megnetic configuration of the mirror ty-
pe. The dotted signal corresponds to the case of an open
end. The comparison of the two signels mekes it possible
to draw the conclusion that the target ig transparent for
a c.ona‘li.derabla portion of the "teil" electrons. This fact
W, 10 eViem means that the elffecti-
ve temperature of "hot"
3 _‘l electrons ig T; > 1 keV.
Fig. 2b ghows the dia-
magnetic asignels detec-
\ ted in two configurati-
ons of the magnetic ays-
3 tem: the mirror trep
% (s0lid linea) and the
f\ open end system (dotted
% lines).

ong it is convenient to

infroduce the decay ti-

Z,n-rma of a diamagnetic elg-

+ "' ; ﬁ 5 é + nal. This time is shown
Fige 1. in Pig. 3 for different

i I = For verious estimetl-
1 -

positions along the device btoth in the case of s mirror
trap (dark ecircles) and in the case of en open end (light
circles). It is seen that the common decey times cen be
introduced for the both configurations. In the cese of the
mirror trap the everaging over 164 signals resulted in
7! =A70t90ns. In the system with the open end the avera-
ring over 88 signals yielded 7 '"%/ =230%50ne. It follows
from the later estimate that the plasma diemagnetiem is
determined only by a group of energetic electrons leaving
the system with a typicael longitudinal veloolty, estimated
as V, = 5’;@:3-10‘-"“"‘/. Further, since the time history of
‘J‘:lﬂ dlemegnetien depends on
the boundary conditlona
(T becomes nearly 2
- . simes larger upon trem=-

[ [T [FN
PFig. 2a. gition to the mirrorty-
o pe configuration), one
W, 10% ev/em cen essume that the hot

electrons distribution
ie close to the isotro-

» pic one. In eny case, a
significent portion of
1) these electrons have a

momentum outside the
loss cone. Agsuming
that the lsotropy takes

place, we find that the
£=383cn effective temperature
09 of hot electrons is
287 10 keV. With a

typical value of dismag-
netiem per unit length

2 =423cm of the plasme columm,
- ut, 8 = 10'8 8% and
S5=300m“ the denglty of
| the "tall® electrons ia

t, pe egtimated as follows:
Pig. 2b. n8ff = 30401%m73,
that sccownis for 1%

-5
a7 o108 of the plasme denslty.

0f course, this method

a6+ T glves the order of
r magni tude velues of
o "iemperature® and den-
elty.
of 4+
Hote that for the

plesma and beem para-
meters indicated abo-
ve a quite high effi-
ciency of the REB-ple-

: {{ {{ \{EI{ i1

e | ema interaction has
- " . g . Zm been echieved. The
0 1 2 3 4 5 é 7 energy input to the

Fige 3. plaema is above 30%
of the REB enmergy. It is interesting that the beem-plesma
interastion can be suppressed considersbly due to the ra-
digl density gradients. That is important for long dis-
tances beam transport. In comparison with described above
repults the experiments made with plasma gradient
|4ne/4R| =8-1013cu* have shown thet intersclion efficiency
ig decreased by more then 3 tilmes.
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EXPERIMENTS ON THE ATOLL - DEVICE

M.S.Ioffe, B.I.Kanmev, V.P.Pastukhov,
V.V.Pitersky and E.E.Yushmanov

I.V.Kurchatov Institute of Atomic Energy,
Hoscow, .USSR

Absiract. The Atoll gevice is & ring-shaped magneto-
electrostatic trap with & cusped magnetic field (MET)
/1/. The described experiments aimed at: i)clarifying
the conditions for plasma production in such a trap by
energetic electron injection and determining the resul-
ting plasma parsmeters, ii) studying the effect of gap
electrostatic plugging on plasma confinement,

Fig.1 -ahuws the machine lay-out. The field is gene-
rated by four paira of coils (1) shaping 2-mm-wide gapa.
The radii of the outer and inner gaps are 64 cm and
32 cm, respectively; the fields within the gaps are 8
and 16 kOe, respectively. The plugging electrods -
"reflectors” (2) with suppressing rings are located
behind the gaps, the rings being used when it is neces-
sary to suppress the secondery electron emission from the
reflectors. The latters are at a liegntive potential. A
heated electron emitter (3)
im placed on a mmall area of
one of the reflectors, oppo-
site to the middle of the gap.

The electrons emiited are acce-

lerated through the gap into
the central part of the trap
and initiate a Penning-type dis-
charge at a low gas pressure. Se-
condary electrons due to ion
bombardment of th-~ relflectors play the main part in
maintaining discharge. By means of the discharge the
trap was being filled with plasma; the latter occu-
pying a volume of about 50 1.

In the experiments the hydrogen pressure was

('Torx, the reflectors potential -(1.5-2.5)kV,

(2-6)x10"
the outer gap field 6.5.-BkOe. Under these conditiona
& plasmm accumulation stage continues 2-3 ms, followed
by an almost quasi-stationary plateau. Application of
the negative potential to the suppressing rings stops
the reflector electron flux,and hence, ceases the dis-
charge, which results in a plasma free decay stage.
Fig.2 shows radiointerferometer signal oscillograms
illustrating temporal plasma density variation in

all the above stages.

- ¥
T4 6snp| 25 '“‘:“
RADIUS, Cfm | "ELECTRGDE POTENTIAL,

075 -05 -025 0

POTENTIAL, KV

m SEC/BIV

=2
i 1 0
|
|
|

Fig.2 Fig.3 Fig.4

Main plasma parametsrs. In typlcal regimes the mean
plasma density measured by an interferometer was (1.5-
3.0)x10" Tem™>, The density distribution obtained from

& miniature Langmuir probe measurements shows that the

density in the centre may reach about 10'2en™3.
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The negative plasma.potential measured by the probe
is - (400 to 900)V, its magnethde being strongly depen-
dent on the magnetic field. The potential is found to
change considerably in the radial direction (Fig.3).The
volt-ampere characteristic of the electrode(Fig.3)loca-
ted behind the reflector hole gives data on the potential

in the gap middle. The plasma and gap potentiala appeared
to-be close one to another.

The electron temperature measured from the probe volt-
ampere characteristic was about jD eV. The ion energy is
likely to be of the order of 50 eV, since the transverse
electric field existing wit?lin the plasma is sufficient-
1y high for new-born ions to reacl‘i the well bottom mcqui-~
ring the above energy. Thus, in Pact the ion motion is
unmagnetized. With the above plasma parameters the mag-
netic field configuration remains vacuum one, since the

value (the plasma pressure in the centre/the field
minimal pressure on the boundary force line) is only
a few %.

Measurements with the electrode located behind the
reflector have shown that the' part of the secondary ele-
ctron inflow goes backward to the reflectors and the
other part is trapped in the machine. The trapped ele-
ctrons heat the plasma, a number ionization events
falling at each trapped electron. The resultent elec-
trons diffuse from the trap acroas the magnetic field,
while the ions go out to the reflectors through the gapa.
Since the gap middle potential (which is obviously equal

to the confined plasma potential)is negative and exceeds
essentially the ion "temperature", the ions cannot es-
cape through the whole gap width, but only through a
ur.;:uw passage (about one-fifth of the total gap width)
in the gap middle, The higher the negative plasma poten-
tial, the smaller is the passage width, The former re-
aches automatically such a level that ion and electron
losses are in equilibrium.

The transverse electron losses are particularly im-
portant, At a quasi-steady-state the confinemgnt and
ionization timee seems to be equal, being a few hundred

. Should the tranaverse electron diffusion be clas-
sical, the confinement time would be mbout 10 ms
(N is the number of Larmor electron radii across the
gap half width). Thus, in Atoll the electron transverse
transport is much higher than the classical one. This
sonclusion is also confirmed by the fact that the ra-
lial density distribution does not stop abruptly at
the boundary field line, as is the case with a clas-
sical transport, but continues far beyond it (the
boundary field lines are those which touch the gap
edgee and pass at the distance of 6 em from the centre).
Ion-acoustic wave instability /2/ developing when ele-
ctron gradient drift velocity exceeds the sournd veloci-
ty, may be responsible for the anomalous electron tran-
aport.

Conclusions.

1) The fact that the Atoll plasma acquires a ne-
gative potential means that the method of magneto-
electrostatic confinement works in principle. The
gap effective width for ions is essentially less than
the material gap, or than the ion Larmor radius.

2) The rate of the transverse losses from the trap
exceeds considerably the classical one.
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ENERGY BALANCE IN RFC-XX
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Abstract: Energy flux out of an open end of the RFC-XX was
measured -by a thermal method. The rf plugging effect was
confirmed with it. The energy balance in RFC-XX was inves-

tigated with ICRH plasma.

The characteristic of energy confinement or the
energy flow analysis is one of the most important features
for all confinement devices in the fusion research. From
this point of view, we investigated various quantities of
the pladmé in RFC-XX in relation to the energy flow.

The RFC-XX is a confinement systems of the double
cusp field configuration with a 2 meters solenoidal central
section (Bc_= 1T). It has six rf systems; four systems for
the plugging of all cusp ends (v ™ ulcil and th;o systems for
the ICRH in the central section. The diagnostics are shown
in Fig. 1. We used the diamagnetic loop signal to get the
total energy contents in RFC-XX. A limiter-like obstacle
with the thermister is set slightly inside the limiter to
meiaure the perpendicilar energy loss caused by the
diffusion. A pyroelectric detector locnteq at the central
section detects charge exchange neutral energy flux from
the plasma column. End loss flux'is measured by both the
multigrid energy analyzer and the pyroelectric detector at
each open end except one for the plasma injection.

So far, the effect of the rf plugging has been studied
in various cases. But in most of them the end losses were
measured by some kinds of ion collector. It is commonly
nnted‘that in open ended confinement devices the electron
heat conduction through the open end is very important.

The éne:gy flux measured by the pyroelectric detector gives
an answer to this problem. The pyrueleétric detector has
the sufficient time resolution for our experiment :1res b
100 psec), and with a small orifice it gives also the good
space resolution. Fig. 2 (open circles) shows the energy
flux profile escaping through the line cusp. The width of
the left peak is the order of the ion Larmor radius and the
right hump is related to the plasma in the éenttal section.
When we applied the rf plugging, the energy loss was sup-
pressed as shown in Fig. 2. The dependence of the plugging
effect on the rf voltage was also obtained and it shows the
similar dependence as that obtained with the multigrid
energy analyzer.

To investigate the rf plugging effect on the energy
continement, it is necessary to get the whole picture of
the energy flow in RFC-XX. We studied it applying the ICRH
power to the base plasma. The obtained power balance is
the basic cha:acter}stic of RFC-XX without rf plugging.

The candidates fo; the major energy loss channels are the
particla end loss, the electron heat conduction, the charge
exchange lpss and ehe diffusion loss to the limiter. The

radiation loss may be quite small as the electron tempera-

ture is very low (~ 14 eV from the Thomson scattering). If
any, it is included in the measurement of the.charge
exchange loes. We first measured the diffusion loss with
the limiter calorimeter in Fig. 1 and found that it is the
order of 1 % of the input pgwér. Then we plot the time
history of the energy balance during the ICRE in RFC-XX as
Fig. 3. Each data was derived as following: ng is the
density in the central section obtained from the microwave

interferometer. Its increase after 500 usec is due to the

.increase of neutral particles.which is consistent with the

charge exchange loss. T;, is the ion perpendicular temper-
ature derived from the diamagﬁetic signal and the density,
vhich agrees with the charge exchange neutral particle
measurement. The closed- circles show the decay time of the
diamagnetic signal when the ICRH is turned off at that
time, which is the overall confinement time e of the
device. T, corresponds to the particle end loss which is
related to T, , as 1, = nTi*'%. This is obtained in the

series of experiments where T, K is varied. Tie reflects

is
the energy transfer rate from ions to electrons calculated
from n, and T, (T, is almost constant during the ICRH). T
means the charge exchange loss deduced from the relative
change of the pyroelectric detector signal and its absolute
value is determined at the latest data in Fig. 3. Crosses
for Tg are the calculated values for overall confinement
time from these three energy loss channels and they show
good agreement with the measured values (closed circles) of

T
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Fig. 1. Energy diagnostics of RFC-XX. It shows also parallel
ring plates for line cusp plugging, Nagoya Type-III
coils for point cusp plugging and Type-III coils for ~
ICRH in central section.
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LONGITUDINAL CONFINEMERT AND PLASMA STABILITY
IN A CENTRIFUGAL TRAP

A.A.Bekhtenev, M.8.Pekker, V.I.Volosov
Ingtitute of Nuclear Physice, Novosibirsk 630090, USSR

A centrifugal trap (CT) is the modified trap with a
rotating plasma wherein, unlike a conventional rotating
plaema trap (RPT) with crossed £ end H fields, magnetic
mirrors cen be sbesent, while the plasma is confined sole-
1y by a centrifugel potentiel I /1/.

In this system the maximum electric end magnetic
field intensities are in the region (in the cenire of the
trap) in which the plasma density is maximum, too. The
electric field intensity on the electrodes of this trap
E, cen be much lower then that in a conventional RPT.

In addition to the engineering advantages, we shall
show that the main physical characteristics of this trap,
i.e. ®he longitudinal confinement and stabllity of the
plasma, may be better than those in a conventional RPT.

The plasma confinement boundary in the phase space
for a similar trap is determined by two dimensionless pa-
rameters: the magnetic R, = H, /H. end centrifugal
R:."' 'L,a/'l: mirror ratios, where the subsoripts K end
¢ denote the edge and the centre of the trap, respective-
ly; and 7 is the plasma radius:

U= (Ra 1)+ L (1-1/R,)-2e¥/M; .
Here VE is the drift velocity of the plasme in the cen-
tre cf the trap, 'f’ is the ambipolar potentisl between the
end electrodes end the plasma. Figure 1 illuptrates the
plasme confinement boundaries in the phase space for a
conventional rotating plaema trap ( Ry = R, ) and for a
centrifugal trap (R, < 1,R,>1); S 1is the point of in-
Jection (- R, = 1.0; I- R =0.5-R =R ¥ 2.0). The
bagic distinction between the plasma confinement times
for these two traps is due that the confinement boundary
is close to the injection region in the CT. That leads to
a relative increase of the losses of fest ions in a cent-
rifugel trap and, correspondingly, to a decrease in the
equilibrium ion temperature, as well as to an increase of
the magnitude of U.,A/Ti at a given energy of the ion in-
Jection.

The magnitudes of 1 T for these two traps are compa-
red in Pig. 2 (here R=R,, M = 2.47, i.e. DT plaems,
the dotted line indicates the RPT, the solid line ~ the
€: I at Ry = 1.0; IT at Ry = 0.9; IIT at K, = 0.85).
At “-;/7:41 (1.e. at Ryp= 2-3; A, ¥ 1) the confinement
in the CT is worse than in the RPT, since, in practice,
the centrifugal barrier does not affect the plamma confi-
nement end the latter.is determined only by Coulomb ecat-
tering. The plasma confinement in the CT becomes better
compared to the RPT if the magnitude of I, /T' becomes
larger than unity with increasing R, (K,= 4+6) and decre~
asing R, ( B,~0.7+0.8).

These effects cen improve also the factor a'in the
OT at fairly high injection energies, W/ ey > 100-150 keV.
Plgure 3 demonstrates the dependence of’ Q on the injecti-
on energy for a centrifugel trap (solid curve) and a rota-
ting plasma trap (dotted line), the charge exchenge pro=-
cespes inside the plasme end the energy processes at the
end electrodes being taken into account (the factor
A/I’-ji = 0.5 /1/, DT pleema, the injection energy for
deuterium is Wep = 2W/f, , the injection energy for tri-
tium 18 3 Wy )

The ptabilisation of flute plasma oscillations in
any RPT may be realised by two effects: the inhomogeneous
radiel profile of the velocity of rotation of the piqmu
(electric shear) and the stabllizing mction of the elect-
ron longltudinal ocurrent to the conducting end electrodes.
The latter condition can be written as /3/1

A
TT,';>5(“) 7 T 1

Here T is the mean radius and CL is the radial dimension
of the plasma layer,§;l. are the Larmor radius and the
temperature of ions, T is the longitudinel confinement
time of the particles, 7;; is the mean longitudinel ener-
gy of electrons at the end electrodes. Below we shall
compare the etabilisation conditions for the CT and RPT
in a case when the geometrical dimenelons 7 and @ and
the injection energies Wen and /3 are fixed, and the
meximum velues of H, and A, are determined by permissib-
le values of E,‘ .

In the OT the magnitude of £, ( and of H,elso) can
be higher than in the RPT since f,=F, VR./R,+» R, < 1
R,> 3-5, end the meximum field £, in the mirrore is
1imited severely by the breakdown voltage on the electro-
des.

If the plasma density /1, and the field H, (at ﬁ =
= const) are restricted by £, , then the condition (1)
for the CT is improved proportionally ( Hocr / Horer)? =
=(Eser [ Eoner 32 in comparison with a simple RPT.

Thus, with the paremeters close to the reactor ones
the longitudinel confinement and stability of the plasma
in the CT cen be better than those in a conventional trap
with a rotating plaema.

References
1+ A.A.Bekhtenev, V.I.Volosov, V.E.Pal'chikov, Nucl.
Pus. 20, N 5, 579 (1980).

2. V.I.Vologov, M.S.Pekker. Preprint INP 80-168 Novosi=-
birsk (1980).

3+ Ae«A.Bekhtenev, V.I.Volosov. J.T.P. 47, 1450 (1977).

Y
|1
M;“\E ’
N )
\\
& | ii
\\ /[ H
\/
} 1’4

- W
a

Fig.

Fig. 2.

N Wen Fig. 3.
50 100 150 200 wel/




C-6

PLASMA CONFINEMENT OPTIMIZATION IN A
MULTIPLE-MIRROR MAGNETIC TRAP

P.Z.Chebotaev, B.A.Knyazev,
V.V.Mirnov, G.E.Vekstein

Institute of Nuclear Physics, Novesibirsk, USSR

Herein we consider linear thermonuclear devices with
dense plesme, so that the ions mean free path A is emall
compared to the plasmoid length L. The longitudinel plas-
ma confinement in such e system may be realized by a cor-
rugated magnetic field [1,2], mnd the transverse by the
rigid reactor well [3]. One of the most importent charac-
teristic of the pulsed thermonuclear reactor is the total
plasma energy needed for breakeven. Using the well-known
estimations for the longitudinel confinement time [1]

¥, = |*/1%: ) end the radiel cooling time Yi,=RY/X,
( ¥y - classicel temperature conductivity) it follows from
-4 1 p2 2
the Lowson criteria ( T, =T 2N ) that Lean L R*»H
and the plasma energy W= 3nT. L-HQLVJ H* doeen't depend
on the density (the plasma temperature is fixed: T= 10keW
S0 it is advantageous to use a high density plasma, beca-
use it reduces the length of the system (the upperlimit
Mpax= 107%m™>, is determined by the tensile strength of
device). That is why N~ 10"8%mn™2 (the magnetic field
H ~ 10T, @n-mz) wae chosen in the first reector stu-
dy [4.]. In subsequent papers [‘5] it was shown that in the
h:l.gh-—ﬁ plasma the energy confinement time is much less
than the classicel one, so it needs to use rather modera-
te ploama density Y1 ~ 1017cm'3'( L? ~ 5#10)s In this case
the length of the system incresses up to 200 m, end we
examine in deteils reduction of the plasma length by a
emell emount of heavy iona with 2 > 1 [6]. ‘

Unlike [6] where the impurities space distribution
wapg considered to be constant during the relativly fast
expansion of the hydrogen component, in this paper we ta-
ke into account the diffusion flow of all the components.
Their motion is détermined by pressure gradients, elect-
ric field snd friction forces between the particles and
the multiple-mirror magnetic field. The balance of the
forces takes the form:

& My Mes Vi
= Ny My Vo (Xi * %)UH‘ %(uruﬂ o
+eEn-"Mox =0
/%H& 8 (5‘ }:; \? T)

+e2n1E-QP’/6x =

(2)

Here U‘H,u-z;nﬂ, ﬂh P“' P?: are the bull velocity, density
and pressure of the components, end \A-“fv-rglﬂuu‘ J“* Aea
are the corresponding thermel velocities and mean free
pathe, which we define as follows:

/}m = T‘z/ﬂuﬂqf\, /‘)Hf /)HH nH/nzZz,u )az-"'/)HH n\'-/nlzl:
VTH:(T/m"ilzf VTE = VTH (m#m;{t

The numerical factors 4, B, ¥, §  depend on the mirror
ratio K ond are equal to [2 1

3% o1
d= (m)”“m*/sj J}=K70‘l¢§; g=(2ﬁ)//6, 8= (1,2x k).

From eq. (1,2) we cen find hydrogen end impurity veloci-
ties Wy , WUz and, taking into account that Ny=Nu+ZN; ,
NeeE=-2%/AL, we get the closed system of equations
for Ny(xt) end Ng (X, t) . The boundary conditions at the
end of the tube im that the diffusion velocities of the
species are equal to the thermal ones. The procedure of
the longitudinal confinement optimization ie described in
[T]- The variable paremeters are the plasma temperature
T, 1ts energy W , the total number of impurities and
their initiel dietribution Nz(X,0). The effect is that
in the presence of impurities the thermonuclear energy

output increases considersbly. The meximum values of
Q=Ws /W ere atteined at the initial impurities
distribution M;(X,0) with the sharp meximum in the region
0f the plesma density slope (see Fige 1). In this case we
have efficient slowing-down of the hydrogen plasma and ra-
ther moderate bremsstrahlung lopses. For the heavy ions
located near the point % = 1,4 L with AX = 0,06 the
fugion energy output may be increased by a factor of 2
for Z =T and by a factor of 5 for Z = 13 (see Fig. 2).
The energy W = 4 ui/em? ig required for breakeven
(@ = 1).

The improved transverse confinement may be attained
by the profiling of the plesma density radisl distributi-
on [B]. In this cape we get numerically the following
formula for the radiel cooling time: T, = 7.2-10'2j I"-I,jm.
S0 at the plasma density I = 10"Ten™? ana magnetic field

H =10 T it needs that R= 4,2 cm for Q = 1. The total
plasma energy for breskeven im of the order of 300#500 MJ.

Y

It is necemsary to solve the complex two-dimensional
problem to calculate self-conslstently the radial and
longitudinel losses. So we use the simplified approach in
which the longitudinal plasma expangion is teken into ac-
count as the perticle and energy sink in the radiel plas-
ma transport equatione. The corresponding power is obtai-
ned from the computer calculations of the plesma flow in
the multiple-mirror magnetic field [T].
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DIRECT SIMULATION OF PLASMA TRANSPORTS
IN AMBIPOLAR TRAP "AMBAL"™

P.B.Lysyaneky, M.A.Tiunov, B.M.Fomel'
Institute of Nuclear Physics, Novosibirgk 630090, USSR

Ambipoler plasma traps [1] ellow the plasma end los-
ses to be reduced as compared with usual open traps. In
this case the influence of the radisl losses on the plas-
ma lifetime increases, the theory is given in [2] + The
estimates of the radlal transport [ 2-5] indicate a possi-
bility of the unacceptesble plasma losses and its close
dependence on the trap's device.

A method of the direct plasma simulation by the
engemble of test particles is proposed to study and calou-
late the plasma transport in the real traps. Each partic-
le is characterized by the co-ordinates (X,Y) and the
velocity V in the trap's midplane, which change due to
the drift motion end collisions. The collisions are simu-
lated by the chance changes of the test particles' veloci-
ties, in accordance with their scattering on the backgro-
und plasma. The test particles, reaching the plasma radius
or gcattering into the loss cone, are considered as lost
ones and replaced by particles whose co-ordinates and
velocities correspond to the neutral injections. An itera-
tion process is applied in computations for self-consis-
tency between the background plasma and the ensemble of
test particles. A method of mapping was developed to cal-
culate the drift motion in the reel megnetic field [5].
This method describes the transverse motion of a charged
particle without calculeting its longitudinal motion. If a
particle, while moving through the trap, is insignificant-
ly deviated from a magnetic force line, the displacement
of the point where the trap's midplane is crossed by the
gulding center of the particle can be found from the map-
ping[6]:

ap 2L . 4
aX=pag ; AYE-Pay (1
where is the Larmor radius, and X , Y are the co-

-ordinates of the particle in the midplane; the function
I(X, Y, 8) is determined by integration along the
force line from the point ( X , Y ) in the midplane to
the point of reflection of a particle with the pltch-ang-
le 8 [5h I(x,Y,8) = {/i- B(e)/B(0)- 1n'0clE, where

B(f) 4is the magnetic field on the force line, B(0) ia
the magnetic field on the midplane.

The neoclassical rediasl transport of iones arises
due to the distortion of the drift surfaces'form[ 2]
Fig. 1 shows the intersections of the drift surfaces by
the midplane in the central cell of the AMBAL trap accor-
ding to the fall of the particles' pitch-angle. The scat-
tering of the test particle of the kind « on the back-
ground particles of the kind f cheracterized by the
Maxwellian distribution is described by the functions[7):

5™ —2 (2B 5 GO 2

B A 2 2 o
{(avi)"= 2 (ma” &)«/3 Ging i

Ta Xp P i
2B s \2r T\ V2 -G(Xs Vi
Lavy?"=2(Ra) () " =58 2

XP = Vu /VTP
Here V., is the velooity of the test particle, Vip'=
=(2T, /m') is the thermel velocity of the background
particles, M, and mﬂ are the masses of the particles,
"L"V"— mV‘T"f/[‘IV_'eGn'A)ia the characteristic time of col-
11510:15 and G(X) is the Chandrasekhar function.

The changes of the test particle velocity during the
ime At << TP in the local co-ordinate system (%,9,2),
the axis of which is directed along the particle velocity
before scattering, are described by:

St v R
d/ﬂ" Eza V((AV B at/2
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where ? 1,2,3 ore the random numbers with the mean
value, < ¥;» =0, and the dispersien (%;*) = 1.
Using the ecattering additivity, one may determine the
change over time of the test particle velocity in the
multispecies plasme.

In our modelling of the central cell plasma of the
AMBAL trap the test particles ere the H' ions. The back-
ground plasma conglstas from the H" ione end electrons.
Computations were carried out at several velues of the
electrons' temperature: 0.3 £ Tg £ 1 KeV. The plasma
density, averaged over radius, was taken within the in-
terval 310124 (n) ¢ 3-10"%em 3.

The outcomes of computations are the values of the
ions" temperature, values and energy characteristics of
the radial flux end end losees, radial profiles of the
plasma density. Fig. 2 showe the dependences of the plas-
ma confinement parameters from Te and {n) . The radial
losses are everywhere less but comparable with the end
losses. The ions' temperature T,-_ does not slmost depend
on (M) and depends linearly on [g in the examined

area of perameters.

The developed method and code allow the variants of
the plasma traps' megnet devices to be evaluated from the
point of view of the radial transport. Besides, the diffe-
rent characteristice of the plesme and fluxes may be de-
termined with the help of the model, that is necessary
when the experimental results are interpreted.

The suthors are very grateful to G.I.Dimov for the
initiation, support and the interest to the work and to
D.D.Ryutov and G.V.Stupakov for very uaseful discussions

and fruitful notes.
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TRANSVERSE ION LOSSES FROM PLUGS OF AN
AMBIPOLAR TRAP

LsS«Peklker, G.V.Stupakov
Institute of Nuclear Physics, Novosibirsk 630090, USSR

In the present paper we are concerned with central
cell ion losses from the plugs of an ambipolar trap[_1’z]-
This effect was pointed out in Ref.[>] for the first time.
1t coneists in that the central cell ions having a magne-
tic moment a little less than e criticel velue o

Mo=E/Buan ( & is the particle kinetic energy,
Bumax 18 the maximum magnetic field strength on a gi-
ven field line), can be trapped "into the plug while tra-

versing the latter. The drift surface of a trapped ion
oscillating between the embipolar potentiaml pesl and the
imnmer mirror of the plug cen stick the wall (limiter) of
the vecuum chamber, so that the trapped ion drifts out
onto the well for the drift time T4 « As an illustrati-
on, Fig. 1 shows posgible pogitions of a drift surfece
and & line where  Buex = Const , which are celculated
in the paraxial approximation for different magnetic
field configurations.(for details aee[4 )s Fig. 1a corres-
ponds to the situation when an ion trapped in point 1
does not sirike the wall end comes back to the central
cell in point 2. If the picture in Fig. 2 occurs then the
trapped lon leaves immediately the plug. We mssume that
the last case takes place and celculate the loss rate due
to the loss mechagiem considered.

As a-result of nonexigymmetry of the trep, the maxi-
mun megnetic field strength Bu.x on a given drift sur-
face depends on the asimuthal angle W (see Fige 2).
This means that an untrapped :I.on'), when drifting in the
plug, cen arrive at a field line where B... is larger,
then at initial field line and so this ion is trapped.
Such a mechanism of trapping we call collisionlese in
contrast to collisional trapping, due to Coulomb scatte-
ring in the plug. To find = condition when collision-
less trapping is predominant, let us coneider untrapped
ions in the plug having magnetic moment ‘,I-L within en in-
terval ©/B, «p<e/B, , where B, end B, are defi-
ned in Fig. 2. The drift motion converts these particles
into the trapped ones during the time scale Ta , whereas
collipional trapping requires scattering by the angle

~ &p/po , where Ar-:(e,/s,)-(afs,) . If the fol-
lowing unequality holds

é}i)l J (1
VYT & (/Ho y

where ¥ is the collision frequency of "central® ions,
colligional trapping can be neglected. We mssume below

thet the unequality (1) does hold; the opposite case is
studied 1!1[4 .

To make the estimate of the loss rate we suppose that
every trapped ion leaves the trap. Condition (1) allows us
to neglect the chenge of magnetic moment during the time
T+ To find the trapped particles density N we note that
at a given point of the plug different drift surfaces pass
which correspond to the trapped ions with megnetic moment
from the interval Am , so that hy ~nak/Mo , h::-)e n
etends for the plesma density in the centrel cell « The
number of the "central" ions trapped in the plugs is of
the order of hy'Vp, where Vp is the plasma volume in
the plug, eand the flux of theee ionse to the wall can be
egtimated as follows:

9, ~ -E%Xf- - (2)
o
Let us now define the confinement time T. of the plasma
in en ambipolar trep due to the considered loss mechaniam:

TCE haV; N’Cd.\.,i ,:: ’ (3)
T Ve op

where \ 1s the plaema volume in the central cell. In the
formula (3) we have taken into account that Vi V!’ » This
formula can be used for estimations of the confinement time
if 1t glves values of T, which ere much higher than V™4 ,
i.e. when

vy, Yo ke %1, )

VF apM.

If the opposite unegquelity holds, the confinement time be-
comeg comparable with the ion-ion collision fime.

The formula (3) can be transformed into a more prac-

tical form

Leet 4 (5)

'CLA-'T'J,R t‘p M,';/.-g) f .

1f one uses expressions Va= L+ R emd Vp= Lpwte,
where © ig the plasme radius in the plug, R is the mir-
ror ratio in the central cell, Ls ena LP ere the lengths
of the central cell and the plug, respectively. The oxigin
of the last multiplier ip connected with that in the para-

=lal spproximstion spho~ /1% G (5/*) (see details 1al*]).

In conclusion we emphasise that our estimates are ba-
sed upon the assumption that every trapped ion comes to
the wall. In thies case as the result of the paper shows,
collisionless losses from the plug may lead to a decrease
of the confinement time to the values comparable with the
ion-ion colligion time. To exclude these losses one must
design the magnetlic field so that the drift surfaces of
trapped ions would not leave plasma volumes.

The suthors thenk Prof. D.DsRyutov for useful discus-
slons.

*)} By untrapped we call the ions with &> )MBW 5

**) Here we have taken into account that the mirror ratio
for the plugs is not large.
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DISROPTION OF MIRROR PLASMA INDUCED BY
RESISTIVE DRIFT INSTABILITY
Shinji Hirce, Toshiju Kunibe and Hidenori Akiyama
Institute of Plasma Physics,
Hagoya University,
Nagoya 464, Japan
ABSTRACT We observe the disruption when high density plasma (ng ~
10“ u-a, £~ 10 X) is injected into symmetric mirror. This disrup-
tion has been observed only when resistive instability grows near the
edge of plasma. The azimuthal mode numbers are m = 0 in the case of
disruption and m = 1,2,3,4 in the case of resistive instability. The
parallel wave length of resistive mode is much smaller than machine
length.

Resistive instability plays an important effect om the confinement
of Tokamak, RFP and Mirror. It is the purpose of this experiment to
show that the growth of the resistive drift instability results in the
disruption of plasma. The experimental set up is shown in Fig. 1. The
field strength in the central section is almost constant as shown with
the dotted line. To modify the constant field strength,.iron rings are
set inside the vacuum, As a result, the magnetic field strength is
deformed as shown in Fig. 1 with solid lime. At z = 31 cm, there are
another small hm_ups due to the separation of iron rings where double
probes, microwave horn and so on are placed. The high density piuml
is injected along the magnetic field lines of forces with MPD arc
j:t.n

The density fluctuation is picked up with current probe connected
to the double probe which are located at z = -70 em, -31 cm, 0 cm, 31
cm and 164 cm, To measure the azimuthal phase, three probes are set
at z = =31 cm. In order to measure the parallel wavelength, two probes
are placed along the almost same magnetic lines of forces and the
separation is 2,15 cm.

The typical plasma parameters are listed as follows: electron

density (ng) is 1014 I‘.ﬂ—], the electron and ion temperatures (la and

Ty) are 5 eV respectively, fuel gas is helium and B value is 0.1.

The photographs of density fluctuation are shown in Fig. 2. At
the plasma center the density increases gradually, then abruptly
decreases (we call this as disruption). The important phenomena is it
that just before disruption the high frequency oscillation can be
observed to grow rapidly (Fig. 2b). At r = 4.0 cm where the probe is
far away from plasma, only a burst is observed (Fig. ch. As shown in
Fig. 2d another interesting result is the plasma dynamics along the
field line. The density increases at the end of the vacuum vessel
after the plasma inside the mirror abruptly disrupts.

As shown in Fig. 3, the average density profile just before the
disruption is drawn with solid line. The density gradient is deter-
mined from this plots and the scale length of gradient is 1.5 cm.

(The magnetic fleld curvature ranges from 5 to 20 cm.) The density
profile just after the disruption is plotted with dotted line.
Comparing these two profiles, the demsity profile just after the
disruption becomes flat.

In order to measure the fluctuation level, the current probe are

ed to data

P and data memory. The fluctuation level of
disruption (;D) and high frequency component (a'n) are plotted with
open and closed circle, respectively. The fluctuation level (:D) is
large at the center and outside the plasma. The peak outside the
plasma corresponds to the burst escaped accross the magnetic field
lines of force (Fig. 2c). The high frequency component (;’\'I.n) is large
near the edge of the plasma.

The another interesting result is the phase relation of the
disruption which is picked up with the two probes (45°-probe and 0°=
probe). Here 45°-probe is fixed and 0°-probe moves radially. The
positive phase means that the phose of 0°-probe is faster than that of
45°-probe. We find that near the center of the plasma it is almost
the same phase, but the phase changes abruptly to the inverse phase
wvhen 45°-probe moves beyond 2 em. This tendency is same when we
measure the phase defference between 0°-probe and 180°-probe and so on.

This sugg that the azimuthal mode number of the disruption is m =
0, that is, the disruption does not go round.
the high £ instability goes round azimuthally and

ve have observed the instsbility of m = 1,2,3 and 4. It is one of the
distinctive phenomena that the pltlllﬂl- wave length (\y) of the high
frequency mode is about 26 cm and much smaller than the machine length.
. We have surveyed the experimental results. The characteristics
of the high frequency oscillations are itemized as follows.
1) The real frequemcy is in the range of the drift frequency due to

the density gradient and almost 100 kHz. (Fig. 2)

2) The growth rate (y) to real frequency ratio is near 0.3. (Fig. 2)

3) The azimuthal mode is m = 1, 2, 3 and 4.

4) The instability goes around in the direction of the electron
diamagnetic drift.

5) The parallel wave length is iy % 26 cm and is much shorter than
the machine length.

6) The instability is excited at the edge of the plasma. (Fig. 3)

We identify this high frequency instability as the resistive drift
instability. Following Mikhailovskii®™’, the real frequency of this
inaubility 18 the same as the electron drift frequency caused by the
density gradient (u“). We can calculate the growth :ute‘ to real
frequency ratio with experimental parameters. The value of y/Rew is
mleE. At m = 2, y/Rew = 0.3 and 1 at m = 3. These values are the
same order as the experimental value. At higher mode, y/Rew is larger
than 1 but in this case the transverse collisional viscosity of the
ion becomes efficient and decreases the growth rate.

The characteristics of the disruption are itemized as follows;

1) When the disruption occurs, the plasma escapes abruptly along and

across the magnetic field. (Fig. 2c and d)

2) The azimuthal mode number is m = 0. (Fig. 3)

3) When we stabilize the resistive drift mode by the line tying,
disruption can't be observed.

4) The escape speed along the magnetic lines of forces is 107 cm/sec
(Fig. 2d) and is almost equal to the Alfven speed of L 2%

10 e and B v 2k6,

For explaining this disruption with the mirror instability, the
perpendicular to the parallel ion temperature ratio should be larger
than 6. Such a large anisotropy is impossible in collisional plasma.
The growth rate of the resistive flute mode is few tens microsecond
which 1s 10 times larger than the time of the disruption. Moreover the
value of ky A is larger than the growth rate where v, is the Alfven
speed. Moreover when we explaine this strong instability as the flute
mode, the result of m = 0 is impossible to be explained.

From the above discussion, this disruption can't be explained with
the instability. We suggest that the equilibrium is possible to be
destroyed due to the growth of the resistive drift instabilities.
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SUPPRESSION OF DRIFT-CONE INSTABILITY
IN PLASMA WITH A WINITE PRESSURE
BY A GROUP O+ HOT ELECTHONS

T.V.Arsenin

1.V.Kurchato: Institute of Atomic Energy,
Moscow, USSR

Abstract, Drift-cone oscillations with a small incre-
ment in a mirror machine with the finiie £ 1 can be sup-
pressed when a small group of high energy electrons with
the magnetie drift velocity close to the wave phase velo-
city is prescnt there.

In a mirror machine with finite 9 , Where the magne-
tic field rises from the axis, the directiona of a wave
propagation as a drifi-cone mode and a magnetic drift of
electrons are the same. Electrons with the magnetic drift
velocity, close to the wave phase velocity, exchange the
energy with the wave and the wave damping on resonance par-
ticles, at the sufficient amount of them, can become stron-
ger than the drive by non-equilibrium ions. If the elec-
tron distribution is a Maxwellian one the amount of re-
sonance electrons will be exponentially small and insuf-
ficient for stabilization in the moat interesting case in
practice when ?E=EPTFLE,_/52 €1, 5 < 9L (By -
average energy of ions). (But at Pi» 1 stabilization by
the Maxwellian "tail" is possible / 1 /). In this paper
we show that stabilizetion of plasma with such parameters
will be possible If electron distribution is not a Max-
wellian one, i,e. besides the population of cold electrons
there is a group of hot ones with a temperature of the or-

der of resonance energy. see Fig.,1 (high energy "tails"
are obtained, e.g., at the electron cyclotron heating). The

case is considered when the oscillation drive by non-equi-
librium ions is weak (kinetic one) so that the increment
is considerably less than the frequency. The very oscilla-
tions were observed in the experiments at 2XIIB /2 /. The
non-potentiality effect at the finite ﬁ (mee, e.g.
/3/}. sengitivity of the increment to the ion distribution
shape, magnetic field inhomogenity effect / 4/ can result
in 4ne increment smallness.

For the oscillations of interest with K, =0, K4P£>>1'
| w/ucsf <« 1 ( P‘-_ - ion Larmor radius, W, - elec-
tron cyclotron frequency) the dispersion equation obtain-
ed in an ordinary procedure with the finite P taken into

account (see, e.g. / 3 /) is expressed as:

(,
Wee 2K e, Ope __ __; (Jn€, +ImE;), )

I+ +
W ol Kr LR (K C)?
Here
2
__ Tldpe Wee 1, tpe 35 L

Im == RTAER (-5~ 2ca) ) G QFJ,» (2)
U_e W

wpe.' plaema frequency -] “‘#ﬂ‘(ﬁ!(t)) X,= 2 Ky2q

_%&._6) F( X+ 5.‘)_ | - electron distribution

function. A flat model is used, X - axis is directed
towards the inhomogeneity £ - along the magnetic
tield, the wave travels along Y . We don't need the
exprossion for a small value Tim £;; , which describes
the interaction of the wave with iona.

Let By < m,e? and %:-L-FL 3 1 then unity
in the left-hand side of eq.(‘l) ca.n be omitted. Naglecting

the small right hand side of (1) one obtains

W= _Z_# Ky P . (3)
F Ce 7

i+ Rl )
so that € will reach the ion eyclotron frequency (Je;
(at which the drive of a wave by iona is possible)

. M,
it lep| >2 JAT 2 et 1Rp) >>a/£;m':°=
one has
P Ky P
W= _.E?Elﬁ"cdci v (4)

Let us take into account the imaginary terms in
the right-hand side of eq.(1). Interaction with ions resu-
1ta in an inwtability ( Jm& <0), and that with the re-
sonance electrons (Jmsg >0 ) results in a damping. The
stability criterion is as follows:
JmEa >f.7m5,;f_ 5)

Damping will be possible if the amount of resonance elec-
rali o A7)

trons with the energy LR g T is siffici-
= £y 2s

ently large. Using eq.(4) and the equilibrium equation
&y - Lo the value of energy can be written

2
m 1" 4 E;
2 ﬁ‘:i (6)

Take the energy distribution for the high energy

electron component as
SF, = S é;WP(*—,__%), (n
where E, is of the resonance energy order (6). Put (7),
(6) into (2) and express .7m£- in terms of the incre-
ment [ in the absence of stabilization (JmE=0): Imén
=-.£ cji EK 5 , then the share of hot electrons
ce L :
necessary for stability is obtmined from eq.(5):
fn o a3 L
n ~ F:. [A] (8)
Attention should be paid to the fact, that at p < 1
absorption of the wave minly depende on the plasma inho-
mogeneity: in a sum [-‘Tgﬁ"— ,SC:,F;] in eq.(2) the mse-
cond term is ~F£ =1 times greater than the first one
describing the ordinary Landau absorption.
If the real increment [ is sufficiently smell in
comparison with a frequency ) so that the necessary
amount df hot electrons is also small, the energy den-

sity of these electrons ON-E_ oan be much less than 11-£; .

|
Fig.1. Electron
! distribution
\
Uy funetion
l kz, sl
E; ErpgedEi 2
ﬁ‘.
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Q-ENHANCEMENT IN NON-AXISYMMETRIC
TANDEM MIRROR PLASMA*

T. KAMMASH
D. L. GALBRAITH
UNIVERSITY OF MICHIGAN
ANN ARBOR, MI 48109 uUsa

Abstract. The potential of Tandem Mirrors as fusion reactors
depends to some extent on a satisfactory resolution of two crit-
ical issues. The question of ballooning stability and achiev-
able betas on the one hand, and the attainment of large Q (ratio
of fusion power to injected power) values in the presence of
thermal alphas on the other. In this paper we find that a stan-
dard non-axisymmetric tandem (without thermal barriers) mirrcr
has a particularly interesting transport properties that could
lead to enhanced diffusion of thermal alpha particles across
magnetic fields and a corresponding enhancement in the Q-value.
This, of course, is to be reconciled with the ballooning insta-
bilities that are associated with such configurations; but if
high beta values based on finite Larmor radius stabilization can
indeed be obtained, as indicated by some recent kinetic calcu-
lations, then the non-axisymmetric tandem can be viewed as a
truly attractive fusion reactor.

The Tandem Mirror concept‘L'z’) has been receiving in-
creasing attention in recent years due to the fact that signif-
icantly larger Q-values can be obtained in this configuration
than those obtained in the standard mirror. For MHD stability
the plugs of a tandem device are generally chosen to have a
minimum-B magnetic configuration. The resulting magnetic geom-
etry, however, suffers from lack of axisymmetry which has been
shown (34 to result in a considerable enhancement of particle
losses across magnetic surfaces. This effect is attributed to
thefact that in a non-axisymmetric magnetic field the amplitude
ofparticle excursions with respect to these surfaces can sub-
stantially exceed the particles' Larm't radii. The collisions
between particles can then lead to diffusion coefficients much
inexcess of their classical values as in the case of neoclas-
sical diffusion in toroidal devices. The question immediately
arises as to what impact will these enhanced particles losses
have on the tandem as a power reactor. More specifically what
effect will they have on its Q-value. We will show in this
paper that inspite of the excessive losses of D-T ions, the
enhanced cross-field losses of thermalized alpha particles rela-
time to their axial losses is sufficiently large to result in a
significant enhancement of the Q-value of the system.

To demonstrate this, we consider a nonaxisymmetric tandem
mirror in which a mixture of equal amounts of D-T is assumed to
undergo fusion reactions in the central cell only, and where the
resulting alpha particles are assumed not to interact with the
electrons and ions of the plugs. Ion losses due to charge ex-
change with the fuel provided by neutral injection is also in-
cluded. Unlike most reactor studies of such a system we allow
for different electron temperatures in the plugs and central
cell so that the confining potential in the central cell can
be written as(5)

P e e VT,
e“p_TPeﬁ"[‘ﬁ; ‘-F:;) JYala

where T, and Tge are the electron temperatures in the plug and
central cell respectively, and np and ne are the corresponding
values of the electron density in these regions. The particle
and energy balance equations for the ions, electrons, and
thermal alphas are given elsewhere(6) and will not be repeated
here due to space limitations. It should be pointed out, how-
ever, that among other things these equations allow for physical
exchange of electrons in the central cell and plugs as well as
for energy deposition in the plugs by "transiting" electrons
that pass from the central cell to the plugs and then reflected
back into the central cell(7)., fThis is in sharp contrast to the
usual approach in which no distinction is made between Tge and
Tp.. Under these circumstances it has been shown(8) that for
reactor grade plasma in an axisymmetric tandem, a modest value
of @ (€ 2) is obtained due to the accumulation of thermal alpha
particles in the system. Even in the presence of classical
cross field diffusion a small Q-value is generated due to the
fact that about 2.5 ions are displaced on the average for every
thermal alpha particle that remains. As a result an enhanced
Q-value can only be obtained if a mechanism for selective re-
moval of thermal alphas can be found. The neoclassical diffu-
sion in a non-axisymmetric tandem appears to provide such a
mechanism.

As pointed out in references 3 and 4, the particles in
the central cell of a tandem mirror undergo "neoclassical"
transport across the magnetic field when their azimuthal drift
frequency is much smaller than their bounce frequency. The
diffusion becomes "resonant" when the drift and bounce fre-
quencies are nearly equal, and becomes "stochastic" when the
drift frequency far exceeds the bounce frequency. We have
incorporated these diffusion coefficients in the system bal-
ance equations and have found that the dominant mechanism is
that of the resonant diffusion in the plateau re?ime. The
confinement time for such diffusion is given by [4)

—Cr“ =g, l‘sz\/fc)2 et

where ?:“ = LL/ Uil is the axial bounce time, Le is the length
of the central cell, Ly, is the length of the transition region
and f, is the Larmor radius in the solenoidal field.

In addition to the above cross field diffusion the fusion

*Work Buppoxtea By U.5. DOE
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ions and alphas escape axially. This confinement time is given
by the standard Pastukhov(9) formula "Eéfh when extended to
multispecies system can be written asl

| 4] gnet + {%,[f—ffﬁ,‘)] (2
— T =
‘E} ﬁ'CJrajv;4C,-'/gf .I.-.(-"E_—FE‘+2)

where )(_'- = ( _Z%G_G') (4)

and ¥ is the electrostatic confining potential, ¥j is the
charge number of the confined ions, and ‘E is their temperature.
The quantity @¢%) is the standard error function, is the »
plasma mirror ratic seen by the escaping ions, the cohstant c,
is given in terms of densities and masses of all the ion species
in the system and T,, is the familiar 90% scattering time. For
small alpha densities the constant (, takes on the values 1,

2, and~4 for electrons, ions, and alpha particles respectively.

In a steady state reactor whose plug plasma is heated by
neutral injection £., and whose plug electrons are additionally
heated by auxiliary means (Feaux) such as radiative heating, a
measure of Q-enhancement due to non axisymmetry i1s shown in Fig.
(1). The g-value displayed has been maximized with respect to
&,,, the injection energy, Feaux, and Te, the fuel ion temper-
ature in the central cell. We note that as the transition length

t. becomes larger i.e., as we move in the direction of axisym-
metry, the Q-value drops and asymptatically reaches the value it
has when purely classical diffusion (uniform field) takes place.
The primary reason for the Q-enhancement in the non-axisymmetric
configuration is the bigger bite which "resonant" radial diffusion
makes in the thermal alpha population than that which it makes in
the ion population. The results indicate that the radial and
axial confinements for the ions in the central cell are compara-
ble while for the alphas the axial confinement is about 40 times
longer than that in the radial direction. Thermal alphas are
very well confined axially becuase of the higher potential they
see due to their double charge.

Finally it may be argued that the Q-enhancement brought
about by nonaxisymmetry may be offset by the severe ballooning
instabilities which such geometry gives rise to. Although MHD
studies (11) of such modes in tandems have placed serious lim-
itations on achievable betas, recent kinetic studies of these
modes (12) have indicated that high betas are indeed possible due
to finite Larmor radius stabilization which seem to scale guite
favorably with the length ratic ( L¢ / Lg).
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REB ENERGY DEPOSITION IN AN INHOMOGENEOUS PLASMA

P.Sunke, V.Babicky, H.Clupek, K.Jungwirth, K.KoldZek,

1.Kovd®, G.0.Meskhi™, V.Piffl, M.Hipa, J.Ullschmied

Institute of Plasma Physics, Prague, Czechoslovakia
x)Lebedev Physical Institute, Hoscow, USSR

Experimental results on heating of an inhomogeneous
megnetized plasma by an intense REB (wh=o,1-1,ak.1) are re-
ported. The maximum heating efficilency Wi/W,=0,2 was found.
In the reflexing beam (virtual cathode) mode of operation,
the energy of transverse motion of plasma particles reaches
the value 400 Jm". the kinetic presgsure exceeding several
limes that of the external magnetic field (f;=4-6). A theo-
retical model deseribing the dynamics of the overhea_.ted
plasma was developed for correct interpretation of diemag-
netic loap signals.

Heapurements have been performed on the modified REBEX
mechine /1/ operated now at U, =500kV, I =60kA, t,=100ns,
Wy=1,Thkd, 1'.5:2511911. The beam iz injected into e (vacuum)
chamber (L,=2 @, R=75 mm) immersed in a mirror magnetic
rield (B, =0,5 T, B,/B,=1,5) with a time delay t, with res-
pect to the firing of a plasma gun. The plasms gun located
at 23200 mm genergtes a plasma cluster expanding along the
magnetic field with a front veloeity 2.10*ms™". The average
density of the short plasma column (td=40 us) reaches the
value of 3-4.101551:1'3, while that of the nearly homogeneous
plasme filling the whole interaction chamber at td=150 pe
is 1-2.1013cm-3 only. Local measurements of the plasma den-
sity and temperatyre by Thomson acattering were made et
z=35 cm. The maximum density of 1-2.10"%0m™? was found at
tquD ps. The scattered laser signal becomes negligible for
td<40 ps the plasma being rather hollow in early stages of
the plasma injection. The initial plasma temperature evelu-
ated. from scattering data lies within the range 1-3 eV, in
a good agreement with the values deduced from the plasma
diemegnetism and expansion veloecity.

Since the h.v. diode is placed in a low magnetic field
naw (Bdao.zao« Bé'n)' a beam with a large angular spread is
generated. The maximum beam energy injected through the
plasme gun is W =1,2 kJ only. Due to the lowered injection
efficiency also the reflexing beam phenomensa are less pro-
nounced if compared with the REBEX 1 experiment 12/«

The set of diamagnetic loops remained the basic diagno-
stic tool for evaluation of the plasme energy content /2/.
A broad variety of diamagnetic signal waveforms reflecis to
o limited extent the complex nature of nonlinear processes
of beam energy deposition and redistrihution within the
plasma region. Usually, signals with almoat regular damped
oscillations @“uci) are observed. These oscillations were
identified as magnetoacoustic configurational ones of the
whole plasma column with the frequency w-gkv;j;, where
m(t) is the plasma maas per unit length é.nrl g-»1 for
R/Ty> 1. They ere effectively excited only if w“,‘i:hf, T .
Aperiodic single pulses occur less frequently.

There are several possible channels for deposition of
a part A Wy, of the beam energy within the plasma region
during the beam injection. In addition. to the -two-stream
instability end return current dissipation representing

sourcea of thermal energy predominantly for (some of) the

plasma electrons, some beam electrons can be trapped inside
the plasma. Finally, a ;p-a:rt of energy can bé aequired by
expansion of the short-living hot component (rotating or
oscillating beam). A part of AW, is exchanged between the
thermal and the mechanical energy of the oscillating column
and the edditional energy AWB of the magnetic field. frozen
into the plasma. Both the energy losses e.g. by a longitu-
dinal expansion 1=1(t), the energy dissipation -i% = AW;
accompanying the megnetic field diffusion into a:finite-
~conductivity plesma and the resonant ion heating (W ==&di )
result in damping of the oscillations.

The above mentioned processes are included in the ther-
modynamical model yielding a fairly general relation for
the decrease A@(t) of the magnetic flux through a diamag-
netic loop encircling the plasme column (t=t,)

3
adok =6 -i%[% Kop(- $1)-cos(p + rguu(e)a_t)
Fortunately, the efficiency A Wblwb oan be determined from
the diamagnetic date independently of the way of the beam
energy deposition (Aw,,=..f (pdz, G+1 for R/rhﬁb 1)
The model accounts also for the posalbility of depositing
the beam energy only inside the central part of the plasma
column., Measurements of the position of a hot plasma core
boundary by a miniature movable magnetic probe and preli-
minary results of soft X-ray enalysis support the relia-
bility of int;erpratation of the diamagnetic aignalas., The
existence of a short-living hot component is manifested by
abruptly vanishing single pulses detected by the diamagnet-

ic loops placed at the end of the plasma column,
Fig.1 shows radial profiles of the magnetic field et

the instant of maximum expansion of the plasma column
(t=100ns). The maximum hot core radius is then roughly twi-
ce that of the beam (for td-40 ps), the magnetic field be-
ing almost displaced at the axis. The total energy stored
in & plasma (Pig.2) reaches 320 J at $4=50 ps end it de-
creages o 160 J at t4=150 pa, The maximum plasua diamag-
netism was found at z=70 cm, td=30 ns, the corresponding
energy deposited per unit length being es high as 420 Jm"1.
Although the energy transfer effioclency Awb/w’n remains
almost constant (20 per cent) et varying t;, the deposited
energy denaity Wy ig maximum for short plasma columns in
the present experimental setup. For a fixed regime (pro-
pagating or oscillating beam) the deposited energy scales
linearly with Wb in the region of W= 0,1 = 1,2 kJ.
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PROPAGATION OF A RELATIVISTIC ELECTRON BEAM THROUGH GAS AND PLASMA

G.C.A.M. Janssen, P.H. de Haan, H.J. Hopman,
x

E.H.A. Granneman, A.G. Shkvarunets
FOM-Institute for Atomic and Molecular Physics,
Amsterdam, The Netherlands

Association Euratom-FOM

ABSTRACT. Studies have been performed on the transport of a relativis—
tic electron beam (REB) through gas (190 Pa=1.5 Torr, Hz) and through

020

plasma (n vl m‘s). Stable propagation was observed in both cases and

beam energy losses amounted to “2.5I per meter. In case the beam is in-

0 u-l) is formed

jected into gas a cold weakly ionized plasma (u.«-z;m
with a temperature ETL«-Z eV, limited by line radiation losses. But
when the beam is injected into plasma the temperature, u'_--mu eV, is
limited by axial electron heat conduction losses. In both cases a sta-
tionary state is reached in which the beam energy tranafer equals the
plasma losses. Experimegtal data are compared to a computational model.
EXPERIMENT. A REB (850 keV, 6 kA, 3.5 cw fwhm diam. 50-400 ns pulse-
lengrh) is injected into a drift tube, 2.5 m long and 0.12 m diam. A
0.21 T magnetic field BD with short mirrors of ‘0.3 T is applied. The
driftchamber is either filled with hydrogen gas of 190 Pa pressure, or
with plasma created by a discharge in 0.2 Pa hydrogen gas between the
wall and two ring shaped electrodes, situated near the magnetic ‘field
mirrors. In the Jatter case the REB is injected into the afterglow, for
which the plasma density = |02° e
Available diagnostics provide a time resolved measurement of the width
of spectral lines (Hu, HB) and of the beam energy distribution. Plasma
density is detcrmined from the attenuation of an H® beam. In addition
there are Rogowski coils and diamagnetic loops.
The beam energy distribution can be mcasured with two devices. A magoe-
tic energy analyzer accepts electrons with the angle between particle
velocity and magnetic field 0< 2° [1l. A second analyzer accepts elec—
trons with 10° <8 <60”. This is a new type of analyzer. It consists
of a slit, a hole and a collector plane [2]. When placed in a magnetic
field, the combination selects the helical particle orbits in such a
way that there is a one to one correspondence between points in the
collector plame and (7,0). where y is the electron energy, y-l-*n\'b.fuez.
MEASUREMENTS. INJECTION INTO PLASMA. Optimum plasma heating is observed
at n"!- ID"!0 I-J. Initially the return current fully compensares the
.beam current. However, the first 60 ns the return current decays rapid-
‘ =k For later times the met
!, The first 150
to 200 ns the diamagnetic aignal rises roughly linearly in time. The

ly due to turbulent frictiom, vgff'\aﬁxlog a

current is alwost constant in time and \aeffe_.‘ixlns s

maximum value obtained suggests nkT =2.6kJ w 2. For later times okT,
is proportional to the beam power P, , which is decreasing in time. Af-
ter the beam has been switched off, the diamagnetic signals decay pro-

portional to ¢t 2/3

, which is indicative of electron heat conduction as
the main source of plasma energy loss. The time constant is~ 200 ns.
INJECTION INTO GAS. Plasma formation takes place during the 20 ns rise
of the beam current. The plasma density saturates at 2:102 n-!. as
measured from IIB line widths. The Bu line width yields an atom tempera-
ture k‘l‘n-z eV, essentially constant in time. Initially there is a full
current compensation. The return current decays monotonically at a
rate corresponding to a-characteristic collision frequon.cy v
ax10” o~
sions (p=190 Pa). Beam energy loss starts at a high 12X, decreasing mo-

eff =
! vhich is predominantly explained by electron-neutral l:nl]i:

notonically during the pulse. The time averaged loss is 6% over the

2.5 m length of the drift tube.

COMPUTATIONAL MODEL. The model we use is a substantial extension of
the work of Hammer et al. [3]. It combines four atomic rate equations,
to calculate the densities of the plasma comporents (e , H®, u’. !l;. II;

and “2)' with four energy equations, to determine the temperatures of
+

2

cribe the energy transfer from the beam to the plasma and the energy

e, Ho. H* and the weighted sum of H, + H; . The latter equations des—
exchange between the plasma components. The induced plasma return cur-
rent is calculated self consistently and thus the stronmg coupling be-
tween beam and plasma current is included in the model.

Beam energy input into the plasma is caused by the decay of the return
current and by the dissipation of high frequency waves excited in the
interaction berween beam and plasma electrons. The energy transfer
through high=frequency waves, denoted by l'“. see Fig. 1, is calculated
by assuming that all beam electrons loose the amount of energy required
to maintain the amplitude of the waves at the saturation level, as es-
timated by Thode [4] in the hydrodynamic limit. Ohmic dissipation of the
return current is due to classical collisions, P and anomalous
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resistivity associated with ion acoustic turbulence, Pia' and with the
presence of the high frequency waves, P“. The saturation level of the
ion acoustic turbulence is determined by non-linear Landau damping.
Plasma losses include bremsstrahlung, line radiation, P {oa’ and the

ne
dissociation and ionization of the neutral components H® and H

o Pite
This zero-dimensional, time dependent model is well suited to lzhlc::i':l
the evolution of the beam—plasma system at low degrees of ionizationm.
With decrease in gas density, the electron temperature rises and tempe-
rature gradients start to play a role. The bargest profile dependent
loss term is the electron heat conduction along the applied magnetic
field. The model is presently being adapted to include this term.
RESULTS. INJECTION INTO GAS. Calculations show that the system reaches
a stationary state at t~ 100 ns. Then I:'I'.mz ev, k'ri-k'rc-i.s eV and
n.'uzxwm u-J, in agreement with measurements. The most abundant ion
is II3 . Atom density is 50 LA Moreover the model predicts correctly
the time dependent behaviour of Veggr OF the plasma return current, and
beam energy loss. Fig. 'l presents the calculated power balance of the
electrons. Beam pulse length in this case is 150 ns. It is seen thhe
ion acoustic turbulence Pia is turned off rapidly when plasma drift ve-
locity approaches the ion acoustic velocity for t-> 25 ns. Energy trans-
fer is carried by classical resistivity P:l' and hf wave dissipation,
P“. Plasma losses are due to radiation (65Z) and ionizatiom plus dis-
sociation (30%). Fig. 2 presents the energy input E to the plasma elec-
trons as function of pressure p; E=[Pdt; integrated over a 500 ns time
interval. lg Tepresents the ohmic dissipation due to classical and
anomalous resistivity. Computed and measured values follow the same
trend as function of pressure. B“L is the sum of !ﬁ and !w. where Ev
is the electron emergy gain from the hf wave dissiparion. Comparisom of

measured beam energy loss (17.4 kJ n—)

at 190 Pa) with total computed
energy input (20.2 kJ m—J) indicates thar the Hf wave excitation is of
hydrodynamic type and not kinetic.

IKJECTION INTO PLASMA. The application of the model to this case is re-
stricted because of the lack of loss terms. Conmclusions can only be pre-
sented for shourt beampulses, such that “e remains smaller than~ 100 eV.
The ion acoustic instability is turned off after~ 40 ns. This might ex-
plain the sudden change in Verg Ot £=60 ms, observed in the experiment.
The dominant energy transfer mechanism is the dissipation of the hf
waves. Because Pl'me is negligibly small all energy remains in the plas-
@a. Therefore the calculations give a linear increase in nkT with time,
in agreement with the measurcment.

This work was performed as a part of the research program of the asso-
ciation agreement between Euratom and FOM, with financial support from
ZWO and Euratom.

’I.abld-v Physical Institute, Moscow, USSR.
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PRINCIPAL RESULTS OF THEORETICAL AND EXPERIMENTAL STUDIES
OF ELECTROMAGNETIC TRAPS

Yu,S. Azovekij, V.I. Karpukhin, A.D. Komarov, O.A. Lav-
rent'ev, V.A. Maslov, M.G. Nozdrachev, N.N. Seppa, and
I.A. Stepanenko

Kharkov Institute of Physics & Technology, Ukr. Acad. Sci.,
Kharkov, USSR

One of the most important problems in controlled
thermonuclear fusion is to provide sufficiently long con-
finement time of high-temperature plasma particles and
energy in a certain volume. In electromagnetic iraps [1 ,2]
this task is solved using a combination of electric and
magnetic fields. Plasma ions are trapped in the potential
well produced by electron space charge. In this confine=-
ment ion losses are only determined by diffusion in velo-
city space and the ion lifetime in the potential well
grows exyanentialiy with the increasing ratio of the po-
tential barrier height to the ion temperature. For ther-
monuclear plasma paremeters Ne= 102011:_3, T4 = 10 kev, it
amounts to several tens of seconds already at ® i/Ti=8
[3-6]. Plasma electrons in the electromagnetic trap are
confined by the magnetic field in the form of a spindle
cusp and externally applied electric potentiael plugging
the cusps. The electron lifetime is determined by two pro-
cesses: electron diffusion across the magnetic field and
electron escape over the barrier aslong the magnetic lines
of force.

LExperimental studies of plasma accumlation and hee-
ting in the "Yupiter-1i" and "Yupiter-1M" machines [T.B]
ghow that the main channel of ion losses is through the
ring cusp; the ion losses through the point cusps being
approximately an order of magnitude smaller., The time far
ion escape through the ring cusp is inversely proportio-
nal to the plasme density in the trap and equals = 2 ms
which is indicative of collisional nature of these loss-
es. The time of ion escape through the point cusp does
not depend on the plasma density, but is determined by
the "geometric" time of ion flowing out through the po-
int cusp. The main channel of electron losses is repre=-
sented by diffusion across the mgnetic field. The elec=
tron diffusion in velocity space rapidly decreases with
the increasing plugging potential end is negligibly
amall for the operating conditions under study. The elec-
tron lifetime limited by the transverse diffusion is
=1 ma with the plasma density being 2-10"%em™> and elec-
tron temperature 0.1 kev.

Computer simulation of plasma accumulation and he-
gting in the electromagnetic trap in the approximation
of clasgsical transfer coefficients yilelded a satisfacto-
ry egreement with experiment [9] . The computer simule-
tion was also used to calculate steady-state plasma pa-

rameters for the designed "Yupiter-2" trap [_10,11] .

One of the principal processes limiting the plasma
density in the electromagnetic trap is electron accumu-

lation in the cusps and the resulting decresse of the
potential barrier for ilons. The space charge potential

sag AU in the ring cusp and in the point cusps of the
trap wes measured experimentally. The AU -dependence on
the plasma accumulation time is shown in Pig.1 (1:in the
ring cusp; 2:in the point cusp). Initially, before the
plasma is genersted, the potential sag due to elecirom
circulation reaches ite maximum value of 1.9 kv in the
point cusp upon injection of 4 kev electrons. In the co-
urse of plasme accumulation the Al wvalues fall off to
0.4 kv in the ring cusp and to 0.6 kv in the point cusp.
Fig.2 shows the potential sag in the ring cusp (1) and
in the point cusp (2) as a function of the electron in-
jection current for different times : a) 3.9 ms, b) 4.ms
(after switching off the beam). With the increasing plas-
ma density =-dashed curve~ the potential sag increames
glower than the demsity. This experimental result is of
principal importance in estimation of the plasma parame-

ters expected for the next generation of electromagnetic

traps.
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PLASMA LEAK WIDTH OF LINE- AND POINT-CUSP LIKE MAGNETIC
FIELDS

Hideo KOZIMA, Shinji KAWAMOTO and Keiichiro YAMAGIWA

Department of Physics, Faculty of Science, Shizuoka

University, Shizuoka 422, JAPAN

Abstract

Using permanent magnets, we formed arrays of magnets which
generate line- and point-cusp like magnetic flelds. Plasma
parameters around those magnetic cusp fields were measured
with a Langmuir probe in Ar and He plasmas.. Leak width
was defined by the half-value width of electron density
peak at the cusp. The leak width of the line-cusp field
was nearly equal to the hybrid gyrodiameter 2(|1|21=|1'.l"",t':|_)1/ll
/eB. Periodic variation of the magnetic field strength
along the line-cusp induced modulation of the leak width
along the cusp if the period was comparable oE larger than
the hybrid gyrodiameter. It is found for the first time
that the leak width of the point-cusp field is qualitative-
ly different from and is very large compared with that

of the line-cusp field.

One of important problems of plasma confinement by cusp-

ed magnetic filelds is the high loss rate of plasma along

1,2)

the magnetic field lines Electrostatic pluggings

were investigated to reduce the loss by externally impose-

PED )

and self-cnnhistanc“ potentials. At the present time,

the leak width of the line-cusp field itself is in a contro-
versy and proposed values for it spread from the electron

gyrodiameter to the ion gyrodiameter through the hybrid gyro-

1/4 4,6~8)

diameter 2p, = E(mem T Ti) /eB

1%e
to know that leak widths of the order of 2 fh are consistent-
9,1,2)

It is surprising
ly explained by the concept of Rosenbluth sheath by a
simple model. In this work, we present new experimental

7,10)

data with permanent magnet arrays to generate line-

and point-cusp like fields. Preliminary result was pub-
1lished elaeuhe%eB).

Planer .arrays of permanent magnets made of ferrite with
hight 15 mm and diameter 20 mm were used. The field stren-
gth on the pole face was about 1500 G at the center. To

generate line-cusp like fields, magnets in an array were

placed with a separation d and the same polarity. The mag-

¥y

net arrays were arranged para-
llel each other with a separa-
tion of 20 mm between them as
shown in Fig.l(a). Varying d,

we could modulate the field

strength along the cusp. For

point-cusp like fields, magnets Fig. 1

were placed equidistantly on a square lattice with a lattice

constant D+d alternating polarity as shown in Fig.1l(b).
Argon and Helium plsmas were ﬂrnduced in the left-hand

part of the device as shown in Fig.2 using hot cathode dis-

charge from thoriated tungsten filaments with a diameter

0.15 mm. Discharge vol-

tages were 25 V for Ar and
45 V for He plasmas. The
geparation distance d was &

taken as 0, 10 and 15 mm

for line- and 20 mm for

point-cusp like fields.

Typical plasma parameters ant
as follows; n_= loacm's, T, = 5eVand Ty ¥ 0.5 ev for Ar
and nr 108 cm‘a, TE- 10 eV and Ti~1 eV for He plasmas.
Data were taken with a cylindrical Langmuir probe (2x0.3
nm\¢ ) parallel to the magneﬁ face in the xy-plane at z =
10 mm above the face plane.
The half-value width

of the density distribu-
tion peak at the cusp for

a line-cusp like field

with d¢<5 mm is indepen-
il

dent of the position and i
Pig. 3

Peuton M im)

with d from 5 to 10 mm is"
given approximately by 2rh at the position. Plots of den-
sity distribution and magnetic field strength around a
line-cusp like field are shown in Fig.3 for a magnet array
with d=10 mm. Half-value width of the distribution curves
for y = 0, 7.5 and 15 mm are 4.5, 5.0 and 8.0 mm, respec-
tively. On the pther hand, the hybrid gyrodiameters at
corresponding peints are 4.3, ﬂ.9.and 6.1 mm in good agree-
men? with the half-value widths. Similar results were ob-
tained for He plasmas.

In the case of d 215 mm
the half-value width is very
large compared with th at the
corresponding position. Similar

behavior was obtained for point-

cusp like field as shown in Fig.
b,

Thus, experimental data given in this report show clear=-
.1y the drastic change of the leak width of cusps 1f we go
to point-cusp like field (and line-cusp like field with
large modulation) from the line-cusp like fileld with small

modulation.
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END LOSS LIMITATION IN A LINEAR THETA-PINCH
BY MEANS OF MAGNETIC MIRRORS

Zukaekishvili G.G., Salukvadze R.G., Tikhanov E.K.,
Ryzhkov V.N., Chkuaseli Z.D.

Sukhumi Institute of Physics and Technology of the
State Committee on Utilization of Atomic Energy,
Sukhumi, USSR

I. INTRODUCTION. Several ways of end-loss limitation in
gas-dynamical traps have been proposed and partially in-
vestigated during recent years. Among these methods are:
mechanical plugs /I/, Ryutov multimirror systems with sta-
tionary fields /2/ and multimirror systems with dynsmical
fields using plasma electrodynamic stoppering /3/. A gas-
dynamic flux can be successfully limited by means of me-—
chanical plugs, however,energy losses due to longitudinal
electron heat conduction couldn't be practically suppres-
sed.

As a matter of fact, both channels of losses can be sup-
pressed by means of magnetic mirrors. The theoretical con-
clusion has been experimentally verified by using Ryutov's
multidirror system for alkaline and hydrogen plasmas with
n<10en™>. Experimental data concerning plasma electrody-
namical stopping are unknown to the authors. In this re-
spect, further experimental studies on end-loss suppres—
sion by means of magnetic mirrors for high density plas-
mas are of great interest.

2. The present paper deals with preliminary experimental
results on MHD instability studies and mass and energy
end-less limitations using a single quasistationary plug.
Dinarical and gquasistationary multimirror systems are sup-
posed to be investigated from now on.

Fig.I shows the device schematic. A theta-pinch is
formed by & single-turn solenoid 16,5 cm in length and
II cm in diameter (I). Field strengths have been varied
within the range of I4 to 30 kG their halfcycle being from
7 to 9,5ms. Plasma streaming out from the pinch ends
spreads in a slightly corrugated quasistationary magnetic
fipld with a halfecycle of 200ms snd the strength Hr= 8 -
-20 kG; the field is generated by three-turn solenoids (2).
The theta-pinch is switched on close to the H field maxi-
mum. A small-power theta-pinch has been used to heat the
plasma preliminarily. The same figure shows field dis=-
tributions along the axis for ET =20 kG, Hz = 30 kG(3);

Hy =20 kG, H, =20 kG(4); Hy=20 kG, E, =I4 KG (5); Hy=20kG,
Hz=0 (7) end B‘l‘ =7kG, H, = 0(7). The quasistationary mag-
netic field, H'I" which propagates into the theta-pinch re-
gion and exerts a considerable influence upon plasma for-
mation, is compensated by an initial reverse gquasistatio-
nery field -H, . I)2 nar\Iraa as ;n operating gas. Initial
pressures are: P, = 107 - I0™“ Torr. Finch plasma densi-
ties amount to n=2 . I0° = IOV’ cm™

Plasma dynamics have been investigated by means of mag-
netic, electrical and diamagnetic probes and streak-camera
pictures as well. Electron temperatures have been measured
by filtering soft x-rays.

3. Principal Results. 3.I. Plasma is stable only when the
initlel trapped mognetic flux is equal to zero or has a
small negative value. A flute-type instability is developed
in the plasma with a trepped positive flux while it (plas-
ma) propagetes through the mirror region. Fig.2 shows plas-
ma end pictures for Eza-ﬁDk.G. P°=IO‘ITorr and & zero Lrap=-
ped flux. Figs.2a ard 2b correspond to ET=BkG and 20 kG,
respectively. Under these conditions; a mirror field confi-
guration is realized only at the beginning and at the end
of the az halfcycle. The plasma jet propagation velocity

does not depend upon the H; value and is equal %o 7.IOGm/s.

(The moment of plasma outstream from the stopping coil emds
and ite contact with the wall are well seen in the tenth

frame pictures). However, the total number arti
of the
outstreaming from the ends is three times docrluog on ﬁ:n

eroasing the Hy field from 8 to 20 kG, according to diamag-
‘netic measurements. The jet deceleration is ohserved anly
on increasing the mirror ratio up to the value of Hp/H,=1,5.
3.2. Plasma electron temperature is essentially ucraaz-ed
as a result of switching the mirror fields on. Thus, e.g.,
for H =30 kG, P =I0">forr in pure theta-pinch, T, becomes
40-60 eV, while for H‘I‘ = 8-20 kG, ‘I'. goes up to I50 eV,

and has a slight dépendence upon H‘J." Eig.5 shows traces

for H , Dp line, soft X-rays (¥-ray) and the dismagnetic
signal (D.) measured at the end of the stopping coil. Rise
in soft X-ray radiation duration and intensity 1s well

seen with the HT field turned on. The soft X-ray emission
begine to fall down with the diamagnetic signal appearing and
is connected with a longitudinal electron thermal conduc-
tivity established as a result of a plasma contact with

the diascharge chamber wall.

BEFERENCES

I. Energy and Particle-Confinement Properties of an End-
~Flugged Linear Theta Pinch. R.J.Comisso, R.R. Bartach,
C.A. Ekdahl, K.F. McKenna and R.E. Siemon. Phys.Rev.Lett.,
1979, V.43, Ho 6, p.442-445,

2. Theory and Calculations of Nonmagnetic Dense- Plasma
Confinement. C.E. Vekshtein, V.V. Mirmov, D.D. Byutov,
P.Z. Chebotarev. 6th Conf. Proceedings. Berchtesgaden, 1976.
IARA-CH-35/E21.

3. End Plugging of a Iinear Theta Pinch by Pulsed Mirrors.
Amiya K. Sen. Institute pf Plasma Physics, Hagoya Univer-
sity, Japan. IPFY-346, July, I978.

Fig.1. Device diagram
and paraxial magnetic
field distribution

AAAAAS
; ( / £

nz kG Fig.2. Pictures of the
discharges P°=‘10‘1Torr,
30 Hz=§0kﬁ, a) Ht=akﬁ.

b) Hy=20kG. Duration
of the film exposure
is 0,5 ps

4/

op
x-
ray )

Fig.3. Theta-pinch dis-
charge oscillograms for
H,=30k6, B =10"Torr.
Low X-ray radiation
curve for H =30kG,

H.t:O is dashed

10 ps




PLASMA CONFINEMENT IN THE TANDEM MIRROR EXPERIMENT*

E. B. aoaper_[_, Jr., 8. L. Allen, T. A. Casper, J. F. Clauger,
P. Coakley,’ F. H. Coemsgen, D. L. Correll, W. F. Cummins,
J. C. Davis, R. P. Drake, J. H. Foote, A. H. Futch, R. K. Goodman,
D. P. Grubb, G. As Hallock,** R. 5. Hornady, A. L. Hunt,
C. V. Earmendy,’" A..W. Molvik, W, L. Pickles, G. D. Porter,
P. Poulsen, T. C. Simomen, B. W. Stallard, 0. T. Strand

Lawrence Livermore National Laboratory, Livermore, CA

ABSTRACT. Plasma confinement in the Tandem Mirror Experiment
(TMX) is described. Axially confining potentials are shown to exist
throughout the central 20-cm core of TMX. Axial electron-confinement
time is up to 100 times that of single-cell mirror machines. Radial
transport of ions is smaller than axial transport near the axis. It
has two parts at large radii: nonambipolar, in rough agreement with
predictions from resonant-neoclassical transpert theory, and ambi-—
polar, observed near the plasma edge under certain conditions, accom=
panied by a low-frequency, m = | instability or strong turbulence.

INTRODUCTION. The demomstration of successful enhancement of
axial plasma con finement by ambipolar potentials in the THMX end
cellsls24] has led to a study of the total plasma confinement.

Hear the axis, plasms axial losses from the central cell exceed the
radial lossesj near the outer edge radial losses are comparable or
dominant.

AXTIAL ION CONFINEMENT. Here we demonstrate that confining
potentials are generated throughout the cross section of TMK. The
central-cell-to-ground potential, ¢p, was determined from the energy
of secondaries caused by plasma ionization of a heavy-ion beam.%

The plug-to-ground potential, $p, was determined from the minimum
energy of ions which escape through the plugs to the end walls. The
difference, ¢., is in approximate agreement on axis with the

potential predicted from the Boltzmann relation, Te la(np/nc),

where subscripts p and ¢ refer to the plug and central-cell values.
Good agreement is seen, out to a radius of 15 cm, in the radial poten-
tial profile shown in Fig. 1. Beyond 15 cm the comparison is poor,
although the uncertainties are large. Central-cell ion confinement is
found to be enhanced above that of magnetic mirrors by this potential,
approximately as predicted by the Pastukov formulas applied to the
tandem uyste-.5v5 Detailed calculation yields good agreement with
weasuremeént when the heating of ions by ri generated in the end plugs
at the ion-cyclotrom frequency ie taken into aceount .3

AXTAL ELECTRON CONFINEMERT. The electron energy confinement
time in THX was a Eactor of up to 100 above that obtained in 2XITB7--
from 60 to 600 us as compared to 3 to 7 pus. The confinement time was
calculated as the ratio of stored electron energy to input power to
the electrons; the input power arisvs from collisional drag with the
energetic plug ions.

The body of the electrons in TMX was isolated from the end wallas
to ensure, that secondary processes at the wall gere small. This was
achieved by decreasing the magnetic field at the wall by a factor of
300 from that at the plug mirrors, so that the electron density
dropped from 1 * 1013 cw™3 in the plug midplane to 107 to 1010 ¢n=3
near the wall. In addition, the electron temperature dropped from 50
to 150 eV in the plug and central cell to 5 to 10 eV near the wall.

A comparison of the total energy reaching the end wall
(measured by calorimeters) with the ion energy (measured by end-loss
analyzers) showed that ions accounted for almost all of the energy
reaching the end wall (Fig. 2), and thus that the energy flowing
directly in electrons was small. The ion energy included ep, (= 5Te)
originating from the electronsj nevertheless, secondary electron proc-
esnes (secondary emission, arcs) were of negligible importance., Sec=
ondary emission coefficients were measured by hot-wire probes near the
wall; the ratio of secondary electrons to incident ions ranged from
0.3 to 0.9, in good agreement with predicted values. HNo evidence of
unipolar arcs was found on the end walls.

The reflux of gas from the wall provides a source for cold-
plasma generation. The measured demsity of this plasma, 2 109 ca™3,
is in agreement with a modelB that includes cold-gas recycling, sec=
ondary electron emission, and ionization. The cold ions are isolated
from the main plasma by the electrostatic potential. As the rate of
generation of electrons by icnization is much less than the loss rate
from the tandem-confined plasma, the additional power drain on the
confined plasma-by end-wall processes ia at most about 1 to 27T,
times the end-loss ‘current: typically 10 to 30 kW. This compares to
a typical input power to the central cell of 100 to 400 kW. Processes
in the end regions and at the end walls of TMX were thus reduced to a
minor role in the power balance.
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RADIAL TRANSPORT. Radial transport in the central cell of TMX
is predicted to have a nonembipolar component arising from resonant=
neotlassical transport due to the quadrupole Fields in the transition
regions.%» Charge meutrality i~ maintained by a balancing elec-
tric current to the (metal) end walls. The net radial nonambipolar
iou transport can then be related to the end-loss electron current by
radial integration of the current-conservation equation.

The end-loss electron current density was determined from the
difference between the net current density to the end wall (measured
by collectors at the wall) and the ion current density (measured by
Faraday cups). Azimithal symmetry is assumed. Figure 3 compares
wmeasured ion transport with predictioms based on theoretical diffusion
coefficients.? MNear the axis the measured electron current densicy
includea that originating in the plugs from radial transport caused by
charge exchange with the neutral beams. This current was calculated
and subtracted from the measured value before integration. Iits effect
is large ioside a 15-cm radius, but pegligible outside that radius,

The errors in the predicted flux arise primarily from uncertain-
ties in the radial electric field. The measured and predicted fluxes
are comparable although large uncertainties exist in both. Resonant
transport contributes substantially to, and may be the whole cause of,
the radial nonambipolar iod transport.

Ambipolar processes were determined by comparing ion end-loss
current density with ion sources predicted from gas-deposition codes.
For low gas input into the ceatral cell, the demsity is strongly
peaked on axis and the measuremant and prediction agree ta within
their uncertainty, indicating that radial ambipolar transport is weak
compared with the nonambipolar transport.

As the gas input is raised, however, the calculated ion source
and measured end losses differ by a factor of 3 or more at large radii
(>20 ca in central-cell coordinates). This difference lies outside
the estimated uncertainties in calculation and measurement, indical=
ing an ambipolar flux comparable to the nonambipolar flux. The onset
of this transport is accompanied by a low-frequency instability. At
moderate gas inputs, an m = ] mode is observed in the plasma with an
azimuthal phase velocity approximately the same as the E x B velocity.
The radial eigenfunction, Fig. 4, is largest in the region in which
the large ambipolar transport ia observed. At high gas inputs, the .
plasaa edge becomes more turbulent. Although direct evidence is
absent, it seems plausible that the observed ambipolar transport is
due to this instabiliry.

THX UPGRADE, Because of the success of TMX, an improved tandem
mirror, THX Upgrade, is being constructed. THX Upgrade is expected to
yield improved axial and radial central-cell confinements. Axial con=
finement will be incressed by using thermal barriers!l to permit a
difference in electron temperature between the plug region and the
central cell. Radial confinement will be improved by a stronger mag-
netic field (0.3 T insctead of the 0.1 T in TMX) and by a weak mirror
within the axisymmetric part of the central cell; as a result the num-
ber of particles that undergo resonant t port will be reduced. The
better confinement is predicted to yield increased central-cell tem-
peratures (T, = 0.6 keV, T{ = 0.9 keV).
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INTERACTION OF A ROTATING INTENSE ELECTRON
BEAM WITH A MIRROR CONFINED PLASMA

K.K Jain, P.L John, A.Sen and A, K. Sundaram
Physical Research Laboratory
Ahmedabad 380 009, India

We report here the results of an investigation of the magnetic
response of a mirror confined hydrogen plasma.to a pulsed (pulse
length = 80 nanosecond), intense (Beam Current = 12 kiloamp)
rotating (ratio of perpendicular to parallel velocity = 1. 8) electron
beam.

The experimental system is shown in figure 1 which also shows
the equilibrium magnetic field configuration. The beam generator is
8 field emission gun energized by a waterline Marx generator
combination. The beam is injected into the mirror through a
nonadiabatic cusp and enters a magnetic mirror of peak magnetic field
of ~~ 800 gauss and mirror ratio of 2.6. This region is filled by a
B cm diameter column of hydrogen plasma of density 3 x lolzfcc
produced by a gas injected washer gun. The magnetic response in this
region is measured using diamagnetic loops. Other diagnostics
include Faraday Cups and damage plates.

The major experimental results are summarised below:

i) The primary electron beam is not retarded sufficiently to be
trapped in the mirror region after interaction with the plasma. The
beam duration is about 100 nan ds and we esti
residence time in the mirror, as 15 ndnoseconds.

ii) The magnetic perturbation rises to its peak in a time of
100 nanoseconds and then begine to decay.

iii)The diamagnetic response of the plasma within the mirror

the beam

lasts for periods much longer than the beam duration or the beam
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Fig.1 Schematic diagram of the experiment.

residence time. The axial extent in which the diamagnetic signal
persaiste for periods longer than the beam duration has a temporal
varfation. During the beam passage the entire plasma column shows

diamagnetic behaviour (see Fig.2), After the beam pasBage the axial
extent of the region begins to contract and at later times (more than
about 300 nanoseconds) the region with finite A B is localized to
about 60 cm within the mirror and symmetric about the mirror centre,
iv) The decay time is not significantly altered for hem-rier ion
plasmas. However there is a weak dependence on the inverse of the
ion mass.
The physical picture that emerges from the diammgnetic study
based on diamagnetic perturbation is the following: The spiralling
electron beam, during its exit from the mirror region, produces a

persisting electron current in the same direction as the initial beam
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are not. While the

return current layer
convects out of the
region which have open field lines connected to the walls, the region
inside the mirror traps the layer.

The weak dependence of the decay time with ion mass suggests
that the mechanism proposed by Rostoker and Chu (1), ie. the ion
acceleration across the magnetic field to short out the radial electric
field and produce ion heating is not operative. For the present
experiment, this should have produced kilovolt, non thermal ions,
while experiments using neutral particle detectors failed to observe
them. It may also be noted that in the decay phase, the ions would have
been accelerated radially inwards. The decay time is also not in
agreement with the classical conductivity of the plasmua, if one
assumes that the magnetic energy ( 7 Joules/meter) of thé return
current i8 dissipated within the plasma and is shared by the plasma
particles; indicating the necessity of a new theoretical model.
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ION EMISSION CHARACTERISTICS OF PLASMA FOCUS DEVICES

L. Bertalot, R. Deutsch, H. Herold, U. Jdger, A. Mozer, M., Sadowski,
H. Schmidt g

Institut fir Plasmaforschung, Universitit Stuitgart. Federal Republic
of Germany

Abstract: The angular distribution of ion emission has been studied
experimentally with CN films and compared with model calcu-
lations, Thomson spectrograms revealed deuterons of maximum
energy E, up to 5 MeV and different impurities with E,

SI,B to Til MeV) being proportional to the ion charge.m'l'ha
ons are emittedmostly insingle bursts (FWHM £ B ns) and
sometimes in multispike pulses.

In previous experiments performed at the plasma focus devices Nessi

(55 kd, 19 kV) and DPF 78 (28 kJ, 60 kV) the ion source localization

and the directional amission characteristics have been studied /1/.

Side on ion pinho’e measurements revealed that high energy deuterons

are emitted from one or more small sources (< 0.5 mm) located in the

dense focus plasma. Experiments with cellulose nitrate (CN) films
showed that the ion emission is-strongly peaked in axial direction and
modulated in space,

Further measurements with these detection methods have been performed at

the same devices. Fig. 1 shows an’example of the anguiar distribution
of ions from a single discharge. Such distributions were obtained with
CN films arranged in a half circle (see fig. 1) and covered with Al foil
steps for a rough energy resolution. Ions with en~rgies 0.15 E§ 5 MeV

were detected up to angles & of 85°, The distributions are anisotropic,
exhibit a characteristic drop of the intensity at © between 40° and 80°

and often show an asymmetry to the z axis.

Numerical model calculations of the ion trajeclories have been performed
for different plasma configurations with cylindrical symmetry and with a

m = 0 constriction. Further assumptions were: By (r, z) isproduced by
axial currents only and is constant in time during the ion emission;

point sources with either isotropic or forward directed emission have been
considered. Fig, 2 shows a calculated angular distribution for a single

source upstream of a m = 0 constriction (fig. 3). The measured and cal-
culated angular distributions were compared f&r different model source
positions. The best fits were achieved for sources close to the anode
-tip either in, or upstream of a constriction (fig. 3). Obviously the
angular modulation and the asymmetric emission can be explained by

a "focusing" of the deuterons caused by the constriction, and by
asymmetric positions of the sources, respectively,

Fusion reaction protons were detected too, In contrast to the deuteron
emission their angular distribution is nearly isotropic. Pinhole pic-
tures of the protons taken side on showed that the proton source is
extended and matches approximately the pinched plasma regien.

The energy distribution of fast deuterons and of impurity fons has
been investigated with a Thomson analyzer adjusted in axial direction
at the Nessi focus device. The instrument and its calibration using
CN films as detector are described in /2/.

The deuteron energy distributions observed vary considerably from shot
to shot, but generally decrease exponentially with energy. They range
from 0.35 MeV (lower detection 1imit) to a 1.5 MeV. Particularly at
Tow filling pressures "high energy" spectra with 0.35 & E < 5 MeV
have been observed too. Impurity ions as 0, N, C, Cu in different
fonization stages and impurity proions have been identified. Their
distribution functions are similar in character, as can be seen from
fig. 4, which is taken from a single shot. The most remarkable fact
is, that the maximum energy Ep of the different ion species is pro-
portional to the charge number Z, but does not depend on the particle
mass (e.g. for protons: Ep = 1.8 MeV; for 03"': E, ® 13 MeV). The ratio
of the total number of impurity fons accelerated to deuterons corre-
sponds roughly to their fraction in the filling gas.

From these findings conclusions can be drawn on the acceleration pro-
cesses: Obviously the impurities and possibly most of the deuterons
are accelerated in a common process. The charge proportionality of Eg
points to a linear acceleration of the high energy ions in electric
fields. Taking into account the small size of the ion sources rather
high E-fields of about 50 MV/em should exist ia the sources. The fea-
tures of the deuteron acceleration (occurrence of “high energy”
spectra) make it plausible that either more than one acceleration pro-
cess exists or that tandem acceleration takes place.

In order to study the temporal evolution of the deuteron emission sev-
eral small plastic scintillators (100 ym thick 4 mm and/or 0.5 mm in
dia, covered with 0.35 pm A1) were placed along the deuteron parabola

track on the end plate of the.analyzer, Deuterons of energies within
the limits 0.3 to 2.5 MeV could be detected. Signals as obtained Tram
distinct channels are presented in' fig. 5a,b. The measurements have
been performed with different fon extractor (skimmer) systems. With
the small skimmer aperture (1 mm dia) usually single ion pulses have
been detected (fig. 5a). Their mjnimum FWHM was & B ns, The rise

time of the detection system was'€ 4 ns. Particularly with a larger
skimmer aperture (3.5 mm dia) longer deuteron pulses with a complex
structure have been observed.(fig. 5b), They seem to be composed of a
series of bursts with the individual FWHM also g 8 ns. The time delays
of the deuteron pulses in different channels in relation to the lead-
ing edges of the hard x ray signals are consistent with appropriate
times of flight (jitter = 5 ns). Hence it can be concluded that the
deuterons of different energiés™are generated by a common process, pre-
sumably in time correlation with the fast electrons or hard x rays.
The appearance of Eultistru:tu::&: pulses may be explained by the
existence of several ion sources distributed along and somewhat off
the axis. Experiments with diffefent pressures were carried out. No
distinct difference in the shape of the pulses (except the amplitude)
has been observed in the range of 2 - 4 mbar, Dy. No precise corre-
Tation could be established between the high energy ( 3 0.35 MeV)
deuteron intensity and the neutron yield.
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SPACE-RESOLVED INVESTIGATIONS ON THE PLASMA FOCUS NEUTRON
EMISSION

K. Hilbner, J.P. Rager+, K. Steinmetz
Institut fir Angewandte Physik, Universit#t Heidelberg, FRG
+ Associazione EURATOM-CNEN, Centro Frascati (Rome), Italy

Abstract: The spectral and spatial properties of the neu-
tron emission of the Frascati 1 MJ-plasma focus have been
investigated by means of a 4-chanrel radial neutron-colli-
matof system, Additionally neutron energy ePectra of the
primary source as well as their dependence on the observa-
tion angle were measured. The results demonstrate the exi-
stence of local azimuthal ion streamings and of an axial
stream-target interaction within the primary neutron source
of bulk ien energies around E,;=100 keV, while radial local-
ly dependent neutron emission intensities were observed.

Introduction: In the past /1,2/ space and time-resolved in-
vestigations were performed on the neutron emission of the
Frascati plasma focus by means of nuclear emulsion plates,
neutron pinhele imaging, activation counters and time-of-
flight spectrometry. The experimental results reported in
/1,2/ show that the plasma focus neutron source is composed
of a primary (bulk) source located close to the inner elec-
trode (2=0 to 5 cm) and emitting up to 80% of the total
yield, while a secondary (corona) source at z=8 to 10 cm
delivers the remaining part of the yield. The end-on ener-
gy spectrum of the bulk source (see Fig. 4 in /1/) is
clearly different from the fully space-integrated ones, be-
cause it has two peaks, one at En=2.85 MeV and an additio-
nal maximum at En=2.&5 MeV, while the side-on spectrum is
centered around 2.45 MeV. Though the =nergy spectra are an-
isotropie, the intensity of the neutron emission is spa-
tially uniform, i.e. A=1. These features render difficult
an interpretation based on beam-target production, despite
the existence of the 2.85 MeV line in the end-on neutron
spectrum.

In order to find a consistent explanation of the spectral
and spatial properties of the bulk source emission, radial-
1y space-resolved and angle-resolved measurements of neu-
tron intensities and energy spectra now have been carried
out.

Experiments and Interpretation: A 4-channel neutron colli-
mation system with a space-resolution of 2 cm (Fig.1) was
used to measure space-resolved neutron fluenfes and energy
spectra at single discharges (Mather system, 400 kJ, 5 Torr
DZ)‘ The observation fields were r=0.1 to 2.1 em (channels
1 and 3), r=-2.1 to =0.1 cm (channels 2 and 4), 2:=0.8 to
3.2 cm (all channels). The observation angle-dependent

energy spectra were detected by a quarter circle set-up
with nuclear emulsion plates fixed at 0%, 20°, uo°, 90°
with respect to the device axis.

Fig. 2 gives two examples of space-resolved energy spectra
of the bulk source, taken at a single shot at 90o by chan-
nel 1 and 2. Compared to space-integrated ‘side-on spectra
/1/ the spectral structures are changed, because the spec-
trum of channel 2 (Fig. 2b) shows a line maximum which is
shifted to E =2.05 MeV. In the left-hand side spectrum
(Fig. 2a) no shift of the main line is observed, though
there is a small bump at En=2.85 MeV. Also the local neu-
tron intensities are strongly different: the intensity of
the left half part of the bulk source is higher by a fac-
tor 1.7 compared to the right one. The observation of spa-
tially dependent neutron spectra and intensities can be
interpreted by a local azimuthal stream-target production,
in which the ions stream with E;=100 keV into or through

a2 deuterium plasma. Note that the neutron energy spectra
are time integrated, i.e. such streams can exist on a long
time scale in the order of the neutron production time
(2200 ns). Furthermore, Fig. 2a indicates that within the
left half part of the source at least two local streaming
ion components with antiparallel directions were existent,

which is in agreement with the increased neutron intensity
observed there, Also the fact, that the fluence-weighted
sum-spectrum of both space-resolving channels practically
ies identical with the full side-on spectrum of the bulk
source (Fig. 4a in /1/), explains the typical large broa-
dening of the space-integrated side-on spectra by local
azimuthal ion streams.

The angle-resolved neutron spectra show an energy shift of
the main line from 2.85 MeV with increasing observation
angle (0° to HOO), which can be explained reasonably by an
axial stream-target interaction of E3=100 keV. The most
interesting feature is the occurence of a second line in
the 40%-spectrum at 2.45 MeV, also cbserved in the end-on
spectrum of the bulk source /1/. For a consistent picture
of these properties a neutron production mechanism has to
be considered, eventually composed of local azimuthal ion
streams of E;=100 keV and an axial beam-target component
(E4=100 keV) which can even occur in a certain time sequen-
ce.

Conclusions: The results from space-resolved neutron energy
spectra demonstrate local azimuthal ion streams within the
neutron bulk source, which provoke locally dependent neu-
tron emission intensities and energy spectra. The azimuthal
energy component of the streaming ions reapunaible for a
large part of the neutron production has been determined

to E4=100 keV. The spectral features of the spectra at 90°
and 40° and a total fluence anisotropy value of A=1 require
an additional axially streaming ion component of E4=100 keV.
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LIOHT SCATTERING IN A PLA3MA FOCUS,
MEASUREMENT OF k- AND w-SPECTRA

J. Ehrhardt, P. Kirchesch, R. Bitzner, K. Behler,
G. BBckle, H. Bruhns, K. Hibner, K. Steinmetz, N. Wenzel
Institut fir Angewandte Physik, Universitlt Heidelberg, FRG

Abstract: Thomson scattering measurements have been carried
out at the Heidelberg plasma focus (12 kJ, 0.5 MA). The an-
gular distribution of the spectral integrated (8r=15R) 1ignt
S(k) was observed as well as the spectral resolved S(w) at
h5°. The results show the existence of two different regions
of the plasma, one close to the anode and the other more far
away in which the plasma parameters are different. In the
lower part turbulent effects have been found.

Principle of measurement: In the optical arrangement for the
primary ruby laser light (25ns, B J) we used a pinhole for
apatial filtering and a baffle system in order to reduce
the stray light. The diagnostic system for simultaneous ob-
servation at different scattering angles (12.5° to 135°,

k L to the focus axis) was mounted inside the vacuum cham-
ber, the signals were fed through the vessel by fibre op-
tics. With this setup we achieved good flexibility in the
alignement without influencing the focus discharge. For the
spectral-resolved measurement one channel was mounted out-
side the vessel at an angle of 45°.

We carried out S(k)-measurements at seven different points
of the discharge (fig. 1). In order to give an impression
of the plasma dimensions the dotted line shows the plasma
structures al the onset of the m=0 instability observed

by shadowgraphy.

We got three different types of S(k)-spectra (fig. 2).
Curve A shows a spectrum which coincidee very well with a
theoretical one calculated following the theory of falpeter
for which Maxwellian velocity distribution of the plasma
particles is assumed (dashed lines in fig. 2). Curve B
shows a strong increase at small angles but it is possible
to fit it for larger ones, while curve C cannot be fitted
with any thermul scattering spectrum. Type B and C Indicate
light scattered by plasma turbulences. By comparing the
theoretical and the experimental spectra we are able to de-
duce the electron density and temperature. In order to get
an impression about the error in the determination of the
temperature we made simultanecus measurements of S(k) and
S(w). We found that the difference between the two obtained
values is not more than a factor of two.

Results: In the region near the anode we measured all three
types of the spectra but on the axis and very near to it
(points 3,4) we could not see any turbulence. Type C exis-
ted only during the imploding phase in front of the lumi-
nous plasma sheet. There the plasma was very thin and cold,
consequently we did not observe scattered light at QSD in
this situation. Type B was measured outside the axis
(points 5,6,7) mostly before the neutron production star-
ted and also up to 150 ns later.

For this type the scattering was enhanced above the thermal
level by a factor ranging from 3 up to 10. The spectra in-
dicate an onset of the turbulence at a * 2 and a frequency
of the order of the ion plasma frequency. Scattered light
with higher frequencies was suppressed by interferential
filters. We observed lifetimes of the turbulence between

10 and 18 ns.

The temperature and density values depend on observation
point as well an on observation time. The maximum tempera-
ture we found was T. = 1 keV at point 5 and the density
peaked at }-101 cm‘i during maximum compression decreasing
down to 100...400 eV and ﬂ...5-1017 em™d during the neutron
production.

The S(w)-measurements were carried out at point 3. One
spectrum is shown in fig. 3. From these spectra we obtained
the ion temperature and tpe ratio between electron and ion
temperature. These values were in the range 100 eV < Ti <
BOD eV respectively 0.25 < TeITi < 0.9.

In the upper part of the focus discharge (points 1,2) we
never observed any turbulence., In this resion the plasma

T a3

parameter ranged between 20...400 eV and 1...10-101 em 7,
It was a guiescent widespread plasma with reproducible time
development of temperature and density (fig. U4).

Neutron production: We will discuss the results of light
scattering in connection with the neutron production. In
our [vcus the source ol neutrons ranges I'rom Lhe anode up
to 2% em in z-direction. The axlial dependence of the number
of neutrons is given in fig. %. We can distinguish three
regions in the neutron source. The first one near the anode
approximately is the region where previously the pinch
compression occured. The second one is determined by the
quiescent plasma observed in points 1 and 2. The third re-
gion up to 25 cm is located in the filling gas. .

For the first two regions we measure a line density of
about 5'10T neutrons/ecm and approximately 1/3 of the total
neutron production. In the third region the mean line den-
sity is 107 neutrons/cm. From the plasma parameters as de-
termined by light scattering for the first two regions one
estimates a thermal production in the order of 103 neutrons
/em. Together with measurement of the anisotropy of the
neutron emission (A = 1.1 for the first two regioms, A =
1,6 total) and of the neutron energy spectra we are led to
the conclusion that fast deuterons (= 100keV) are respon=-
sible for the neutron production, while the observed plas-
ma acts as a target.

These fast deuterons must be produced in the lowest region
of the neutron source and in this connection it is inter-
esting to note that only in this region and mainly during
the atart of the neutron production we observe plasma tur-
bulence. But as yet we are not able to verify a correla-
tion between neutron production and turbulence. This prob=-
lem suffers esscntially from the fact that light scatter-
ing is a local measurement, whereas the neutron production
takes place in an extended region.

This work is supported by the Deutsche Forschungsgemein-
schaft.
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STUDY OF WEDIUM ENERGY IONS IN A PLASMA FOCUS DEVICE
L.Bocances, T.Chara, N.Mandache, A.Pantea, V.Zoite
CENTRAL INSTITUTE OF PHYSICS
P.0.Box MG-7, BUCHAREST, ROMANIA

Abstract 1 The iona emitted along the plasma focus deviae
axis were studied in the energy range (10-600)keV. It was
found that the energy spectrum was medulated within this
snergy range.
1. Experimental setup

The measurements were performed on the IFF-2/20 plas-
ma focus device /1/ working at 16 kV, 10 kJ with a"hollow
central electrodd. A combined tifie of £light and elestro=
static deflection method was uaed for ion energy analysis
/1/. In order to reduce the interaction with the analyser
prove, tho oxternal electrode was partialy closed, leaving
only a 2 cm diameter aperture, on the axis (Fig.l). This'
modification of the Mather configuration does not affect
the performance of the device t+ the neutron production per
pulse ('22108) remained unchangad.

4 flight base of 135 cm (200 ns time of £light for
a 230 kaV proton) was ensured in a two-stage differentlally
pumped drift tube (10~ torr for a working gas pressure of
1,3 t_ﬁorr). By analysing the compoaition of the energetic
particles (protons and H atoms) entering the analysing
system-it was concluded that the steady-sbtate equilibrium
fraction was approximatelly attained.

2, Experimental résults
" Using the epaly2ér system in the monoenergetic mode

( AE/E=0,05) the duration and time of emission (time of
maxifiwh amplitude) for ions of various energles in the ran-
ge (10-400)keV were determinated. The moncenergetic ions
are emitted in pulses of 15-40 ns (FWHM). The times of
emission are distributed over an interval of 20-30 ns.

With the enalyzer working in the multienergetic mode
(largé ‘aperture id front of the detector) the proton spec-
trum was determined. Fig.2 and 3 show two typical oscille—
grams, the energy ranges of the snalyzer being (&0-500)ke¥
and (30-300)keV respectivelly. These -results indicate the
existance of a strong modulation in the emergy apectrum.

In most.of the discharges one cen identify the exls-
tence of a group of higher energy ions (200=250)keV “with
the rest of the ions having energles below (100=120)keV.
Still highar enerey ions (400 keV), of smaller intensity
were detected in some diacharges (Fig.2).

The modulation in the energy spectrum is-found also
at lower energles (Fig.4). -

From the oscillogram presented in Fig.3, taking into
account,among others, the values of the équilibrium frac-
tivns, the energy distributions of the energetic particles
(protons and H atoms) was determined (Fig.5). For a deute-
ron energy distribution similar to that of Fig.5, the pro-
duct No ,where o 1s the cross section for the d-d reactionm,
was celculated and plott';ad on the same figure. The broad
pealk around the 230 keV deuteron energy represents a coa=-
firmation of the results obtained on the same device, in
experiments using a tritium target /2/. It should be noticed
that the major contribution to the Aelitron production is
due to lower energy deuterons (40-120)keV.

3. Conclueions
The energy spectrum of the lons emitted axlally from
the plasma .focus in the energy range '(10'-#00)1:91' is strongly
modulated. Such modulation effect has been reported at ewen
higner -energles in /3,4,5/. )
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ANALYSIS OF ENERGETIC PARTICLES
IN DENSE PLASMA FOCUS

M. YOKOYAMA, Y. KITAGAWA, Y. YAMADA and C. YAMANAKA
Institute of Laser Engineering, Osaka University,
Suita, Osaka, 565, JAPAN

The plasma focus is not only one of the complementary fusion
k and high P ion inertial fusiom, but
very suitable for detailed studies of non-classical processes ia the

device between low-f Tok

absorption of intense laser light. Recently, there has been consider-
able interest in generation of intense high energy electron and iom
beams in plasma focus devices in relation to the inertial confinement
fusion.

High energy deuterons and protons in a Mather type plasma focus
device were measured by nuclear activation techniques. Radioactivity
‘induced in graphite, aluminum and cupper targets provided the deuteron
intensity, energy spectrum and angular dependence. As well high
energy protons were measured by cellulose nitrate particle track

detectors.

The experimental set-up and target parameters are shown in Fig. 1.

The plasma focus device was
operated at 30 kV for a stored

1
energy of 18 kJ at 1.5 Torr Dz ¢l

(low pressure mode), and 5 Torr -2 ~——-U

D3 (high pressure mode), Target
respectively.l A Y-ray

S Vapp=10kV . 15Tarr 0,
spectrascopy system consisting Lo
of a NaI(TL) detector and Torget

Speties size Tiem)

2048-channel computor pulse

height analyzer was used to count AL £5me, 3med | 315 @
the Y~ray from targ=ts after
a W Pt | 33 (ID(D

focus discharge. Nuclear (U g 12
activation reactions by i
deuteron are given by Table I. tu ramm, 15mm| - 20 @
The evolution of plasma was
measured by a ruby laser Fig. 1.
holography.

High energy Threshald Energy of delayed

Reaction (Mev) | Haif-life | 5 _ray(mev)

deuteron produce 3.4 %

s 13, “elan N | 0.33 9.97min  [0.511
10° atoms of "'N in am

g, "al | 0 2.24min | 1.780

. .511(79.3%)
[Culd,2n)*’zn| .58  |38.5min g_mumm

MCutd,2n"zn| 449

8 cm® graphite target

placed 32.5 cm above

243.7days|1.115(50.6%)

the anode and 2.2 x
10" atoms of 2®A% in an Table 1
aluminum target of the

same dismeter at the same location. The yield ratio of *N and 20a2
provided the mean deuteron energy of 1.55 MeV under low pressure mode
and 1.44 MeV under high pressure mode, respectively. The mean
fluence of 7 x 10'! deuteron per steradian was estimated. Stacks of
10 aluminum foils were used to measure the deuteran energy spectrum.
Fig. 2 and Fig. 3 show deuteron and proton energy spectrums,
respectively. Under low pressure mode of Dz, the main energy
component was up to 2 MeV and the high energy tail was from 2 MeV to
greater than 3 MeV. The energy spectrum of proton measured by CN film
technique had also shown to consist of two exponentially decaying

cumponenr_s.z'3 The main component was under 1 MeV and the maximm of
the high energy tail was greater than 2 MeV. The experimental
equations for-proton energy spectrums are expresaed as follws.“

do _ o0 =

o, 10* exp (-8.8 EP) (ap <1 MeV)
and

dn 5

"3 x10 -0.9 E > V) .

dEp exp ( P) (Ep 2 1 MeV)

The mean proton energy was smaller than 1 MeV.

The angular distribution of deutron was measured by placing 7
graphite targets above the anode at various angles from 10° to 90°,
respectively. The intensity of high energy deuteroms fell by a factor
of two for a 20° dispacement from the axis. The esngular distribution
of deuteron beam (E‘1 > 330 keV) was £ 30° under low pressure mode.
Under high pressure mode, distribution showed multi-structure, and two

peaks were observed at £ 20° and % 60°, respectively. The results of

angular distributions of deuteron under low (1.5 Torr Dz) and high

10f
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Fig. 2. Proton Energy [ MeV )

Fig. 3.
(5 Torr D2) pressure modes wera shown in Fig. 4. The angular distri-
bution of proton was also measured by CN films withh AL foils. The
protons above 770 keV was directed in the angle of 10° from the axis.
The total yield of high energy protons was estimated as 3 x 10'“ for
30 kV at 4.2 Torr Hz. The proton peak current was 4.6 kA and 0.7 % of
the total focis current.

The high -;_;:etgy electron beam was also observed by detecting the
hard x-ray due to electron bombardwent of inner electrode of the plasma
focus device. By 5i PIN detector with 1 mm thickness of Pb, high
energy (> 300 keV) electron beam was observed under 30 kV, 4.0 Torr H

BT T T 7 I

o 15Ter Dy
« STom D

o
=
I

o

/
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. \j\ﬁ

--{/{T".i { e )

90 60 30 O 30 60 20

Anagle from azxis(deg)
Fig. 4,

(5]

3y ylelds(x10") per steradian

operation. The pulse width was 10 ns. The upper trace of Fig. 5 shows
focus current and the lower trace shows Si PIN detector signal.

To see the spatial and temporal location of the generation of
high energy ions on and off axis of the inner electrode of plasma
focus device, a 3 channels ruby laser holographic interferometry ( 2 ns
exposure time) was used. From the preliminary results, it was found
that high energy protons generate in a few ns at the end of the
cylindrically convergent collapse phase, when a hemispherical plasma of
1 mm diameter was observed at the center of the anode tip surface under
low pressure mode operation. While at the plasma focus discharge
without high energy ion generation, even.under the low pressure mode
operation, the hemi-spherical plasma could not observe.

In conclusions, experimental results showed that energy spectrums
of deuteron and proton had two compenents and mean deuteron energy of
1.55 MeV under low pressure mode and 1.44 MeV under high pressure mode,
respecively. The angular distribution of deuteron beam was % 30°
under low pressure mode. Under high pressura mode, distributionm
showed multi-structure, and two peaks were observed at £ 20° and v 60°

respectively,
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CONTRACTION OF PLASMA IN A VACUUM SPARK AS A RESULT OF
RADIATION LOSSES

V.V.Vikhrev, V.V.Ivanov

I.V.Kurchatov Institute of Atomic Energ{,
Moscow, USSR

K.N.Koshelev, ¥,V.Sidelnikov

Institute for Spectroscopy, Academy of Sciences,
Troitsk, Moscow District, USSR

Abstract, The formation of the X-ray sources,"hot-
spots" in the vacuum spark are explained as a result of
plasma pinching due to radiation losses and plasma out-
flow, The temperature of the X-ray sources found to in-
crease with the atomic number of the anode material. Tn
the case of the iron anode the temperature is achieved
~ 1 keV with the plasma confinement parameter n_T
~10"%em3, 8, £

The micropinch region in a vacuum spark usually con-
giste of several X-ray sources with the radius of about
2—10M and the axial length 20-40}:::5 . The electron tem-
perature of the X-ray sources is about 1-10 keV and there
are observed spectra of the atoms with up to 40 electrons
removed /1,2,3/.

The vacuum spark plasma is formed from the anode ma-
terial and has the high radiation cooling rate. Radia-
tion losses became essential in the energy balance of
the spark if the plasma current exceeds 100 kA/3/. The
plasma pinching dye to radiation losses and the plasma
outflow results in an essential increase of MeT /4/.
This determines an increased interest to the plaama pin-
ching due to radiation losses in the Z-pinch devices.

The development of the discharge in the vacuum spark
may be represented as follows /5/. After the expansion
of the anode plasma to the cathode the arc is formed. The
number of particles in any cross-section of the arc is
not constant along the axis but a quasiequilibrium in
the radial direction between the plasma pressure and
the magnetic field is established. The plesma columm
is compressed or expanded due to the disbalance bet-
ween energy losses and the heating.

If the arc current is less than ~ 100 kA the plas-
ma column is not subject to a sausage-type instabllity
and can't pinch to the radii less than ~ 0.1 cm. After
increase of the current higher than ~~ 100 kA the plasma
colum becomes unsteble and necks with radii ~ 1072+
+ 10~%n can be formed somewhere in the column. The deve-
lopment of the plasma colurneck with the radius ~ 1088
was observed by means of a laser shadow techniques /6/.

A computation of the neck evolution for current
I=150 kA was carried out by using non-stationary model
described in /5/. The neck radius R (cm), the electron
density Ne (cm's). the current I (kA), the temperature
T (eV) and the mean ionic chargeYare shown in the figure
as functions of time. The time Bcale to the right of
dot-and-dash line is of 1/200 of that to the left, The
electron density is equal ~ 3.10%%n™2 in the first
minimm of the neck radius (~ 2,5.107%cm), the plasma
temperature ~ 50eV. The neck radius is nearly constant
during the next 20 ns but the number of particles in
the neck cross section is decreased due to the plasma
outflow and the plasma temperature is increased. The in-
crease of radiation losses due to ilonization of L-shell
of the iron atoms result in the second- compression of
the plasma column and the following plasma parameters
are reached: n_~ 10°%em™, R~ 1.6um , T ~1 keV
and Ne T ~10""s,cm™2, After the mecond compression,
the plasma column neck expands due to an appearance
of the anomalOus Ohmic heating. The radiation emission

from the ions with Z > 23 begins after the neck expan-
sion to the radius 5.10%cm. The electron density is
3.1027 then and the temperature 2 keV. These results
correspond to experimental data for the He -like lines
of FeXXV /7,8/.
The computations show that the plasma temperature in

the vacuum spark to the moment of the maximum compres-
sion and the value offleTmay be represented as fol-

lows:
T (V)= (1+2) Zn , ()
neT ($:¢m™2) = 10" 27" 1 (2)
where Z, - the atomic number; I is ftaken in MA.

As it follows from (1) and (2), the plasma tempera-
ture and MeT ave increased with Z_ ., For two-compo-
nents plasma with very different atomic numbers the
plasma temperature and Re‘f depend mainly on the ele-
ment with highexr Zn.

This conclusion was checked up in the experiments
with pure iron and equicomponent Fe-Mo alloy anodes.
The plasma temperature had been estimated from relative
intensities of the dielectronic satellites Fe XXIV and
the resonance line Fe XXV, as usually /7,8/. The experi-
mentally obaerved
~ 3.5 times redu-
ction of the rela-
tive dielectronic
satellites inten-
pities in the case
of two component
plasma corresponds
to the temperature
increase from 1300
eV to 2200 eV.

The results
presented in this
work predict a
possibility of cre-
ating the plasma
with ReT~10'% and
with T ~ 10 keV 0 50 100
(in the plasma of

1394 B8998 E(ns)

tungsten and deuterium, for example) in e Z - pinch of
e small power. The presence of an impurity with e high
atomic number in the Z - pinch plasma is favorable be-
cause it leads to the plasma pinch due to radiation loa-
ses, creating increased value of the plasma confinement

parameter MeT .
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MEASUREMENTS OF RADIAL DENSITY DISTRIBUTIONS IN THE PPA
INTERELECTRODB GAP BY 002-1.&333 INTERFEROMETRY

A.G. Belikov, V.P. Goncharenko, D.K. Goncharenko,
N.T. Derepovekij, I.K. Nikolskij

Inetitute of Physics & Technology, the Ukrainian Academy
of Sciences, Kharkov, USSR

The plasma flow at the muzzle of the accelerator is
@trongly nonuniform in its velocity and density and is,
to a great extent, determined by the processes occurring
in the interelectrode gap. Therefore, the study of the
plasma motion in the gap represents an actual problem.

Here we report the experimental results of 002-13531'
interferometric measuremente of plasma density and the
results of numerical calculations. The plasma dynamice was
investigated in the coaxial pulsed plasma accelerator
(PPA) with the main parameters: electrode length - 24 cm,
diameters of centrsl and external electrodes - 3cm and
14 cm, respectively. The amplitude of the discharge cur-
rent wnn~105A. the first halfperiod duration was 12psec,
the operating gas was hydrogen. Large gas load and a ra-
ther low voltage applied to the electrodes (5kV) determi-
ned a slow working regime of the accelerator.

A Ooz—laaer interferometer was assembled by the Mi-
chelson scheme (Fig.1), the interference signal was regi-
stered with the Ge:Au photoresistor at T8°K. Time resolu-
tion of the interferometer (0.2 Msec) was determined by

the frequency band of the amplifier. Plasma probing by
chords was used in the experiment in order to obtain ra-

dial density distributions. Por this purpose, longitudi-

Fig.1
"™ fThe setup of the experiment

nal slote, 3mm high, were cut in the extermal electrode,
ranging from r = 1.8cm to r = 6.0cm with a 0.6cm step.
The probing was performed in seven planes starting from
the ges inlet plane (z=0) up to the accelerator muzzle
(z = 24cm) with a 4cm spacing. At each position, 5 mea-
surements were taken. The inverse Abel transformation
was realized by using the Pearce coefficient technique
[1]. Fige.2 and 3 show the electron density distributions

for z=0 and z= 24cm planes.

L]
Nezl0 o™

Fig.2
Radiel plasma density di-
etributions for the gas in-
let plane (z=0).
For the numerical calculations, we used a nonstationary
two-dimengional MHD-model of a coaxial PPA [2]. The set
of equatione for the plasma was solved together with
equations for the external electric circuit. Here the

plaema was considered as & complex load. A more detailed
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Fig.3
Radial plasma density dis-
tribution for the PPA muz-

zle plane (Z = 24cm).

information about the typical quantities of the problem
is given in [3]. The equations contain six dimensionless
parameters. Among them the most important parameters are
b= Pofptits e Yoty o m/eb(pn)® . Here €,
is the accelerator length, U, is the typical plasma ve-
locity and Mo is the magnetic field strength. The pa-
rameters ? and F for the present accelerator system
were estimated to be /) =107C and ¥ = 5:107°, however
in calculations these parameters varied in a wide range.
The characteristic property of the obtained radial den-
sity distributions that were measured by the coe- laser
interferometer lies in the essential nonuniformity in
the gap cross sectlon. In the region of the central ele-
ctrode within a distance of 1.5-2.0 cm the plasma densi-
ty decreases typieally by 3=5 times in comparison with
the maximum density value. The calculations sléu show

a nonuniform character of radial plasma density distri-
butions. When the central electrode has a positive po-
tential ( ‘;’ > 0), the plasma is pressed to the external
electrode, whereas at ? 4 0 the contrary situation is
observed. This plasma compression is caused by longitu-
dinal Hall currents.

Fig.4 shows the results of numerical calculations.

Fig.4
z Equal plasma density lines.
g-m.os, =01 P =2 for
T'=0.3(e) and T'= 0.4 (b)

(T R R

Unfortunately, in the calculations we failed to obtain
such a strong dispiacament of the plasma from the region
adjacent to the anode that was observed in the experiment
Thie disagreement of data can be explained by some diffe-
rences existing between the calculation parameters and
experimental conditions. To approach the experimental
conditions, the value ofp should be taken to be several
times emaller; however in this case, when the contributi-
on of the Hall currents is essential, it is impossible
to perform the celoulations with such values of ? + Fe=
vertheless, the results of the numerical calculations
correctly show the tendency in the plasma behaviour. It
means that the PPA-model used permits one to estimate the
effect of different plasma parameters on plasma accele-
ration processes and the plasma formation behind the ac-
celerator muzzle.

1. W.D.Pearce. In col.: Production and studies of high
temperature plasma.Tr.from. Eng.,ed V.A.Fabrikant,M,
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A SHORT Z-PINCH
A.I.Zemskov, V.V.Matveev, V.V.Prut, A.M,Udalov

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

The purpose of a given work was an experimentel cha-
cking of the optimal matching conditions described previ-
ously by measuring the discharge characteristics and the
parameters of hard X-ray radiation. The study was perfor-
med at the experimental facility with a short Z-pinch dis-
charge chamber into which a ring-shaped plasma sheath
was injected.

The experimentel facility includes a capacitor bank
( C= 604 F, U,=20kV), discharge chamber, plasma
injector, control and diagnoatic equipment. The diascharge
chember consisis of two stainless steel electrodes sepa-
rated by the plexiglass insulator with an immer diameter
50 cm and 8 ocm high /Fig.1/.

To pretect the insulator from the ultraviolet radia-
tion and. to prevent the secondary breakdown, the anode is
profiled and additional steel screen is installed inside
the chamber. The distance between the electrodes in the
flat central part is 4 cm.

Plasma from the injector enters the discharge chamber
through the ring-like channel formed with two cones; an
average radius of the puffed-in plesma sheath is 10 cm.
Inside the injector chamber, a plasma is generated as a
resuli of the chamber wall ablation. Therefore, the plasma
chamical composition corresponds to the materisl of the
chamber walls, The injector chamber is 8 cm long with
the diameter 2 cm., Injector is connected with the capa-
citor bank G=280/4F 5 lfy = 4kV. The amount of injected
particles is regulated by the applied voltage and time
delay (50+100 /JS ) between the signals initiating the in-
Jector and the main bank. In addition, the mass of acce-—
lerated plasma depends on average atomic weight of plasma
compenents, To obtain proper matching of the accelersted
plasmn, sheath and electrical circuit paremeters (in the
18420 kV main bank voltage range), a sulphur was used as the
injector ciiamber wall material/1/.

‘‘he quality cf the sheath hons been studied with the
triggering probes which have showed that the sheath ias
relatively thick, The parameters measured are: current,
inductive and resistive components of the voltage (thelat-
- ter was measured with the cable connected to the cen-
tera of the clectrodes). The main discharge ( Jo £ 1 MA)
sterts symmetrically along the inlet holes. An analysis
has ghown that the mass of the accelerated plasma sheath
is 50 micrograms and the final velocity = 2.7x10 e/,
The accuracy of hitting the centre ia 243 mm. At the
collapse of the sheath, the current falls steeply to the
=~ 30% of its value and a resistive component of the vol-
tage demonstrates & sharp peek. The collapse is accom-
panied by an X-ray emission., Some temporal (with an orga-
nic scientillator and a photomultiplier) and spatial
(with a pinhole camera) measurements have shown that the
X-ray radiation lasts for T = 100 ns and it is locali-
zed at the centre of the anocde.

X-ray radiation dose has been registered with the do-
simeters located inside the insulator. The dose depends
on voltage as D oo US in the range of 10420 kV.

Use of the dosimeters with foils (Cu, Ag, Pb) has allowed
to estimate the energy spectrum. For this purpose, the
spectral function has been approximated by an analytical
dependence with indefinite coefficients. A set of Fred-
holm equations of the first kind have been reduced to

a minimization of a net square functional by these coef-
ficients, The control measurements have been carried out
by a relative blackening of the X-ray filmas with filters,

12 films have been displaced in one cassette of lead, The
spectrum is close to the bremsstrahlung one of an X-ray
tube with the upper energy E, %100 keV,

Measurements of the total X-rays energy Q carried out
with a lead calorimeter have shown that the value of Q is
equal to: Q=2 J when the energy of a capacitor bank is
equal to 10 kJ. These measurements allow to calculate
an effective electron current J_ as Q = 10792 Ve ER T,

Je = 50 kA, Though Jq 18 strongly dependent on Eq
determined with low accuracy, it is evident that at a
final stage a considerable fraction of the discharge cur-
rent is transferred by fast electrons. An increase in the
electric field, in which these electrons are accelerated,
occura due to a sharp decrease in the cross-section (focu-
ssing) of the plasma sheath near the axis, so that the
ohmic voltage Wg = €7-71% will reach ~ 100 kV
at % ~ 1 mm,if one asmumes that ¢ = 30 T342 (Cou-
lomb conductivity), € ~ 1em, J ~ 300 ka. Scem:e estima-~
tions show that W»>Cs ( W is the electron current
velocity, Cg is the sound velocity). In this
case, gome instabilities arise,the nonlinear effects
prevent their development limiting the directed veloci-
ty of electrons end, thus, decrdasing G~ . Then, the
measured u-g end, correspondingly, the regime of run-
away electrons is reached near the axis,

In conclusion,nne should particularly emphasize a
fairly good reproducibility of the current waveforma

and the X-ray doses, This fact will allow
to hope on a stable fusion yield if a corresponding
working medium in the injector is used,
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SHAPTRG OF LOCAL HIGH-TFMPERATURE PLASMA FORMATION
IN A POWERFUL PINCHING DISCHARGE
U.A.Bykoveky and V,B.Lagoda
Moscow Engineering Physics Institute, Moscow, USSR

Bpecific properties of high~temperature plasmas forma-
tions (PF) observed in powerful pinch discharges /1/ are
the highest (for present-day plasma instruments) values of
electron temperature and electron density. A FF observati-
on in investigations carried out by various devices teati-
fies to the common features in the physical processes ta-
king place in plasma at the initial (including pinch) dis-
charge stage, Here arises an essential question if it 1s
poesaible to comsider the pinch curremt-carrier plasma to
be leocally homogeneous or conslsting of separate current
channels each of which,has its own self—congruent system
of magnetic fields /2/, The latter provides the conducti-
vity of high currents withou{ developing any instability
such as "pausage" and "idink". The paper presents the re-
sulte of the investigation of PF formed in,a high-current
discharge with the electrode geometry (fig.2) close to
that for the Mather coaxisl accelerator (MOA) and with
initiation by plasma generated at the buttend of the inner
electrode (TE) by means of a fooussed rediation of the im-
pulse laser. The low-inductive discharge similar to the
one reported in /3/ had the total capacitive storage ener-
gy a8 high as 2 EJ while the maximum current was 200 KA.
The diagnostic apparatus included tranamitters of X-ray
radiation and of microwave radiation, an image converter

camera, X-ray pinhole camera, a time

2 Ms
aT i —.1 =of=f1light mass-spectrometer connec—
'5; ted with fhe magnetic one and a Fa-
: = raday cup. T _value was measured by a

L)
filter method, Time resolutionm of

the equipment was about 7 ns, Dist-

A B
Pig.1. 4cal waye- Tibution of the current density in

form of dI/adt,. the inter—electrode gap was restor-

!ﬂmﬂn&'ot track

-

- 2%,
% 4.
hllaor bean
apode aftsr fregments of
10 discharges FF X-ray photos

Fig.2. Schematic cross-section of coaxial accelerator.
Comparison of diametrical dimensions of striations
with those of plasma formations,

ed according . to the pattern of the tracks erising after
the discharge on the elsctrode gurface when special coati-
ings were deposited onto it /4/.

In 60¢+100 ns after the breakdown initiation by the.
lager plashs.the first pinch-effect. was observed (4,fig.1).
The following plasma column decay gave rise to the asecon-
dary current sheath (CS) which in its burn accelerated to-
wards the axis and collapsed (B,fig.1). SBuch a process fo=
llowed by the heating of the electrodes lasted up .to the
flaming of arc at the raise of plasme columm voltage at
the moment of the next pinching in turn. High. epatial re-
solution of the track method /4/ (~20 mm) allowed to de—
tect the effect of OB breaking into self-contained atria-
tiens. The latter were grouped in paira and maintained up
to the stage.of collapse. As the OB advanced to the axils
the diametrical dimension of an individual track decreas=
ed, The comparison of the tracks at the ultimate phase of
C8 motion with the PF image recorded by the pinhole-camera
(£ig.2) makes possible bo find the proximity of their dia-
metricel dimensions. Insertion to IE of the sharply angu-
lar convexlty which produced & reglon of an increased ele-
ctrical field strength enabled us to regulate the process
of 08 shapings A hollow on the IE buttend provided the 08B
"roll off™ reg!.l'a at the moment of pinch by analogy with
the case 0f MOA with a hollow anode. Location of the OB

Fig.3. a1 X-ray pinhole (10 mm diameter) photo (30-shots
time integrated); b,c: Bcheme of Bostick's vortex fila-
ments collapse tluft—handed and right-handed).

primary junction resulted in the space atabilization of
the PF formation (fig.3a). T, of PF was as high as 7 KeV.

Let's consider (fig.3b) the CS collapse scheme assum-
ing that the obtained atriations have the structure analo=
gous to Ghe well studied Bostick's vortex filements /2/.
Let's sssume that the OB consiste of two filaments contai-
ning inside exiel magnetic fields B, equal in values and
opposite in directions, and moving towards the discharge
axis from the opposite sides with the velocity Vk. The
pressure balance at the surface of an individual filament
before the Jjunction will correspond to the equationi (N:LT!.
+N.£Ea)+r23§le = J21202(1), where T, ,N,,N ,ryJ,c are the
lon btemperature, ion and electron linear densities, radiua
and current of filement, speed of light correspondingly.
The junction of filaments (fig.3c) will lead to the rear—
rangement of B, ~lines and their receding at the rate of 'V,
along the discharge axis. This will be followed by ranish=
ing of the lest addend in the left part (1) by a break of
the previously exlsted pressure balance end by a compres—
elon of the current chanmel. According to the equation:
J= %Ea!oosj‘l/. where Z,4,e,C— mean value of the ion
charge, ratlo of current channel radius to ion Larmor ra-
diue in the azimuthal msgnetic field Byy an electron char—
ge, sound speed in plasma correspondingly, As the value of
2Z/4 approaches unity, the electron drift velocity will
draw nesr the o, and a transition to the ion-acoustic tur—
bulence condition will take place. That condition will be
socompanied by a rapid energy input to the plasma. Buneman
instability is likely to become at an intermediate sbage
leading bo T »Tyd During the experiment at the stage of
ocompression we recorded sbout ten pairs of striatioms.
This reasoning cenm be easily transferred to bthis case if
¥e agsume that the sum of B, taken at all collapeing fila-
ments is equal to sero., The existence of turbulent proces-
ses in the PF reglon wes proved by the presence of micro-
wave radiation at the £riqumc§'~‘lo1oﬂz.' The signal had &
form of pulse train with the summary duration 20480 ns and
with periodicity between separate splkes~20 ns (fig.4).
The train emplitude and duration correlated with the value
of discharge current at the moment of collapse.

The ion flux recorded after the PF decay in the axlal
direction through a hole of the outer electrode consisted
of a series of clots. The major part of the flux was con=
centrated in the aperture angle 10°, The collector measur-—
ments sllowed Lo estimate the total number of flowing ions
with the value of 1017, We registered ions of Faﬂf’,cu“g,
uo*20, w25, P*28, The enmergy of flowing ions was as high
as 1 MeV. The fact that the results of measurements proved
to be independent of the electrode polarity was rather as-
sentisl., The recorded pattern may arise from the accelera—
tion of lons. appearing duripg the turbulence heating by
means of ion-acousblc waves.

The suthors sre grateful to E.M.Basllevskaya for the
mounting the results obtalned.
/1/. . U.A.Bykovsky et al -JETP
Lett., .31y N5, P.265, 1980.
/2/. W H,Bostick ot al-Annals
of the N,Y.Ac.Sc.,251,2,1975.
/3/+ U.A.Bykoveky et al -JETP
Lett., .30, N8, Pp.489, 1979.

% 4/, G.Eerziger ef al - Fhys.
Tig.4. Microwave signals, ILebbt., 694, N4, p.273, 1978,
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THE REXIMPLO SPHERICAL PINCH: IMPROVED NEUTRON
PRODUCTION AND 3-D COMPUTATIONAL ANALYSIS

E. Panarells and R.P, Gupta
National Research Council, Ottawa, Canada, K1A OR6

Abstract: Work on the REXIMPLO experiment has progressed along two linea:

1) experimentally, & factor of 10 increase in neutron production has been obtained
by a proper synchronization of the spark channel generation relative to the
launching of the implosive shocks and by stepping up the energy of the condenser
bank by "50 percent;

2) a3-D computational analysis has offered a cnlenr insight into the magnetic pres-
sure (B?) distribution inside the spherical arrangement, which allows redesign
of the pinch in order to achieve better plasma confinement.

As a continuation of the work reported at’the 9th European Conference on
Controlled Fusion and Plasma Physics in Oxford [1], we have recently increased the neutron
production in our spherical pinch device by properly timing the initiation of the spark
channel formation relative to the implosion phase, and by increasing the implosion bank
energy by "v50 percent.

The experimental is ially that described in [2] (Fig. 1). A
linear spark in deuterium at 1 Torr initial pressure is created by discharging a small con-
denser bank (2uF-21KV-441J) between two elecirodes aligned along a diameter of a
spherical vessel ("8 ¢m radius) and the spark channel is consequently compressed by
implosive quasi-spherical shocks crested by discharging a much larger condenser bank
{BTuF-21KV-14,BKJ) in the spherical pinch, When the spark channel is created close to
the time of collapse of the imploding shock, the neutron output increases by about an
order of magnitude, goin from 4.41 X 10° to 3.42 X 10° neutrons per shot, on average.

To see more clearly the time history of the neutron emission and to relate it to
the compression of the spark channel, let us refer to Fig. 2 which shows a streak record of
the plasma luminosity within the chi | and a simultaneous oscilloscope record of the
neutron signals, One notices that the imploding shocks generated at the periphery of the
discharge vessel are strong to the extent that no radiation in the visible range is emitted.
Only when the shocks collide with the spark channel, the concomitant phenomena of
channel compression and refraction of the shocks within the channel increase the channel
Iuminosity in the visible range. Neutrons appear as burst of “v1 psec duration of decreasing
intensity, occurring roughly at the times when the refracted shocks collapse at the center

of the vessel and when maximum channel compression takes place.
In order to understand the details of plasma confi

started to work on a 3-D p ional analysis of the ic pressure (B’] contour lines
inside the spherical pinch (Fig. 3-4). Because of the greatly varying magnetic field distribu-
tion and other plasma parameters in the domain of interest, the finite element method,
rather than the finite difference scheme, was used. The problem is irreducible to lower
spatial dimensions, although it does have reflections and inversion symmetries, Because of
‘these symmetries, only an octant of the sphere is needed to be considered in all the compu-
tation. Therefore, the portion of shell in the first octant is divided'on each side into 36
triangles by joining 26 nodes, as shown in Fig. 3. The nodes are the intersections of lines

we have

raclinting from the centre. The sections of these lines between the two surfaces of the shell
and the triangles constitute triangular prism elements which are split into three tetrahedra
such that the adjoining prisms have matching edges. The current density stream function

is then calculated on the surface and the Laplace ion for the magnetic scalar p ial
18 solved in order to deduce the magnetic field inside the sphere. The plots shown in Fig. 4
are contours of the magnetic pressure B? in three perpendicular planes of the sphere (see
Fig. 1), nssuming that the plasma is a perfectly conducting rigid ball. The most unfavourable
situation exists in the x-y plane, where the P | along any
radiating from the plasma ball, which means that the plasma is not contained in that plane.
The situation improves in the y-z plane, where the magnetic pressure increnses in the
z«lirection and therefore the plasma is confined in that direction. Finally, the most favour-
ahle situtation exists in the x-z plane, where the ic pressure i in all di

as one moves away from the plasma ball, and therefore the plasma is perfectly confined in
this plane.

p dly that the itted
are of thermonuclear origin. To this ¢nd, we are setting up around the plasma a 6-channel

Work is underway in order to: a) prove

neutron detection system capable of ing the y of i and
b) redesign the pinch to appronch the ideal situation whereby the magnetic pressure B?
i in every di i diating from the plasma ball.

[1] E. Panarella and R.P. Gupta, Proc. 9th European Conference on Controlled Fusion
and Plasma Physics, Oxford, England, September 1979, p. 52.

|2] E. Panarella, Canod. Journ. Phys, 68, 983 (1980),

67 uF
21 kv

FIG.1 — SPHERICAL PINCH ARRANGEMENT

RADIUS (CM)
.4| o |4
o

g —

g +—— | NEUTRON
= EMISSION
= S

=

GAS: DEUTERIUM
PRESSURE: 1TORR

NEUTRON ;
SIGNALS P Rt

TIME (uSEC)

FIG.2 — THE UPPER PHOTOGRAPH IS A STREAK RECORD OF THE PLASMA LUMINOSITY
WHICH SHOWS THE INITIAL SPARK AND THE SUBSEQUENT COMPRESSIONS OF THE
SPARK CHANNEL BY THE IMPLOSIVE SHOCK. THE LOWER PHOTOGRAPH IS AN OSCIL-
LOSCOPE RECORD OF THE TIME HISTORY OF NEUTRON EMISSION.

=9
My~ PLANE

AND
all g=0® AT INFINITY

¥ > CURRENT STREAM FUNCTION
0~ MAGNETIC SCALAR POTENTIAL
1,23 ... GLOBAL NODE NUMBERING
&N e ... LOCAL HODE DESIGNATION
@, @, ... TRIANGULAR ELEMENT NUMBERING

FIG. 3= TRIANGULAR DIVISION OF SPHERICAL
SURFACE IN AN OCTANT

Fig. I = The B? contours




ANCGHALOUS THERMAL LOSSES IN AHIGH-? PLASMA
GeE.Veksteln
Institute of Huclear Physics, Novomibirsk, USSR

An interest to high- \? plasma properties was initi-
ated by a few puggestions to use such a pln:na,‘ in a cont=
rolled fusion reseerch [1,2,3]. In this case the rale of
megnetic field is only to suppress thermal conductivity,
so the magnetlc field strengih may be rather moderate.
Purthermore a lot of microinstebilities peculiar fo & low
pressure plasma ere sbsent when ‘?‘53' 1.

However, the process of high- B plaema cooling poa-
sessss some distinctive features, resulting in enheanced
thermal losses end a congldersble decrease of the energy
confinement time [4]. The reason is that in noninertisl
gystems (plasma confinement time ip greater than sound
propagation time) high= & plaema musgt be in contact with
the cold walls of esn installation. This report considers
the cooling of a hot, strongly magnetized high- § plasma
which is brought into sudden contact with a cold wall.

Initially a homogenseous hot plasma with temperature
T, end density [l is located at a half-gpace X > O
and at X = O is bounded by a rigid well with zero tempe-
rature. The magnetic field is parellel to the wall plane,
and ite strength H, is so that the plaema is sirongly
magnetizeds (WwpTi),=do™ 1 but B.= ETnnTn/H: »>1.
From the mechanicel equilibrium condition

nT= const= Moo “
it follows that in the near-well layer with low temperatu-
re plaema denglty incresses in time, so the plasma

flow to the wall aeppears. The heat conductivity equation
3 2(nT) CLIN I 2
il ( & D (3:_ b 4 3 nT )

2 At " %2z (2)
shows that the total heat flux is constant in space:
oL 8, =5
2ot —inT‘U' n_ﬁo"ro (2)

where V,(+) is the hot plasma velocity at X —+0o . In
the near-well leyer the plesme velocity decreases rapidly
(U= UT/T,), so the convective heat flux is importent
only in e hot plasma with T~ Ts , and at T« To the
thermal conductivity. pleys the mein role:
T _ §

X ?’;E =+ 'i'“oTnlU; (4)
Since % depends on the magnetic field, eqs (4) must be
solved together with the magnetic fiseld evolution equati-
on, because in high- \? plasma the magnetic field may be
strongly destroyed by the plasma motion and thermoelectric
effects (Nernst effect) [5]s

ot AT
WD My &5 00

at Rz \ 4mE AT (5)

It is seen from (5) that Nernst effect results in an addi~
tional drift of the magnetic field to the wall. The corres-
ponding veloecity Vy= %ﬁ ﬁaq-r/‘ax‘. is connected with the
heat diffusion velocity Vo~ 2T /5 [51s

(Me/my ) Ve i WhiT> 1
Vi~ < Ve fline o), (Me/m, Y22 Wi T <A )
Vr WheTe < 1

!

Becauge Vy~Up (see eq. (4)), it may be concluded, that
in a hot reglon the magnetic field ip carried to the wall
by plasma motlion, end in a cold near-waell layer the mailn
role is played by the Nwynet term. The magnetic field pro-
file depends atrongly on the wall boundary condition for
eq. (5). We consider two extreme cames: nonconducting and
perfectly conducting walls. At first we note, that there
ls no any length peale in our problem, mo the solution is
of the gelf-pimilar nature. The corresponding variable is
ca;neoted with temperature conductivity.of a hot plasma
ol

3
= Ty 3 Tl )= ToTle), n=Nanig), H= HoHIE), U= %Y“WCT)
E ('xbt) ’ { !

D-li

where T(§), N, H(E), U(f) are dimensionless functions.
In these notations the heat losses enhancement is revea-
led in that (§=+00) =V, » 1 « From (5) we have

now 4,
£l _ d ((M/mD™ AR
_._I-.i'l.f_= IE{W d—f+(1f+Vn)H} (8)

A detalled enalyeis of eq. (8) will be presented elsewhe-
re, and here we give only the final results. If a well is
nonconducting, the boundary condltion ims H({=0)= 1.
In this cepe the left-hend part of (8) may be neglected,
so the magnetic field drift is oconstant. Besides, if

@n‘rf ™Mi/me  the magnetic viscosity is not importent,
end magnetic field may be obtained from a very simple con=-
dition:

(Vi) H=" (9)

Uging (6) we get now that at L5 (m"/‘mi":‘i: the magnetic
field is frozen into a plasma, so H=N=T . Then, at

T<(m/mﬂ"" the Nernst effect is important, end H is
of the order of (M:/m.Y* up to T=T:|~{""-/mi)ﬂr5;#f where
the ions become unmegnetized: (WwiTi),~41 . Then the magne=
tic field decreasesrapidly end is of the order of unity up
to T=0 , i.e. to the wall. The magnetlc fisld profile
in thie cese is ghown in Fig. 1. After that we can solve
eq. (4) and find the temperature profile T({) » where Vo
is etill en unimown parameter. To find 71U, one should use
the continuity equation for & plasme, which in the self-
similar varisbles is as follows:

‘f—'=f§‘(mf) (10)

Taking into account that N Sk ,, for the plasma flux we
get: nU= (§MdT/21%  , 80 Vo= L§(MdT/2T* . The main
contribution comes from the regioxg with temperature T~T, ,
and Uy~ §*s» 1. The plasma, which flows from the hot re-
glon, is mccumulated at temperature T~ T1 . So at T>Ty
plesma flux NU = const and U=%T . At T<T; the flux
decreases rapldly and vanishes et the wall. Returning now
to usual notations, the total heat flux to the wall is

4~ (Wt TN, (%7 (11

and the effective thermel conductivity,
By~ To(WniT),~ NoCTo/eHe , 18 of the order of the
Bohm one. Thig regult proves to be valid up to \?,,-—’I i

In the opposite case of a perfectly conducting wall
the total megnetic flux remains constant. So in the dear-
~wall layer the magnetic field drift due to Nernst effect
must be balanced by the megnetic diffusion drift in the
opposite direction. As a result, the buffer magnetic lay-
er is formed with p< 1 end H=Ho 85“« Then the magnetic
field emoothly decreases up to H=H, in a hot plasma
(see Fig. 2). The effective thermal conductivity depends
now on the relation between large parameters &, end 8o o
If B,> &,°the buffer field layer is rather thin and

2t~ 2, 8% < At 8¢ 8" the effective thermal conducti
vity is T~ &j;"' -

1
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STUDY OF THE HEATING OF A DENSE PLASMA
IN LINEAR THETA~-PIECH SYSTEMS

V.A.Burtsev, A.A.Bardinov, A.B.Berezin, A.P.Zhukov,
V.A.Xubagov, B.V.Ljublin, V.N.Litunoveki, ’
V.M.Kozhevin, V.A.Ovejamniikov, A.N.Popitaev,
VeG.Smirnov, V.A.Titov, Yu,I.Sholokhov

D.V.Efremov Scientific Research Imstitute of
Electrophysical Apparatus, Leningrad, USSR

Abstract. The paper presents the status report on the
heating of a dense plasma in the linear theta-pinch UTRO
with fast-rising magnetic field. The plousible ways aiming

to rise the efficiency of the heating are discussed the ba=-

sic results of numerical simulation and phyeical pro-oeuoa
opti.niaation in the pimilar devices are described.

I. Experimental conditions. The method of inductance-
cepacity energy storage (w 0.6 MJ) has been used for
production of magnetic fields up to B, =~ 60 kG with the
rise time Ty < 0.5u8. The opportunity to form at these
conditions the demse (77p = 2-1077 cu™>) and sufficisntly
hot (7;*7'{, ~ 0,5 keV) plasma column with small radial com=
pression [1] is shpwn.

II. Experimental results. The main attention has been
drawn to the elucidation of the suprothermal particles ge-
neration mecheniem (¥, > 20 keV; W; 1.5 keV) at hich
initial filling pressures (I-‘o > 0.2 Tqrr)a Experimental
study of magnetic field diffusion and the comparison with
the results of numerical simullti:on shows that the most
probable mechanism of the anomelous plasma conductivity in
the phase of radial compression ies the development of the
low-hybrid drift inetability. The microfluctuations of
plasma density accompanying this process are proposed to
be among the main reasons of experimentally observed sig-
nificant broadering of probing ruby laser radiation line
(from AA, = 3-1072 m up to AA = 80102 mm). Strongly
modulated oscillation of the internmal magnetic field with
reversal of both of measured componenta were observed du-
ring compression stage (fig.1). Basing on the I-ray emis-
gion analysis data obtained using filters, the radisl
distribution of mean suprothermal electrons energy has
been plotted (fig.2). T}_m preliminary value of eleciron
temperature, corresponding to this time interval does'nt
exceed [p ~ 100 eV. The maximal neutron yield (5~10Tpor
phot) and its dependence on deuterium pressure (fig.3)
differs substantielly from the respective data by mumeri-
cal simulation under assumption of the thermal origin of
the neutrons. The set of the date obtained does'nt comt-
radict ‘with the alternative hypothesis that the hard I-ray
emispion and the neutron yleld could be attribuied to the
deceleration of the charged particles, primarily accele-
rated in the regions of magnetic field zero lines on the
plasma target. The similar conditions could be realized
at noncontrollable r tion of magnetic force linea

during dense plasma compression in the complex magmetic
field structure. The evolution of the mean electron ener-
gy made within the framework of the model described in
ref{2]is in the r ble egr t with experimental
data.

IIT. Humerical simulation ef the linesr theta-pinch

with inductance-capacity energy storage. The self-consi-
gtent model has been used based upon “snow-plow" approxi-

mation and taking into account both the variations of the
entropy, caused by the processes of the jJoule and shock
heating and the magnetic fileld diffusion at the electron
scattering on the electric field fluctuations. The work
of magnetic field as proposed, could be increased by meaus
of plasma delay in the near to the wall region. This pro-

posal can be realized, par nnlpll,. by freezing of some
deuterium on the chamber wall or by the spraying of the

mass using for instance, the laser induced target explo-
sion in the axial zonme. In the case of reconstructed
UTRO-M device (solenoid length is 3 m) with concave ini-
tial plasma density profile the temperature rises up teo
factor 2.5.

The temperature grouth and the enhancement of the neu-
tron yleld could be achieved also by providing the dyna-
mic interaction of encountering radiaml shock waves.Fig.4
shows optimized dependences of the temperature and the
neutron yield on the operational parameters of UTRO-M.
Eveporation explosion energy used in calculation is T50J.

IV. Application of pulsed CO,~lasers. The following

subjects have been considered at the simmlation study of
laser radiation ('b = 1¢10 kJ, 'L’L - 1#3pa) with the the-
ta=~pinch UTRO=M plasma: heating by axial beam in the qua~
sistationary magnetic field; stability of the laser beam
propogation in the plasma column; combined “laser heating

with adisbatic plasma compression.The optimal conditioma
for the range of incidence angles at laser radiationm,

plasma density profiles and beéam profile have been obtai-
ned, Preliminery laser heating of a plasma would allow
to increese ten fold the efficiency of the consecutive
heating by adiabatic compression. The plasma energy com-
tent, as estimated, can reach Wpl. ~ 100 kJ (T'v 0.5 keV;
N~ 3108 en™?; By~ 300 k6).
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EFFECTS DUE TO VIOLATION OF THE SECOND ADIABATIC INVARIANT
e e e e

B. Lehnert
Royal Institute of Technolegy, S-10044 Stockholm 70, Sweden

Abstract. When the curvature of the longitudinal invariant surfaces
varies in space, the constancy of the second adiabatic invariant of
charged particle motion can become violated. This non-adiabatic effect
applies in the first place to ions, thereby producing charge separation
and electric currents in a quasi-neutral plasma. An example is given
where these currents have a stabilizing effect on plane kink distur-
bances.

1. Introduction

In closed-field line and mirror type magnetic geometries, ions
and electrons drift from field line to field line at the same time as
they perform nearly periodic orbits along the field lines at full
thermal speed. For small Larmor radii this transverse drift takes
place in steps which closely follow the longitudinal invariant sur-
faces determined by the constancy of the first and second adiabatic
invariants of charged particle motion [1,2j. i

However, on account of their larger mass and lower thermal speed
in a plasma of nearly isotropic temperature T; =T, =T, ions will be
subject to more limited restrictions with respect to the constancy of
the second adiabatic invariant than electrons [3]. After completing
one period of longitudinal motion along the magnetic field B, the
ions have at the same time drifted a certain distance ALj; across B.
Thus, when 4Lj; becomes comparable to the scale of the spatial
variation of the invariant surfaces, the constancy of the second
adiabatic invariant is expected to become violated, and the ions to
"g1lip" across these surfaces. The resulting plasma dynamical effects
will be outlined here in the special case of plane kink disturbances,
but such effects are also expected to become important to a manifold
of other situations.

2. Non-Adiabatic Particle Motion in a Z-pinch

As an illustration we consider a Z-pinch having its axis along =z
in an_unperturbed state where there is an axial current density
i%ig [1 - (rla)\’] determined by the radial coordinate r and the
pinch radius a. The corresponding axial guiding centre drift veloci-
ties u and Yoo of ions and electrons are given by

g g2y (c/a) " ea(v2) [i-(e/2) /(14 J03] = 2ME fea > 0 )

Here W denotes the velocity of gyration, M = mﬂza'?.n = const.,

uy = (Bl(‘I.n'l'I.‘-)1 2 js the parricle velocity along B, and particles
with ZuZey2’  are considered, being eguivalent to the bulk of an -
isotropic thermal distribution with W = 2kT/mj .

A small kink perturbation g- (cnlinyz.ﬁ.o) in the zx-plane of
Fig.l is introduced, having the wave length X = 2n/y >> £o-The magne-
tic field is assumed to be strong enough for the average electronm
drift motion to be adiabatic and to have the form Ug=ugq(£,Ycosyz,0,1)
in the frame xyz. The longitudinal invariant surfaces then become
nearly "concentric" with the perturbed plasma surface of Fig.l.

For ions we define the adiabaticity parameter Bi where

0, = 4BLy /2 = 167ME feuh = 8/Znf (a,/a)(a/2); OLy; = 2/Inf 2, (2)

and aj = 2M/eW stands for the ion Larmor radius. Whem 8i<< 1 the ion
motion thus remains adiabatic.For 8j-values of order unity the ions
become slightly non-adiabatic, in the sense that there is a certain
"s1lip" between the ion motiom and the invariant surfaces. This regime
will be further discussed here. The extreme non-adiabatic case Bi»l
is out of the scope of this report.

According to the exact equation of particle motion, the surfaces
traced by the transverse drifts of magnetically confined ions and
electrons become concentric in axisymmetric geometries of constant
spatial curvature. Consequently, the ion drift is expected to have a
component directed across the invariant surfaces only when the curva-
ture of the invariant surfaces varies in space, such as in Fig.l.
Further, this velocity component should only become important in cases
where 9{ cannot be neglected as compared to unity.

A detailed deduction of this non-adiabatic behaviour cannot be
given here. Only a tentative argumentation is presented which has to
be tested by later more rigorous deductions. We consider the paths
traced by the average guiding centre drifts, in the plane y = 0 of
Fig.l which passes through the axis of the plasma column. Assuming

Fig.l. Plane short-wave kink
perturbation of a plasma column.
The non-adiabatic ion motion
produces a current pattern j_x
outlined by the dashed contour.
The j_‘ x B force tends to
stabilize the perturbation.

first that Loth iocns and electrons are adiabatic and drift at the
antiparallel average velocities !i and U along the same path
x = x(z), a Taylor expansion yields K

Up(2) - U (=) = [U; (2 + a2) - U (2 + A2]] -
v ' " "
- [ - v @]z -5 - g e’ &)

for arbitrary but small values of Az. In this case the corresponding
current density en(Uj-Ug) becomes directed along the invariant
surfaces both at z and 2z + Az. Next we consider a case where the
drift surface curvature is constant at z + Az, but changes rapidly
enough for the adiabaticity condition of iofs to be violated at =z for
aLy; = |az|. In this case U;(z + az) = Ug(z + Az) of eq. (3) srill
becomes directed along the invariant surfaces. On the other hand, the
average lon drift then results from a meanvalue formation over a
relatively large step length aL|j which contains contributions of
rap.i'dly changing curvature. In a first approximation this implies that
igl (z)lt<|£=(z)| in eq. (3), i.e. the rapid spatial changes of the
dgift orbit are “smeared out" in a meanvalue formation for ioms, but
not for electrons. In its turn, this results in an "uncompensated"
remainder of the last term in eq. (3), leading to a "slip" of the ions
across the adiabatic drift surfaces. Thus, there arises a corresponding
current density

a 1 ” 2 5
i =g en b e’ = 2076 fa)enita M3 1,0,00c08(2matn) ()

in the xyz frame of Fig.l, as obtained from egs. (1)-(3) when neglect-
ing U; (z). This current density has maximum strength at the inflexion
points of the kink perturbation, i.e. where the change in curvature has
its maximum.

3. Non-Adiabatic Effects on Plasma Dynamics

The current of eq. (4) only forms a segment of a pattern which
has to be set up to neutralize the corresponding electric space charges
in a quasi-neutral plasma. In a first approximation this pattern is
therefore suggested to be closed as outlined by the dashed loop in
Fig.1l. The loop includes a component Ji'i having the modulus
L]_"i] = (A 2na) |‘]_i| and running parallel to the pinch surface.

The resulting jﬂx B force is transverse to the plasma column and
performs an average work <w®> = <"’=B-§»I2 per unit volume, as
obtained from integration over one'wave length . Assuming a current
distribution with v = 2 and putting 2nkT = j Ba, we obtain a stabi-
lizing contribution <w%> = y.néj2(a;/3)2/4 > 0. The work of the kink
force is destabilizing and can be approximated by
<> = =31n2u,32(a/2)2/2048 [3]. Consequently, the ratio between these
two energy contributions becomes
0% = - s = gt oF = siedm )
and increases linearly with the plasma temperature T. As an example
a hydrogen plasma is chosen with a pinch current of 10%A and a tempe-
rature T=3x105 K. Wave lengths Agl0a then become non-adiabatic. In
this range eq. (5) yields 8%=20. Consequently, the plane kinks con-
sidered here are expected to become stabilized at wave lengths of the
order of and smaller than the pinch radius.

[ Kadomtsev, B.B., Plasma Physics and the Problem of Controlled
Thermonuclear Fusion (id. by M.A. Leontovich), Akad. Nauk USSR,
1958, Vol. I11, p. 285.

2 Northrop, T.G. and Teller, E., Phys.Rev.117(1960)215.
[3] Lehnert, E., Royal Institute of Technology, Stockholm,

TRITA-PFU-80-11(1980) .

D-13




D-14

DETERMINATION AMND EVALUATION OF THE PARAMETERS
OF A D P F USIRG AN ALTERNATIVE METHOD

5. SINMAN
kiddle East Technical University, Electrical Engineering
Department, Plasma Engineering Laboratory, Ankara-Turkey

A, SINMAN
Ankara Nuclear Research and Training Center, Electron Physics
Laboratory, Ankara-Turkey

Abstract: In this study, for the data processing in our Dense
Plasma Focus (DPF) system, a multiparameter numerical hierarchy
obtained from the fundamental equations based on the snowplows
model and its conclusions have been developed. Evaluating the
data along the tranaients of the total plasma current, the

anode current and the focus voltage recorded by on oscilloscope,
they have been possible to determine the time domain plasma par-
ameters such as the shock thickness, the sheat temperature, ve-
locity and electron density, the pressvre at the focus phase

and the plasma temperature. Besides, the dissipated energy
tiirough the focus notch or in other worda, the plasma temperature
has also been calculated by means of the numerical integration.
In the text, a performance chart together with some other cor-
relation curves for the optimization of the DPF systems are sub-
mitted and discussed.

System. The plasma focus (Kather type) is consisting of 1.5 kJ
concenser bank, a controlled spark-gap switch, a co-axial ac-
celerator (internal and external electrode radii are 2.0 cm and
4.0 - 6.) cm respectively and accelerating tunnel is 10.0 -

12.5 cu ) and needed elzctronic control and measuring systems,
Preliminaries. [t is known.the fact that the plasma focus devel-
opment in a dense plasma system depends upon the breakdown, ac-
celeratisn and collapse phnses respectively, For the plasma fo-
cus discnarges which contain all these three phases, a modified
electrical circuit model is seen in Fig. 1.

v, Ly [ Lot

chUb(Ol Gﬂ \n‘di!} zol

Note! Lyt 240 Zytn)

Tig. 1. Equivalent electrical circwit for DFF.
In the Tigure, Cb ia the bank capacitance, ?b{o) the bank voltage
(fully cnarged), U, (o) the initiml storage energy, the induc-
tance of the capacitor bank, L_ the external induc ces, L ;
the inductance of the focus eléctrode system, Z the charac? T—
iatic impedance of the electrode system and L (?; and Rg(t)
are the inductance and the resistance of the 315chsrga espec—
tively, The discharge voltage signals which can be recorded on
the oscilloscope, mey approximately be written as,
V() = (0/at)[1y(0)T4(8) T + Ty(tIR(E) (1)
On the other side an improved time varying discharge resistance
can be given to be,
R (1) = (2nC) T an/ V) (0)/V,(1)) T (2)
where T,is discharge pericd, V,(o) and Vz(T ) are the onset and
the one period after amplitude% of the dxacgarge, the correcti;;
coefficient J = V,(0)/V;(T4/2), here vy (T4/2) = L ?Ub(t)/cbi7
and uh(uJ—Uf(Tplz) = U (t). Uyle) = 0.5C,Vy (o) numerically but
U.(T_/2) by the numerical integration method can be found. By
the Peason of the numerical hierarchy other fundamental equa-
tion of plesma focus /1/ are: E
- Spitzer's resiativity relation] 2 = 3.3x10 6/T3/2 ohm-cm (3)
- Tne velocity of current sheat with respect to gnuwplnva,
2.2 1/4

v = (c“E/4ng ) cm/sec e (4)

- Tha Shosk tnaBkuoes T.= {ov.. ) toa 2 oa (5)
-1/2 _3%/2,.P¢

wneres a = 2.9x10 ng /B
- hagnetic preasure Bg/Bn = ;ek(Te‘ Ti) dyne/cm2 (6)
- Kinimum compression radius /2/ T = c2/4ng v, em (7)
where the turbulent electrical c%ndu:tiviiy A upe/4nfc

5=
fc= 4.3x10 ne(kTe)ev cycle/sec.
Numericzl Hierarchy. The fundamental focus parameters can be

culculated by the help of the following equations!
- The shock thickness from Eq. (5); Ts(h) = Conut/Id(t) cm (8)

- The plasma resistivity using Eq. (B);

gee) = Vy(e)nTa(t)/14(t) [, oha-cm (9)
- The electron temperature by means of Eqa. (3) and (9);

1,(6) = 733097857 (4) 77 kev (10)
~ The electron density from Eq. (4);

Rg(t) = v3(x)/a2 Tconst/ (/2T (1)

where d_ is the gap between the anode and cathode, [r is the
length of ‘the electrodes.
Hesults! As is seen in the electrical equivalent circuit of the

focus system (Fig.l), the geometric inductances s L "and L
are being more effective on the discharge period. Altﬁougn tﬂs

= = —y.2 2 2
plasma impedance, zp(t) -/ Ld(t)w + Rd(t]_7 1/2 has a non-linear

property (e.g., in the focus phase it is 185 mohma) depending on
the pressure and using gas (H, D or He), the half period (T,/2 =
3,5,usec typically) has approximetely shown a maximum increase
of ‘5 o/o. The inductances per conventional power capacitor
group (C.= 4 ,uF, V, (0) = 10 = 15 kV, EB(D) = 200 - 450 J) have
been fouRd af = 32.9 nH, L = 70 nH and the inductance of focus
accelerator as 16 nH, Using & versatile bank system, at the 0.2,
0.4 and 2.6 kJ energy levels, experiments have been done and
extrapolating for the energy thresholds of the 1.1, 1.8, 3.5 kJ
they have been arrived to those expecting results. As it has
mentioned in the numerical hierarchy, during evaluation too,
current and voltage oscillogrems and the physical parameters of
the DPF syatem have been accepted to be basic data, Desides, the
oscillograms taken from the studies done by the others /3-4/,
have also been evaluated by this method and it has been noticed
that the numerical results obtained is very close to orginal ones,
As it is known, the first half period contains of breakdown,
acceleration end collapse phases. The different input energy
levels being as & parameter, the functional relation between
the plasma temperature and the efficiency is seen in Fig. 2. The
efficiency nas been calculated from the value of energy used in
first nalf period. In Fig. 3 a performance chart is presented.
In the chart, the geses to be used (H, D and He), the gap be-
tween focus electrodes (1.25, 1.75, 2.0 and 2.255 and the input
energy levels have been selected as the parameters and the cor-
relation between the electron density n_ and the electron tem-
perature (for the most probeble distribiition) has been shown.
Thus, it has been possible to define a DPF system together with
tne physical and electricel parameters depending on the speci-
fications of discharge medium.

Conclusion: A 'mather' type versatile DPF syatem has been re-
alized. Controlling in a wide operational range of the input
energy with a constant bank voltage but with a variable bank
capacitor (le conatant) and using various electrode geomet-
ries, the properties of the different plasma media (H, D and
e at the pressure renge 1.0 - 10.0 Torr) has been determined
by & simple and alternative method. This can elso be converted
into fully avtomatic digitel data processing system. On the
other nand, it can be possible to investigate and optimize the
system arrangement of DPF by means of a simpler way, for the
different employments. The preliminary comparision have exhi-
bited the accurary of the method.

References! /1/ Grim,H.R., and Lovberg,R.H., Plasma Physics,
New-York, Academic Presa,, Part A, Ch,, 6,; Part B, Chs., 11
and 15, (1971). /2/ Kaeppeler,H.J., Plasma Phya. Cont. Nucl,
Fusion Res. Proc. Conf., 6th, Berchteagaden, Vol.III, p. 437,
(1977). /3/ Bottons,P.J. et al., Plasma Phys. Cont. Nucl.
Fusion Res. Froc. Conf., 3rd, Novosibirsk, Vol.II, p.67(1968).
/4/ Hirano,K., et al.,, Jap. J. App. Phys. 17 No.19 (1978)1619.
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INVESTIGATION OF THE BREAKDOWN AND RUN-DOWN PHASES
OF THE DPF DISCHARGE

S, Czekaj, S. Denus, W.Koziarkiewicz, W.Nawrot,
W.Skrzeczancwski, R.Socha, K.Tomaszewski, M.Zadrozny

S.Kaliski Institute of Plasma Physics and Laser Microfusion
p.0. box 49, 00-908 Warsaw 49, POLAND

The preliminary experimental investigations of the
plasma focus initial phases are presented in this paper.
The formation of the current sheath /CS/ and acceleration
phase were investigated by means of time-resolved photo-
graphs and time-resolved magnetic field measurements.
Spectral measurements were used for investigations of the
plasma produced in the area between electrodes near the
insulator.

The electrical data of the plasma focus device were:
capacitance C=2iuF, Inductance L =100nH, charging voltage
U=34kV. The electrodes of Mather type had a length of
14.5¢m and diameters of center and outer electrodes of 5
and 10cm, respectively. The center electrode /CE/ was insu=-
lated by alumina tube /I/ with an outer diameter of 6cm.
The discharge vessel was filled with deuterium at pressure
of 0.6, 1.5 and'j Torr.

Photographs of the discharge were taken by means of
an image converter camera /exposure time 20ns/. Fig.1 shows
end-on and side-on pictures of the initial phenomena cf the
breakdown phase. At the zero time one can observe two types
of breakdown: the gliding and the radial one [1] . About
300ng later CS expands radially and axially. The structure
of the CS at the end of electrodes is determined by plasma
layer being created in the limited area at the insulator
end-face, This layer has a filament structure and expands
axially and radially reaching the outer electrode after 1us.

Fig. 1

Since this time the plasma layer has a parabolic shape. The
insulator thickness is probably the main parameter which de-
termines the creation of this layer.

The plasma behind the sheath fronmt in the area between
electrodes was studied by means of a spectral method. Measu-
rements were made in the wavelength range of 4100-6700K, The
ISP51 prism spectrograph and the SPM2 grating monochromator
were used. The optical set-up allowed to observe the area
of 70um width at 1cm from the insulator edge.

Carbon impurity spectral lines were found in the time
=-integrated spectrum, It is interpretated as the result of
the oil particle penetration from the diffusion pump into

the vessel. The absence of the Al, O and 3i iines glves
evidence for the weak plasma interaction with the insulstor
material.

The time-dependence of Dy , CII and CIII line intensity
is shown in Fig.2. The pulse maxima are lower for smaller

Fig. 2

pressures. The electron temperature calculated from the
ratio of CIII and CII lines at the pulse maximum /1.‘-9,13
after breakdown/ amounted to 0.85eV, Plateau in the Dy
trace is caused by self-absorption. The electron density
amounted to 10" cm"3, as was calculated from the Stark
broadening of the time-integrated Dy line.

Magnetic field measurements were performed by means of
two probes positioned first at zq==11mm, zz-QOmm, then
shifted to z,=-36mm, z,=-65mm and z,==B1mm, zy==111mn /z=0
corresponds to the end of the electrodes/. The radial posi-
tion of the probes was 35mm in all cases.

From the time delay between g% signals an average
velocity of the CS near the end of the CE was calculated.
The results are shown in Fig.3.
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Fig.3 Fig.4

The CS velocity is not constant [2]1:\.11: slighly incre=

ases in time[3]and depends on the initial gas pressure ac-

cording to the simple snow-plow model Ea]

By numerical integrating of %{ signals the current car-
ried by the current sheath /Icsl has been determined. This
current was compared with the total current /I./ measured by
the Rogowski coil. Fig.4 shows the ICSIIt ratio as a function
of filling pressure for different axial positions of the ma-
gnetic probe. It is found that only some fraction of the
total current flows through the cs[a] and [5-8]. Other evi=-
dence pointing to this conclusion is obtained from image
converter photographs and spectral diagnostics.
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INFLUENCE OF EXTERNAL BZ MAGNETIC FIELD UPON THE PROCESS
OF CREATION AND DISINTEGRATION OF PLASMA COLUMN
IN PLASMA~FOCUS DEVICE

S.Czekaj, S.Nenus, A,Kasperczuk, R,Miklaszewski, M.Paduch,
5.81edzifski, J.Woleki, M.Zadrozny

S.Keliski Institute of Plasma Physics and Laser Microfusion
00-908 Warsaw 49, POLAND

The experiment was carried out on the PF-150 system

of the following parameters: ED-SDkJ. Uo-ﬁoka, Inex'5°°kA'

r.e=2.5cm, r  =5cm, The aim of the investigation was to

identify the instabilities which are generated in the pinch
and the post~pinch phase, The coil system applied enabled

to obtain initial B, field within O + 2kGs range. A detai-
led description of the experimental system as well as wider
discussion of the obtained results are presented in ref,./1/,

A particular attention was paid to investigation of plasms

dynamice in collapse phase and plasma column creation and

disintegrat: on phases,
The presence of field B, involves important changes

in plasma sheath behaviour in collapse phase:

- plasma sheath velocity de=
creases particularly in the
final stage of the collapse
Fig.1 .

- wideninmg of plasma sheath
from & r=0,15cm for azu-o a
up to Ar=0.7cm for Bzonsza
appears at the distance of

|

0,7 = 0,8cm from the axis, o
which testifies to free pene-
tration of the field B, ac- L - L » =

Fig.1. Plasma sheath velo=-
city ve. radius.
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Fig.2

- plasma sheath curvature radius increases which involves
reduction of plasma axial cutflow,

Fig.2. Profiles of the plasme sheath concentration
for B, =2kGs, At=32ns, ‘

By mesns of e magnetic probe positioned on the axis of the
system it was found that the field B, had been compressed
to the value B, =65kGs. This testifies to the fact that
the plasma sheath completely sweeps the field.

In the phase of plasma column creation the magnetic
B, changes plasma characteristics as follows:
- minimum radius of the column at maximum compression grows
- decompression phase dureation as well as maximum radius
of the column reached at the end of this-phase increase
Fig.3.
distribution of plasma concentration in the column is
virtually different. The column is-here of characteristic
hollow structure with deep minimum of concentration at
the axis Fig.4.

i

The presence of the compressed field B, in the plaems
column changes the mechanism of its disintegration, Without
the B, field, after 10-30ns from the end of decompression
phase there follows dieintegration of plasma column by MHD
type instabilities /uauslly 2 neckinge along the column
length/. For Ezu-ﬁ.sksa the mechaniem of disintegration is

similar but the number of neckings increases up to 5 + 6,
however, for Bz 1kGs the increment of the instability

growth is too small to cause disintegration of the column.
So disintegration of the column follows through diffusion
of the field B, into the axis of the aystem,

Simultansously & slow development of m=0 and m=1 types
instabilities is observed.

s
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Fig.3. Decompression time and Fig.4, Plasma column con-
maximum radius vs.Bzo. centration profiles.

Fig.5.presents a dependence of an average life~time of the
column upon the initial B_o field intensity.
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Fig.5. Average life-time Fig,6, Total neutron yield

of the column ve.B, . ve. B, .

This parameters is defined to be a time interval between
maximum compression and disappearance of the column, inde=-
pendently of the mechanism of ite disintegration.
The presence of the fisld B, causes reduction of total neu-
tron yield /Fig.6/ as well as X radiation emission, parti=-
cularly from the noar-&lectrodo region, which is in consis-
tence with results obtained elsewhsre /2, 3, 4, 5/.
Experiments are actually performed in which the influ=
ence of B, external magnetic field on the electron and ion
beam intensities are investigated and macroinstabilities
are identifield in a more detail,
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INVESTIGATIONS OF A Z-PTNCH PLASMA-FOCUS SYSTEM
WITH PULSED GAS FILLING
N.G. RESHETNYAK, R.D. MELADZE, K.V. SULADZE

Sukhumi Institute of Physics and Technology of
the Etate Committee on Unilization of Atomic
Energy, Sukhumi, USSR

ABSTRACT

The paper dezls with ewperimental investigations of a
plasma focus system with depressed secondary break-downs.It
1g shown that with secondary break-downs removed from the
discharge gap, Weutron and hard X-ray radiations are of re-
laxation type. In optimal discharges total durations of
these radiations are I,5 and 5 8, respectively.

The main results have been obtained in a device (Fig.I)
having the following
/ parameters:~0,5 MA
of discharge ocurrent,
| 20 KV of the conden-

i, ger bank voltage,

| l,. 38 xJ of stored ener-
_T gy The discharge
T - initiated between
- tubular electrodes 2
s 3 placed 3 cm apart

Fig.l Experimental device dia- (hollow copper elec—
gram:I-vacumm valvej 2,3-Z-pinch £rodes are Them in
dontrodau:#—bi:ﬁ]:atnms-insww alemeter snd 20m in

length). The élect-
rodes were situated inside the large-volume vacuum chamber.
The chamber was pumped to 10'6 Torr. The discharge gap was
£illed with deuterium by means of a pulse valve (I) via the
cathode (2).

The optimsl operation mode of the system characterized
by the peak output of hard X-rays has been found as a func-
tion of neutral gas demsity distribution over the interelec-
trode gap (Fig.2c). The most interesting type of plasma dy-
pemics is déveléped after the first compression stage o_:l'
+the current sheath. in essential feature of the plasma
sheath dynsmics is the cu-
mulative jet ejections
along the discharge axis
aided by the geometry of
a converging plasma layer.

Figs.3 a,b show typi-
cal curreént-voltage curves
evidencing that the cur-—
rent sheath radial com~
pressin to the axis 1s ac-
companied by a sharp rise
in voltage up to 40+50kV
and the discharge current
drop. The first specific
feature appears in the
current and voltage curves.
Later on, the specific
feptures recur, therefore,
the eurrent esnd the vol-
tage attain a relaxation
character at this stage.
Current drops and voltage
rises are each time accom-
panied by synchronous pul-
ses of neutron and X-ray
emissions (Fig.3 c¢,d),
this being a characteris-—
tic feature for the dis-
charge operation studied.
[z]. The total period du-
ration for the neutron
emission is nearly-I1,5 8,
while the hard X-rays
X-ray last for ~5 8.

The results of magne-
tic probe and spectrosco-
py measurements indicate

I3
T
e
Y

~9

Fig.2. Traces of hard X-ray
ges for various pressunes:
T:]). 8Porr;(b) 3Torri(e) I Torr.

Fig.5 Total dischhrge cur
Tent %x'aua @): (h) voltage
at the elecrrodesg (8) neut-

ron dn,/at i(d
dNy[at Ppulses.
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-that there are no secondary break-downs in the system ufter
the peak compression stage for a few microseconds, The ob-
servation is confirmed by high-speed photoes of the dis-
charge showing "a dark paugﬂlmcistence which is evidenced
by the Dp line behaviour (Fig,4b). Comparing high=-speed
photoes with oscillo=~
graph traces (Fig.4b)
it is seen that Dpline
intensity is sharply
decreased at the moment
of the maximum plasma com-
pression. This fact
witnesses that the plasma is
fully ionized for~2 s.
At this stage of the
discharge there appears
a neutron emission (Fig;4a).
The pinch photo in
hard X-rays (Fig.5) has
an image of a filament
stretched along the
axis,~0,6 cm in diame-
ter and~3 cm in length,
The plasma electron

Fig.4 Traces for:(a)neutron
pulses; (b) Daline.

Fig.5 Boft'X-ray picture of
the pinch. temperature varies over
the range of 0,8:1,2 keV.

Collector measurements showed that ion and electron
beams are formed at the moment of a specific feature appea-
ring at the discharge current curve in the axial direction.
The ion beam energy spectrumn analyzed using Thouson mass-
a'malyzer indicated that the accelerated deuteron energy
lies within the range of 20+150 keV.

One of the principal factors indicating the type of pro-
cesses in the system investigated is a spatial distribution
of neutron fluxes, The experiments showed that for the re-
gimes studied, neutron fluxes in the axial direction (¢?o-)
are 1,2-1,4 times exceeding the ones in the normal direction,
The anisotropy coefficient is K= q’fsa"/‘pao“ ~0,6. The spa-
tial anisotropy grows with the increase in neutron output,
which amounts to &:I07 neutrons per discharge. Apparently,
a certain part of neutroms 18 due to the high-temperature
plasma while another part results from accelerated deut=-
rons interacting with the gaseous target.

The experimental data anslysis allows us to puggest that
current and voltage functions, generation of beams and hard
radiations observed for a well-developed discharge stage
are due to plasma column disruptions [3]. Such a state in a
discharge occurs several times being specific (characteris—
tic, typical) for the given plasmam focus eystem.
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MECHANISM FOR GENERATION OF NONBQUILIBRIUM
PARTICLES IN DYNAMICAL Z=-FINCHES,

Yu.V.Matveev, R.G.Salukvadze

Sukhumi Institute of Physics and Technology,
Sukhumi, USSR.

ABSTRACT, Weubron emission in a Z-pinch has been inve-
stigated in the region of the segond singularity in the
discharge current, It is found that filament formation
process exerts a positive effect upon deuteron acceleration
in an electric field generated by a switching off breakdown.
Neutron oubput is increased 10-30 times by a reverse trapped
Tield Hp . )

There is no consistent treatment for radiation generating
regimes in Z-pinches up to now. The features observed /1/,
determining radiation generation in the first regime, i.e.,
in the region of the first "singularity" in the current
(small neutron outputs, neutron and X-ray pulses of various
durations) are satisfactorily explained /2/ by the type of
switch~off breakdown-generated e.m.f. pulses. Cross-sections
of D-D reactions versus deubteron energious and various
permeabilities of radiations are also taken into consideration.
It is supposed that for the following "singularities",
radiations are predominantly generated with the particles
accelerated while the pinch is partitioned inbto current
filaments /3/.

We have stmdied radiations generated in the second regime,
i,e., at the second "singularity" in the discharge current
(a trained-up porcelain chamber, i.e.,, with metallized walls,
’f.‘acm in diameter and 50cm in lengthj; Wc = 15kd, V0=2-'+k‘(.
125 .10"ass, 1, % 3,5.0°, 7/2 « 9ps, py= 2.5 . 10°Torr
D_,__,}. Such discharges show diffuse distributions of the com-
pressed current, gas captured by the second luminous sheath
and plasma decay into filaments after it becomes expanded
past thée first "singularity".

It has been established that the filament-formation
process is the property peculiar teo the trained-up chamber
discharges with the initial pumping-out less than 107°Torr.
Plasma decay into current filaments is much reduced by
adding some heavy gas (e.g., 0,5% of Argon) to Da.

Fig.2 gives the data show;‘_mg (a) plasma availability at
the chamber wall, (b) current characteristics in the supply
circuit, and (c) neutron burst., The figure also shows mag-
netic probe dakta (the probes being placed at various
distances from the chamber axia) and (d) & - v the probe
data concerning‘rgz:mpression at the axis. The neutron burst
could not be explained by a coaxially laminating /4/
equilibrium pinch plasma decay into flaments (H,, sign is
reversed). At the same time filament formation preceding the

. radiation is an important component the particle acceleration
mechanism., This is evidenced by the same influence of
impurities upon the filament formation end neutron outputs.

Weutrons appear when the pinch is turned off by the
wall-side secondary breskdown (Fig.2) shifted from the
halfcycle end towards the second "singularity" reglon by
deoreasing Dg- Thus, turning-off brealkdowns are common to
the processes providing particle acceleration in various
regimes.

While generating the radiations, the e.m.f. directed
along the central current amounts to 50 - 70 kv, It is
1,5 - 2 times the e.m.f. excited in the first regime /2/
and provides an explanation for the energy of najority of
accelerated par'bicies /5/. Such an e.m.f. is realized Dby
the L - R circuit resistance equal to 0,2 - 0,4 Ohm,

Additional electrodes nearly 2 skin~layera in thiclmesa
introduced into the chamber made clear that the length of
lines with Ha& 0 between the filaments and the diameter of
the region with an electric field providing neutrons are

~24cm and ~10cm, Tespectively. There is no evidence of
electrode-side processes positively influencing hard
radiations (electrodes were made of materisls with various

melting points; the electrode surfaces had been iced by NH
On applying the Hg field opposite to the discharge
current field, in front of the plasma sheath, 10 - 30
rise in neutron emission has been observed /6/. (Fig.3).
This rise in Y, is due %o increasing the e.m.f. up to
% 100 kV and possible elongation of current filaments.
Neutron outputs increase towards the cathode (1) in a
chamber without plate electrodes, (ii) in the chamber com-
partment 24 cm in length, and (iii) on imposing the HH;
field. This is due to filaments of various lengths,

30

CONCLUSIONS. Acceleration of cha.rged' pa;t\‘ticlas along the

Z~pinch in the regime with radiations generated in the
region of the second "singularity", is realized by the E,
field formed at the switching-off breakdown; acceleration
of particles is promoted by expanding pinch-plasma decay
into current filaments prior to the breakdown; a reversed
trapped H% field enhancea the neutron output 10 = 30 times;
there is no necessity in using a m=0 mode instability in order
to explain accelerated particles in cylindrical Z-pinches.

It is a pleasure to thank I,Ya.Butov, V.I.Baryshev and
L.P.Stoopnitskaya for their help.
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Fig.1 Filement-formation probability in % (1) for
the first current half-cycle; time interval (II)
from the first "singularity® up to the onset
nf filement formation processy (III) - time
interval between the first and second "singula-
rities”, Neutrons are recorded at P % 2,5 4072
Torr 'Da.

Fig.2 Probe signals referring to a single dischargs.

¥ig.3 The peak neutren output versus Hyp (r=13cm)
with the rod 0,8cn in diemeter, Dotted line
shows the peak enission in rodlesa experiments,




KINETIC STABILITY OF BENNETT PINCH
A.S. Sharma, U. Krishnamurty, A. Sen and A.K. Sundaram

Physical Research Laboratory
Ahmedabad 380 009, India.

An equilibrium of a cylindrical plasma is the well known
Bennett pinch. The plasma In this configuration carries a current
along its axis, producing an azimuthal magnetic field which in turn
confines the plasma. At equilibrium the plasma is charge neutral
and hence has no electric fleld. An expenential distribution function
for this equilibrium is constructed fi-um the constants of motion:
the energy

Hg = '}szn.nd the axial momentum

pp=m V' + _qA= (7)/c, where Az ( 7 ) is the equilibrium vector
potential. The self-consistent equilibrium density and azimuthal
magnetic field Be( 7) profiles are obtained from A (T ):

asr s ) Dbl o’y
o LK
B 0T =K and BT = EETRT ¥ )

where K is the scale-length.

To investigate the stability of the Bennett pinch, the_ distri=
bution function in the presence of the perturbation may be dlvided
Into the adiabatic and non-adlabatic pa.rtsl. The adiabatic part main-
tains the form of the equllibrium distribution function, while the
non-adiabatic part consists of the resonant contributions, ete. The
non=adiabatic part of the distribution function is obtained by integrat-
Ing over the unperturbed pli'ticle orbits. For the Bennett equilibriu
the majority of the particles are in the vicinity of the axis and in this
region B ) is linear in the radial dist T. C quently the
majority of the particles execute betatron orbits, which has large

excurslons across the aximuthal field lines. This demands a different

approach to the radial eigenmode analysis compared to the case of
small excursion Larmor orbits. Inthe procedure adopted in this
study the elgenfunctions are expressed in terms of Bessel functions,
which are the vacuum eigenfunctions of the cylindrical aystem under
consideration. With this representation a proper description of the
stability problem when the dominant particle orbits are betatron
orbits is achieved. The eigenvalues then are the roots of a matrix
digpersion relation?. In general this dispersion relation cannot be
solved analytically and the eigenvalues are computed numerically. In
the case of electrostatic perturbations3 of the type

b, ~ exp {i (ke +pe —-o)‘h')}.
the radlal eigenmode equation is a second order ordinary differential

equation. Among the eigenvalues computed from the matrix disper=

slon relation for this case at low frequencies an unstable eigenvalue

has nearly zero frequency and another eigenvalue has finite frequency
but Is heavily damped. For t.\)r-kV, where \n’t is the average velo-
city of the lons, an analytic expression for the eigenvalue is ol.tained.
This mode with given k and }L is helical In structure and can
resonate with the particles which also have a helical trajectory. The

resonance drives the mode unstable?, In the case of electromagnetic

' Peﬂurbﬂtlonﬂ._{o“ coupled second-order ordinary differential equa~

tions in ( Q‘,Aﬂ constitute the yadial eigenmode equation. The
perturbed current density In the axlal direction is found to be domi~
nant and the above set of four equations can be reduced to two coupled
equations in 4)1 and All' The elgenvalues of the electromagnetic
modes are computed numerically from the resulting matrix dispersion
relation. At low frequencies the magnetohydrodynamic modes are
expected to be significantly modified due to the large excursion beta-
tron orbits of the particles. Also other electromagnetic modes such
ag the Alfven, magnetosonic and high frequency modes are being
Investigated.
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WHR REPROTUCIBILITY OF NEUTRON YIELD AND DISCHARGE SYMMETRY TABLE 1
OF THE PF DEVICE version a.
plforr] [ 05 | 075 | 10 1254;.5 175 | 20 | 225 25 ¥nx 108
1|d-05[49 | — | 68 | — % — |7 | — |49 55
f;.f‘erzy‘kle\dcz. LeJonca, J,Mowikowsici, C,Pochrybniai, /
JyWaliazewski 2 |g=25 | 55 | 37 | 50 | 41 53 |mlla | = 59
3965 |50 [ - |40 | - - |48 | - | 75
institute of Nuclear Research, Swlerk, Poland version D.
piiorr} [ 10 |125 |15 |175| 20 |225 |25 [275 |30 |a25 |35 | ¥,#10®
v
1|o-a5[30 |- |26 | — ]2 | — —|s | — |58 | 180
7
2|d=25|37 [ — = | — |33 | — oo | —|—| 16
Abstract: The paper presents the result of investigations
concerning the influence of electrodes system geometry in PF 3|d=65|3 | — | % / law|laln|—=|=]<]152
Mather-type device on the reproducibility of neutron yields ;
ard spacial posltioning of the pinch. The work was done on version C.
the apparatus PF-20 /21 pF, 33 kv/, :
The reproducibility of both neutron vields /Y/ and the pifore] [ Q75| 10 | 125( 15 {175 [ 20 | 2251250 | 275 Tx 1
spacial positioning of the pinch are of high importance in
Flasma Focus-laser /1/ experiments, The presented in the pa= 1|a=s50|43 |33 | — |20 |65 52 |63 | — 141
per systematic 1nvestigati?n/oi‘ the problem was undertaken 4
uf'ter preliminary results /2/ that proved the spread of i 1
neutron yields %o be much greater than Lhe one given in the 2020 — | 23 |29 |28 97146 | 33 |52 | 5t 12.2
publications /3/, At the same time, it turned out that fre=- version d.
quently a pinch was shifted in relation te the electrode sym=- =
metry axis, pliorr}[ 10 [125| 15 | 175 | 20 | 225| 250|30 | 35 Yx108
The inver.}i;:n ‘ion was made on the PF=-20 apparatus /C=
= 21pF, V = 33kV/. The Inner electrode shape, namely the "
front cavity, simulated the arrangement of diapht‘agms and a 1[d=05|25 |77 |20 |1 [ | ! 0
lens introducing the laser beam into the pinch region, The TABLE 3
used electrode systems are shown in the fig.1. The changes N3 %% 0 05 | 20 |40
comprised the insulating system and the outer electrode, The v = ; -
former one consisted in proving two alumina insulator ver= version 1a 1b e | 1d 1b
sions = pulled over and inserted in the electrode [fig.la,
1b/s For each verslon the variation of the distance d bet- d 05 |25 %65 |05 |25 (65 |05 | 05|65 |65 |65
geen the ring-like outer electrode protrusion and the cylin=
rical insulator surface was effectuated, d = 0,5, 2.5 Symmetry " 1
€.5 m being applied. The latier consisted in r;piacnuant of o G D e 0 ) ] il i B
n solid electrode by a per-urated one /fig.1c/, 1% of the BLE 2 P
surfece removed, Two versions, with wall thickness of § or Torr ] A Fig.3
2 mn were applied., That electrode was in turn exchanged by No®/g 10 [175 | 25 | 3.0 |35 [yx10
a rod type /fig.1d/. With the electrodes ic, 1d only the o 7
distance d = 0.5 mm was used, 05 . 29 |27 | 22 i 40 | 223 |60
‘The neutron yield was measured with adsilver counter, i < al ey
The photographs of Lhe pinch were made with ¢ = 0,2 mm pine
hole camera Al filter .‘.‘.‘Bﬁ,u.m. The pure Dy was used, In one 20% |39 |3 / 23 | — [18.4 40 s
case [felectrodes 1b, d = 6,5m/ the effeft of iy admixture di
/0.5%, 2%, 4% of Dy pressure/ was investigated. L0 % 3B |2 A b4 |63 | & |20 c2
The presentéd results of neutron yield for a given T
electrede arrangement and gas conditions contain the values 0 1 2 plforr
plcked up in a sequence of o few series, usually performed
within a few days peciod, Each serles comprised about 10 a F',g1 Fig.2
dischargeg made with one gas filling., Series done on a gi- ; i 9.
venlday were preceded with treining discharges. Seldom a NN SB
whole sequence was done in one day., On the ground of long = AL ELLILLIL LSS IIALE =
sequences /nz=150/ perforved with electrude arrangement I -//-ﬂ‘- Pl
fig. 1a we: stated Lthat the majurity of cases gave Poisson ,,,,,,,,,,,,-’;W-, b n =250
distributlien “or neutron yieids /fig.2/. e “1-4_231103

Iha estiwatljon of revroducibility of Y was done by
ratenlation the varjance for a particular secuence:

2, 1 T2
Y m %(Yuvi)

¥2-6.05
Ryux4-08

Y4 = neutron yield
Y =« the mean value for a sequence possessing n results

The denoted by P¥ ratio of neutron yield variances to the
mean neutron yield for pure is given in table 1, for -
Nz mixture in teble 2. The shfded areas show: F% which corfe-
spond to the optimum mean neutron yivlds, given in the last
column, The figure 3 shows exemplary plots. The curves of
neutron ylelds versus pressure for some cases are given in
fig.t.5. Exemplary histograms are shown in the fig.6. The
notation in the drawings is the same &8 in the tabies 1, 2,
We stated that values of FX for s given series are substan-
tially smaller than for a whole sequence of series. It seems
that P# diminishes with the increase of Y, The smallest va=
lues - about ZU% were obtained for electrode system 1b end
1d.

We consiuesed a discharge as symmetric when, in the
image, the displacement of itfs axis in relation to electrode
system sxis was smaller than a half of the pinch diameter.
The analysis of photographs exhibited a considerable dif-
ference in the fraction of symmetric diacharges for diverae
electrode arrangement - from a dozen or so to almoat 100%
/table 3/. The greatest fraction was obtained at d = 0,5mm,
thé poorest at 6,5mm, The nitrogen admixture substiantlally
elevated the percentage of symmetrical diecharges [table 3/,
It may be well to add that, contrary to the previous notions
e.g. /3/, even at quite nonsymmetric discharges the neutron
vields close to maximum were nocted.

p=20Tr
n=58
References:
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n=28
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COMPUTATIONAL OPTIMIZATION OF THERMONUCLEAR REACTION INTENSTITY
FOR MATHER’S TYPE PLASMA-FOCUS DEVICES.

Z.Jankowicz, A.MastowskiX, 4-Jderzykieyicz, M.Rabiiski,
Z.Bartosiewicz™, J.Katat™.

Institute of Nuclear Research, 05-400 Swierk, Poland.
Xpechnical University of Bialystok, 15-35! Bialystok, Poland.

Abstract: This paper presents the results of the thermonuclear
raaei!on intensity optimization for the Mather’s type plasma-fo--
cus /PF/ devices. The calculations were caried out on the basis
of 1% dimensional MHD model for the radial phase. The optimiza-
tion problem, that is maximization of the integral value of the
thermonuclear neutron yield, was solved using Davidon-Fletcher-

Powell method.

Introduction: The optimization of PF device in /1/ was worked
out on the basis of 2D snow-plow model. Howaver, it was only
electrieal model which did not take into account the plasma
compression and heating in the radisl phase. Such an analysis

is possible using the WHD model. Unfortunately, because the

2D MHD model involve long time computations, the optimization
of PF parameters is very difficult. To omit this problem in /1/
the autors took into consideration /in phenomenological manner/
the of, Tmshennik ‘s parameter /adopted to Mather’s type PF de-
vice/ introducing the limits to available initial gaa density @,
and the inner electrode radius R_. The optimization aim was thgn
to reach, at the pinch moment, g@;iw{m of current T because
the total neutron yield is N~ I - . Simultaneoflaly the velue
Ip should fulfil ‘the conditionsPimposed on oy /1/.

Optimization problem: The aim of the presented paper is optimsl,
From maximum neutron production peint of view, choice of initial
parameters such as @., R, L, I, where ¢ , R are defined as
before and I, L, afe clrreflt afld inductafice 8t the beginning of
the radial pRlasey respectively. Simultaneously, we proof the vali-
dity of the concept of introducing the o,parameter in /1/.

We choise as quality index of optimization the integrsl value of
the thermonuclear neutron yield, defined as:

. R
k 2
Cn 1/3
N= T wZmre= exp(=p/T )drat m
‘rl) ‘r[: T ik
where: (x) - maximum time validity of MHD model,

»X) - radius of plasma,
n (t,x) - plasma concentration,

T;(t,x) - ion temperature,
x* =§x} =(¢,R, L, I.) the set of parameters,
c,p ¥ . pn§si%al fonsfants /2/.

As it is know, the total neutron yield in FF discharges is
caused by not yet explained in detail phenomena, so relation (1)
cannot describe the real values of N at length. Neverthelees,

on the scope of MHD approximation, the thermonuclear model of
neutron generation is the most reascnable to applied in determi-
nation N. It is also possible to optimize the final values
of n(t,, r) and T (;k' r) at the moment of pinch forma-
tion, whit is the on& of“the main plasma analysis purposes in

general..
(t,x)functions | occuring in

odel: The R (t,x), T:(t, x), )
Ell ,_are obtained aol&m the 1% D mathematical model of
radial compression /3/. This model under consideration is the
syetam of six MHD equations describing changes of concentration n,
radial velocity v, magnetic field H; , ion temperature T.,elec-
tron. temperature and the averaged axisl velocity v ,wft.h
additional aqntinﬂ' of total electric circuit for finding the
instantenous value of current I(t). Conserning the calculations
of T(t) valuesof L{t) and Ry(t) , that is the inductance and
ohmic resistanmce of plasma and external circuit, are known from
MHD equations. In considered MHD model, variable length of the
pinch resulted from the plasma axial. velocity during the plasma
outflow from the .densa pinch region. The selfconsistent outflow
caleulations cause the applied model is not a typical 1D one, but
inelude the principal effect of phenomenon t.wn-ghmens:.onahty‘ A
The model is solved.using the implicit finmite difference method in
theLagrangean mesh. The calculaticne were interrupted at the moment
when the MHD approximation reached the limit of physical

t
aﬁlieatiou.
timigation method : The optimization problem, that is maxi-
1) ,wan solved using Davidon-Fletcher-

mization ©: ctiona 5 h
Powell method /5/, based on variable metriec technique. This algo-
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rithm was augmented by projection method /6/, whieh solved con-
straints problem. The sequent points are generated according to
the relation:

ooy "5 Y Q by ()
were is a search direction in k-th iteration is ate
lengths The direction b, 1is calculated accordi;:g o the foimula:
by = By g (3)

where g = DF(x,) is gradient at the point X, Hp is possitive

defined matrix

Yy T
" QK By Bk He yye (B i) (4)

j—'11(+1 = ¥ kd T H

by ¥y Yy Zx Y
e = Bew " B (51
and the step length is determined as the maximum of the
function t-Flx, + t ). During the gradient evaluation the
partial derivatiVes of #i, T., R upon the x are approximated
by finite differences as follows:

n[x+ax.e.,t,r}] = n{x,t,r)
ojnlx, t,r) = = — (6)

1

and likewise for T. and R. In order to evaluate (6)it was necess—
ary to caleculate tHe model in five points - the first defined hy
optimization algorithm and next additional four points obtained
by perturbation of x parameters (x +ax. e.; Jj =1 2.3,4_)5.

The value of the optimum perturbation wds Yfound to be 10 7.

Computational difficulties: The main difficulty connected with
the computer program realization was a long time of MHD model
calculations, as well as the proper choise of criterion parameters
whicn end the maximum seeking in search direction.

Coneclusions: Up to this time some numerical results are obtained,
especially conserning the choise of the optimal accurancy parsmeters
which caused the algorithm can be computationally more efficient.
The calculations were carried out for several a pricri selected
points. Sore of thoss appeared almost stationary ones, with a small
influence of x on N.

Starting from the guesaspoint:
L, =30 nH, I, 6 =3-10°A, the
A. At the beginning of the optimization process the R_ radius
decreased up to the 3.9 cm, while the other paraméters were
practically constant. This fact caused decreasing of the depth
of the current singularity at compression moment by reducing the
inductance increment AL, in the radial phase.
At the moment of the end"of the pinch the current T rises when
ALR/LU decreases. Tt leads to the plasma concentrBtion increase.

B. During next iterations, when the influence of R_ radius chang®s
on value of functional (1) fell, the inductivit L_ increased
up to its maximum value 80 nH, which was achived off its upper
conastraint. Physical interpretation of this fact is just the
same a3 in A.

€. When L_ approached its upper available value, then R, raiius
inerea8ed from 4 em up to approximately 7.5 em with tendency
to grow up. I_ and ? practically did not change. It mnans,
that the numb&r of plfama particles grow because of nwo Ry .

It caused the neutron yield increase. s
During optimization process the integral neutron yield N inerea-
sed mbout 20 times in comparison with initial value. Computations
are carried out.

15 1.135-107¢ g/em?, R_= 5 em,
Btained results are as £8llows:
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ION BEAM MEASUREM=NTS IN CYLINDRICAL
ION IMPLOSION FUSION FACILITIES

M.Gryzirski,J.Baranowski,E.Gorski,A.Horoderiski,L,Jakubowski,
J.Langner,M,5adowskl,E.Sktadnik-Sadowska,K,.Zdanowskl.

Institute of Nuclear Research, Swierk, Poland.

Abstract. Thomson analyzer and 1,0 ice target have been used
for deuteron beam measurements in the RPI-5,RPI-15 and SOWA-
=150 facilities, Deuteron beams of mean energy of several
tenth of keV and currents of the order of 100 kA have been
detected., The total energy of the ion pulse produced by the
15 kJ RPI-15 facility was found to be of the order of 1 kJ.

Introduction

Generation of powerfull highly convergent ion beam is a
key point of the ion beam fusion, Generation of low energy
ion beams of the order of several tenth of keV, in contrary
to the ion beam-pellet fusion operating with MeV ion beams,
is a characteristic feature of the ion implosion approach[1].
The rod plasma injector /RPI/ operating on the basis of the
magnetic insuletion concept invented in our laboratery[2-3],
seems to solve the problem of the production of high current
beams at a low acceleration voltage. In the last few years
the efficiency of the ion acceleration in RPI devices has
been increased appreciably by proper designing of electrodes
and proper formation of the gas cloud [4). We present here
the resylts of the ion beam measurements performed with se-
veral our implosion facilities /RPI-5,RPI-15 and SOWA-150/.

Methods of meagurements of lon beams

In order tc determine an ion beam intensity two different
methods were applied: a direct method based on measurements
of an ion flux by means of a calibrated Thomson analyzer and
an indirect method based on d-d nuclear reactions induced on
an additional diagnostic deuteron target.

To get additional informations on the ion beams, some
measurements with Cd-paraffine collimators have been carried

out with a scintillator counter. The neutron time measurements

enabled the ion beam intensity versus time to be estimated,
The basic scheme of experimental system is shown in Fig.1.

Porofiine collimator

Results of measurements
Mass-energy analysis enabled energy spectra of emitted

deuterons to be determined. The typical spectra for the
three, differing only in the supplying system, facilities
RPI-5, RPI-15 and SOWA=150 /working as a RPI device/ are
shown in Fig.2. It is worthy to note that the mean energy
of the lon beam increases with an increase of energy of
the supplying system, The detailed calibration measurements

aly4g®
akE T
felem?) e
- SONA-150A | - 80kA (RPI-5)
i Lnax =340 kA (RPI15)
Lo =420 kA (SOWA-150A)
16 | e

0 50 100 200 300
Fig.2, E; [kev]

made possible the determination of an absolute value of the
ion flux and the total energy of the ion beam pulse.

Neutron measurements with the D,0 target /Fig.3/ enabled
to determine an ion pulse shape and /in combination with

10° T ‘ - T | mags-energy measurements/
o with D,0 target . also the absolute value of
5 ﬁ o without target ! the ion flux, Time measu-
| ~_ || rements of neutron gene -
3 ] rated in the D20 target
0T y—l— have shown a strong cor-
‘%103_ il b ' relation between the vol-
:' . | | tage generated between the
_E sl W | o | electrodes of the imploder
2 L Bl | and the neutron yield.

2 __L_ g ) neutron emission exactly

follows the voltage chan-

107 | | [ ges, The duration time of
[ol:] 1 2 4 6 B 10 the ion beam pulse has
Mean - initial pressure - Eu[Po] been found to be of the

order of 200 ns. Calcula-
Fig.3. tions of neutron yield,

as carried out on the basis of the detected energy spectrum

/Pig.4/, have shown that the mean number of ions in the

pulse is of the order of 1.8 x!oﬂ.

|
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The obtained value is in a good agreement with the data
obtained from analysis of Thomson parabola tracks. Total
energy of the ion beam pulse for RPI-15 facility was found
to be ~ 1 kJ. For the same facility the mean ion beam cur=
rent was of the order of 60 kA /the momentary values exceed
100 ki/.

Neutron measurements performed with a paraffine collima-
tor, have shown that the ion beam is in average inclined to
the axis of the device at ~ 30 degrees,

Conclusiong
The estimated values: 10% energetic efficiency of the

ion beam generation, 1 k.\/cmz initial ion beam density, and
few tenth keV mean ion energy, show that one of the impor-
tant problems of ion imploeion fusion has been solved. The
other problem which must be now properly solved is forma-
tion of an appriopriately convergent ion beam, At the mo-
ment the beam is focused in cylindrical volume of few mili-
metera in diameter and 1 - 2 centimeters in length, This
shows that ion beam density reaches the level of 100-kA/om
in the focal region.
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ABSORPTION OF MAGNETOACOUSTIC WAVES IN HIGH-B PLASMAS

F. Moser, E. Rduchle and P.G. Schiiller
Institut fir Plasmaforschung der Universitdt Stuttgart
D-7000 Stuttgart 80, Fed. Rep. of Germany

Abstract: The oscillations of a radially inhomogeneous high-B plasma co=
lumn are investigated experimentally and thecretically. The high-B plas-
ma is produced by a theta pinch discharge. The waves are launched during
the post implosion phase in the frequency range of about 1 MHz, The spa-
tial distribution of the wave fields is determined and a high absorption
is observed. ‘

The absorption of magnetcacoustic waves is an efficient mechanism to
heat a plasma. It was investigated under various conditions in the past
/1/. In this paper we present theoretical and experimental investiga-
tions in the transition region from the collision dominated to the col=-
lisionless regime. In the theoretical treatment the linearised MHD-equa-
tions are used where viscous and resistive effects are included. In the

. ~

equation of motion P.'T E_VF‘}(J‘.”"?’:)"'rf‘I“&ﬂ) - V’i'[' (1)

we use the classical Braginskii form for the stress tensor T /2/. In ad-
dition the generalised Ohm's law, Maxwell's equations, the adiabatic pres-
sure equation and the equation of continuity are used. At high tempera-
tures (7,>50 eV) the stress tensor is determined by kinetic processes.
We approximate it by introducing an effective viscosity coefficient in
the classical form to agree with experimental results,At these tempera-
tures viscosity is the dominant dissipation process. It can be shown that
in this approximation axial ion Landau damping effects can be included
/3/. The investigations are applied to conditions of a high-B plasma with
strong radial inhomogeneities as realised in the post implosion phase of
a theta pinch, The measured quasi-stationary profiles of density and mag-
netic field are given in fig. 1 for two different times t; and t, after
crowbar of the theta pinch (ty: no magnetic field on the axis, tai small
magnetic field at r=0), A usual assumption here is that the temperature
is only weakly dependent on the radius r. For oscillations of a cylin-
drical plasma of the form S'= i(r)e" H:2 —©F) 3 coupled systen of
3 ordinary differential equations of second order for the radial and ax-
ial displacements Ir' 7: and the radial component 'i'r of the oscilla-
ting magnetic field is derived:

2 .
A A ' ~ -

c(.h?é-fa.a?éq-qu + (7o) + (o B =0 28
The coefficients aj) are functions of the inhomogeneous plasma parame=
ters, the axial wavelength Itz and the frequency &, Here, in the post im-
plosion phase, the zero order magnetic field is r-elatei to the pressure
distribution by the equilibrium condition F(P,+ .‘TL') =0

To investigate the spectrum of the free oscillations and the radial de-
pendence of the wave fields (eigenvalues, eigenfunctions) we solved the
differential equations with homogeneous boundary conditions.

For applications to experiments with defined magnetic field amplitudes at
the boundary the mathematical inhomogenecus problem was treated numerical=
1y. For long wavelengths (kz-R-«l) the excited fields are only weakly
dependent on k.. Theoretical and experimental results of such a case are
shown in fig. 2, 1t resembles with the case for k, = 0 investigated ear-
ier /4/, /5/. Here no magnetic field oscillations are observed on the
axis, The propagation of the magnetic field to the center {r=0) is pos~
sible for an equilibrium distribution as in case 2 in fig. 1. This is
shown theoretically and experimentally in fig. 3.

In the theoretical investigation of the equations (2) the local reso-
nances of the cusp continuum are strongly reduced by viscosity (fig. 4).
Resonance curves are given in fig, 5 for different values of kz' An en-
hancement of the amplitude can be obtained in a broad frequency band.
Maximal amplitudes are obtained for axial wavelengths of the order of
the plasma diameter,

The experimental set-up is shown in fig. 6: plasmalength 3 m, plasma
diameter 0.15 m, coil length 2 m, coil diameter 0.4 m, magnetic field

1 kG, antenna coils divided in four segments, hydrogen filling pressure
2-5 ulTér-r. modulating magnetic field 0.2 kG. The magnetic field was meas~
ured by multiple magnetic probes, the density distribution by axial in-
terferometry (C0, and He-Ne), electron temperature by 90°-1aser Thomson
scattering (40 eV), fon temperature (100 eV, diamagnetic loop). These
measurements correspond to the time of the launching nf the waves (post
implosion phase, 4 psec after main field crowbar). The waves were excited
by a wave launching circuit as pulses in the frequency range of 0.8 to
1.5 Miz. The radial and axial magnetic wave field distribution were meas=
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ured by multiple magnetic probes, The probe signals were Fourier analysed
in time for a comparison with the theoretical Fourier solution (figs. 2
and 3). For a direct comparison of real time signals the equations were
also solved numerically in a real time formalism. The measured and cal-
culated time dependent 'B‘;(t) at the radial position r = 7.5 cm is given
in fig. 7. In both types of results(figs. 2, 3 and 7) there is a good
agreement between theory and experiment, i.e. MHD-equations are capable
to describe magnetoacoustic wave propagation in the investigated para-
meter range. The necessary choice of the macroscopic viscosity coeffi-
cient of 0.1 of the classical value indicates however that kinetic ef-
fects are significant. Related to those effects the influence of axial
ion Landau damping was considered by Turner /3/, whereby the introduction
of an effective viscosity is formally justified. In our case this mecha-
nism is of importance for short wavelengths only (k,:R>>1). We attribute
the strong damping occuring also for long wavelengths to the effect of
radial ion Landau damping. This damping mechanism leads to a total ab-
sorption rate of 35 Md in agreement with the experimental results.
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RECENT EXPERIMENTAL RESULTS IN HELIOTRON E . 1
ticle confinement time was more than 70 msec. Since the electron
K. Uo, A. Iiyoshi, T. Obiki, S. Morimotec, O. Motojima energy decay was dominated by the equipartition with the ions,
A. Sasaki, K. Kondo, M. Sato, T. Mutoh, H. Zushi
H. Kaneko, S. Besshou, F. Sano, T. Mizuuchi
§. Sudo, Y. Nakashima, N. Nishino jons and electrons considering the neoclassical theory. The
= o |
results agrees with the observed ones within the experimental

we solve a transport code to estimate the energy losses of the

Plasma Physics Laboratory
Kyoto University errors.
Gokasho, Uji, Japan

(1) III. NBI Experiments (Near Future Program)
P A b S The neutral beam injection heating experiment in the cur-

: L d :
large rotational transform and shear. The major radius an rentless regime is expected to demonstrate the intrinsic plasma

average plasma minor radius are 2.2 m and 0.2 m respectively. confinement characteristics of the heliotron in contrast with

e helical. aoft i(1.=2; m'=19) produces:s mguetic: fiald of tokamaks. The neutral beam injectors with the total neutral

20 kG. The first phase experiment is to study the confinement beam power of 2.5 MW and the pulse duration of 200 msec are |

. i h d .
properties- of the ohmically heated plasma and an ECH plasma ready for operation. Injection angle of one beam line is just .

The full power operation was started in October, 1980. The perpendicular to the toroidal direction and other two at 28°

following results have been obtained. from perpendicular direction. We expect good trapping effi-

. i (1)
ciency in these injection angles by Monte Calro simulation &
Ia Ohmic Heating Experiments

We have got two regimes of plasma parameters.

REFERENCES :
A (low I, and large Ne"E! plasma) CASE B (high T_ and low N_ plasma) (1) K. Uo et al., in the Seventh International Conference on
T, (0) 100 - 250 eV T, (0) 800 - 1000 eV Plasma Physics and Controlled Nuclear Fusion Research,
T 0 100 ~ 250 ev T - v
1 (9 0 e 3 40 100! 200 8l Brussels (1980) CN-38/H-4
) 2.8.5x10" em™® u 0.5 -~ 1.0 x 10'? em™?
e e
IOH 10 -~ 30 kA Ion 80 ~ 100 kA
TEe 30 ~ 50 msec TEE 1 -~ 2.0 msec |
W1y (0.6 -~ 2.0) x 10'* cm~? sec B 20 kG
L]
10 ~ 20 kG

A typical confinement scaling of ohmically heated plasma
is .t.hat the energy confinement time of the electron, g is

inversely propotional to the drift parameter of the plasma cur-

rent, £ = VD/‘V,I. . where Vp is the drift velocity of the plasma
e

current and VT is the electron thermal velocity (see Fig. 1). 80 -
1 wsec.) | Tee i fle 433
A fairly long confinement time (20 -~ 50 msec) has been obtained o o -
: 1 L 2%
in a low current regime (CASE A, Fig. 2). To get a high elec- nln. 01 ™ m<§> - viam « =
= E 20§ |
tron temperature (Ta (0) = 1 keVv), the ohmic input power must o
]
be increased and £ increases due to the increase of the plasma Fig, 1 Electron globsl confinement TINE m(‘nszc)
time (1g,) versus mean drift parameter
current. Therefore, the confinement time becomes short and the (<E>) Fig. 2 Temporal evolution of Plasme
C t I-OH, T ’
high temperature plasma is produced only in a low density case aPDX DISRUPTIVE AFTER BEAM m::;e:mctmn :::E!:;n"_:oi::g;l:%u
OPDX HEUTRAL BEAM - 2 lect .
at present (CASE B). On the other hand, high density is obtained 4 JFT-Z WITHOUT NBI " Sheaiivo santmeenantl® T
4 JFT-2 WITH KBI
in a low current regime (Fig. 3). This is closely related to T T r r $£
the disruption free property of heliotron by the stabilizing 0.2 DIvA 1 %3F
T-11 ]
effect of the helical field. The disruption of the plasma cur- oT-10 'CUU i} - —
) Lk ° DIVA 1 1 o A ?
rent which is one of the severe problems in tokamaks has not Te
’ ® ALCATOR (eV) CHE &
been observed in Heliotron E. In low magnetic field (B = 10 kG) 0.5 4 CHS o
and high ohmic current experiments, the central toroidal beta pusaton, V! a / =000
0.4 | - sta 4
of the electron reaches up to 1 %. The obtained safety factor _L JIPP T-2 @ ALc:.Tun; “D.:i s ﬂ T *':-—-q,___?
) / T m———
at the boundary (qOH) is 0.98 without major disruption. A 0.3°F e%a o 0 R 3 —:; )
1L e 5 Isx-A ] (I\IF)
Ay .{;\unn 100} Y
I1I. ECRH (Electron Cyclotron Resonance Heating) Experiment 0:2 g;TE' ’I‘A{umg HELIOTRON E 7| sol - 2k
5 OHMI [ ]
A 28 GHz, 200 kW Gyrotron for the electron cyclotron reso- i ‘JV mﬁg o LECRH 5
h 1 0 20
nance heating was applied on tne neutral gas without using the : TIME 0n3£c] ¥ =
]
ohmic discharge. The resonance field was 10 kXG. A currentless o < - AR Fig. i ECRH Experiment::Temporal evolution
i 2z 4 6 B 10 of mean electron density N, ,central electron
plasma of Te (0) ~ 500 eV, Ti - 100 eV and ﬁe - 4 x 10'? em-? WeR/B 1019 - 2rasia! temperature T, and ion temperature Tj.
was obtained as shown in Fig. 4. The observed electron energy Fig. 3 Obtained.eritical density of the

torii. g is the safety factor of Ohmic
decay time in the afterglow stage was 40 + 8 msec, and the par- current at the boundary.
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RADIATION IOSSES IN L-2 STEILARATOR

WITH OHMYC HEATING
E.D, isndryukhina, ¥.d,Blokh, G.3.Voronov, B.F.Gippiua,
K.S.Dygbilin, V.N.Kolesnikov, N.F.Larionova, B,V,Luniz,
0.I.Fedyanin, A.V.Paramonov, I1.5.Shpigel'

Lebedev Physical Institute, Moscow, [SSR

1. INTRODUCTION

Investigation of plasma energy loss chaanels plsys
an important role in plasma energy balance situdles.Basrgy
losses connected with impurities redigtion are one of the
main loss channels,

In this report experimental results on radial pro-
files of radiative loss powar snd spectral line intsnsity
distributions (iron and oxigen beeing the dominating
impurities) on L-2 stellarator are presented.

On lnvestigation of L-2
plasua energy balence [4]two
ranges of energy confinement

time versus plasma current

T peisbers SN 1

dependence were found to teake £ - ;‘_—:: i

place: if I/B<1.2-1.H- (plasms i’ R |
] A

current over megnetic field

strength ka/k0e) ETOwS, i:;{:: i

12 I/By1.4 falls.

= 3 7
Measurements of radiative 5 oy ?Jl'_'i

6 - —4
losses and impurities obser ——
vation have been mede for F:'g.i

these regimes.

2.EXPERIMENTAL CONDITIORS
L--2 stellapator has the following parsmeters:

magnetic field B=20kOe, msjor redius R=100cm, plasma
radius a=11.5 cm, helical wlodings 1lu2, rotegional Transw
formt(0)= 1354 (2)5785. Deuterium plasme i3 generated
with obmical discharge, current 15 - 23 kA lasts
25-30 me, The discharge time biatory for twe values of
plasma current ( "A&", I4=16kA snd "B", T2=22-23k4) are
plotted in Fig. 1. Average electron density
Be=1.1»10"7cn™?, eleciron temperature Te (0)=400eV, ion
temperature Ti=70 eV, Zeff=3-4, chulc power PA=40~45 kW,
P2=75-80 kW, radiation power W1=16-16kW, W2=30-40 k¥.

3. HBSULTS
2,4 BLECTRON TEMPERATURE PROFILES were maasured by Thomson
scattering at r/a £0.6 md at r /&3 0.6 fron pueitioning
of maximgl line intensities of light impurities (0lI,0Vv,
€IIT, CV). Electron temperature in the polnt of locallzg-
tion of ion specimen wes taken to be 0.5x(1+0.2) of proper
jonization potential. Profiles (Pig.2) look s having high

Iz fwleem™

]

]
}

-l
a5 (/@) {0 S oy (S .
7 7
Fig.2 Figads k] A

Alope region gt & ¥ B o mnd low temperature plateau in
porifery. Genaral view of Te(r) im unoffoected with plasma
current variation, Te{r) is comstent, high temperature
rogicn sligh{ly expands.
3.2 RADIATYVE IOSS PROFILES
Badi ation power was megsured with pyroslectric detectors.
Hoth ebsclute radiatlon power and its temporal behavier
essentislly depend on plesme current. I¥ plasma current
sguals to I relative losa power i 30% of total
chmic powsr, in the 2 cumse
1% chaages feow 20 to 50%
during the diachorge.
Profilse evaluvatlon wes
csrried out by conventionsl
fbell prosedure, slliptical

shape of mggnetic suriacas

being takea inte account
assuning intousities homo-
genlously distributed in a surface.

The profile (¥ig.3) esseniially deforms when plasma
current variss, In "A" reglwe emiesion is peeked ab
rlfa-_-a.'?, this pesk shifts to perifery in "BY regime, also
total emission flux grows, Impurity ifon concentration is
tha most probeble causs of profils svelution.

3.5 LINB RADIATION MBASUESMENTS

Hegsured profilen of PeXV (1=2844),P6¥VI (A=3354) and
ovx(}.mogai) line intensitiss are pletted in Pig., 4.

Time depondencies of iron and oxigen linss differ

(see Flg.1) though ionization potentials of proper ions
are rather close (iron lines starts 5 ms later).
In guesistationasy phese of the discharge oxygen lines are
locglisaed near ths sdge end mov= out with current
incresse. Mhe cbserved iron ione (PeE¥ and FeXVI) are
conzentrated in cextral region, their concentrationz gorw
and existanco dumain expsnds with plesma current.

Coumparison of 0 and Fa lines intensities and their
profiles lmpliea to abaence of coronel equilibrivm, In
this condition correct celculation of ion concentretion
snd line emiosion power seems to be impossible.

On the other hHend Po ions linae emission growbh with
current dees not sontradict with loss power increase.

4. COMOLUSION

1. Space resolved mspsucements of rafiative losa power
and FeXV, FeXVI end OVI line intensities were cerrisd out.

2. Rediation losees in the plasma core ars shown to
amount to 20% of ohmic power. They ars higher then ohmic
power et the edga.

3. Loss power profiles and thelr dependence on plasma
current qualitatively sgree with spectroscopic data.

4, Blectron tempergturs profiles changes alightly,
plasmea resistanss is practically constant for different
current regimes. This behaviour of plesma resistanse may be
connected with either changes in l"\i. profiles or light to
heavy lmpurities submission.

5¢ It seans now that falling of onorgy confinement
time with the plsema current incressing cannot be
axplalned by rediation losses.

REFERENGE 1
B.D,Avdryukhina et al. "FIZIKA PLAZMY" 4, n5, 1022, (1978)




EQUILIBRIUM AND STABILITY OF A CURRENT CARRYING PLASMA WITH
‘THREE-DIMENSIONAL MAGRETIC AXIS (ASPERATOR NP-4)

¥.Funato, I.Sakamoto, T.Takahashi, 5.Kitajima, ¥.Ikeda, M.Makazawa,
H.Watanabe, S.Nagao and Asperator group*

Faculty of Engineering, Tohoku University, Sendai,90, JAPAN

RBSTRACT Results of ohmic heating in Asperator NP-4, which is a
toroidal device with a three-dimensional and multi-period magnetic axis
, are described. A toroidal plasma with a longitudinal current can be
maintained in equilibrium with the spatial axis close to the vacuum
field axis beyond the skin time of the conductive shell. MHD stabili-
ties of the plasma against m=0, m=1 and m=2 modes are examined. It is
confirmed experimentally that the plasma current in this system is lim-
ited by the onset of the helical instability with m=1 poloidal mode.

INTRODUCTION It has been pointed out by V.D.Shafranov that the mag-
netic configuration formed in a closed solenoid with a spatial (three-
dimensional) axis was the simplest stellarator configuration with a
circular cross-section of enclosed magnetic surfaces (1). Asperator
NP-4 is the multi-period system (B period) among many stellarators with
spatial axis. The results of the design study on this toroidal system
and of the preliminary experiment on a toroidal device Asperator NP-3
were reported previously (2)(3). Theoretical problems of MHD proper-
ties of a plasma with a spatial magnetic axis have been investigated
for a long time (4)(5). For the sake of its high rotational transform
angle with shear and well, these field configurations are useful to
confine a high beta plasma. ator NP-4 is an upgrade of NP-3 and
has the pitch angle of about 45 and the period number of 8 of the helix
of the magnetic axis. The important differences between NP-4 and NP-3
are in such point that the minor radius of the toroidal chamber is 13
cm, which is much larger than that of NP-3(3.5 cm) and the periodnumber
n=8, that of NP-3 is 16. In this report, the discharge characteristics
in the ohmic heating and conditions of plasma equilibrium and stability
in such a system are studied experimentally.

DEVICE The device parameters of Asperator NP-4 are listed in Table-
I. The stainless steel vacuum chamber has a helical axis and was fabri-
cated by connecting six elbow tubes per one period. The skin time of

the chamber is es-

IAverage major radius (R) 152.4 cm
;ix;atu:.cm ;: ahl:’:t Minor radius of chamber (a) 13.3 on
e [Bore radius of limiter (a ) a.5 o
two insulatinggaps | . length (P $hing 5
to allow for ohmic : *
heatin The Ba [Period number (n¥ 8
- g; ot ;xlo- Radius of axial helix (r ) 19,05 em
el Curvature of axis 1% 2.627 2,
Torr in this cham- )
ber An obtaited by [ o0 of axls (x) 2.627 m
e A ntter, [longitudinal field (Bs) 3.0 XG
e Th ; Lo Half period of Bs (T/2) 60 —
Tudinal magnetle ~ [Omic heating flux (@) 0.25 Vsee
field is produced [Period of ohmic heating (T3 2-3 msec
by 96 circular Table I. Main device parameters of Asperator NP-4
solenoids with the

helical axis.

The plasma is preionized by 2.45 GHz micro wave power and the density
is measured by 6 mm micro-wave int.rferometer.

VACUUM FIELD CONFIGURATION
One of the most characteristic 'P

point in the three-dimensional

magnetic system is that the nest-

ed magnetic surfaces are formed

only by the solenoidal fields q
without the longitudipal plasma

current and also without the

helical winding fields. It has 8

been shown that the vacuum mag-
netic surfaces were exist exper-
imentally without helical wind-
ing in the figure-eight system o
(6). The magnetic surfaces \L
caliculated numelically of NP-4

device are shown in Fig.l. Fig.l' Estimated magnetic surfaces
The magnetic quantities in this and measured rotational transform
system are written by using angle © in Asperator NP-4.
Mercier's intrinsic coordinate

system(p,w,s). Properties of lines of force of the device were measur-
ed with a electron beam method. The results are shown in Fig.l togeth-
er. 1In Asperator NP-L, which is a counterpart of NP-3 and Np-4, the
method for measuring lines of force was tested previously (7). The
quantity @ in Fig.l shows the mean rotational transform angle existing
between s=0 and s=2.75k, where A is the pitch length of the axis. Then
the average rotational transform angle of 254°% 5° (£=0.706% 0.014)
per one period is obtained, which is good agreement with the theory.
The measured magnetic axis is shifted from the geometric axis of the
longitudinal field coils towards the curvatvre center by 16 mm which

is confirmed by the rumerical calculation,”

EQUILIBRIUM As shown in Fig.l, the magnetic axis of the vacuumfield
with circular surfaces is displaced toward the principal normal of the
axis . This displacement is equivalent to the existing of a magnetic
hill. Therefore, a plasma current is necessary to produce the well (B).

e I 035f, o
o
& B "
f .
03¢ o B
-

Fig.2 Plasma current Jp (1 kA/div.),one Fig.3 Asymmetry factor
turn voltage Vpl 50 V/div.) and column A=[Bp (6=0)-Bp (B=7)1/[Bp (6=
shift A (1 em/div.) v.s. time (0.2 mg/div.) 0)+Bp(B=1)] v.s. Bp.

* 7. Terasawa, Y.Miura, K.¥obayashi, N.Sasaki and
K.Barafuji.
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In Fig.2, the time variations of the plasma current Jp, the one turn
voltage of the discharge and the horizontal shift of the current column
are shown. The column shift directed to the principal normal to the
system were obtained by Mirmov’s method. Without the application of the
externally controlled field, a stable discharge was obtained during
atout 2 msec, It is seen from the figure that the column stales within
several centimeters around the chamber axis over the discharge period ,
in which only the solenocidal field is applied externally. The skin
time of the stainless steal vacuum chamber is estimated to be about 0.3
msec and the value is much shorter than that of current duration. Then
we consider quantitatively the equilibrium of a current carrying plasma
whose axis is a spatial with curvature k and torsion k (k= in ourcase)
(9) (10). Fig.3 shows the asymmetry factor of the poloidal field Bp due
to the plasma current versus poloidal beta 8 . The factor A is defined
by the eguation; A=prl9¢0]~Bp(9=!)]/lnp(a-oa +Bp(B=n)]. It is seen
from Fig.3 that the current column shifts toward the weaker field region
(0=w) as the poloidal beta increases. If the poloidal beta values are
not so large, the results obtained in our device are confirmed by the
theory (9)(10).

STABILITY MHD fluctuations of Bp due to the plasma current were in-
vestigated using 24 magnetic probes arranged arround the limiter and the
real time Fourier analy#r. Fig.4 shows the time history of m=0, m=1,
and m=2 fluctuations in Bp due to the current, In this figure the plas
ma current Jp and the total rotational transform angle p=u(x)+u({Jp) on
the current axis are also shown, where p(x) and y(Jp) are the rotational
transform angle per period due to the torsion and the current, respec-
tively. It is remarkable in the figure that at fixed values for Jp the
m=l mode appears drastically. 1In the case of Fig.4, the plasma current
is anti-parallel to the axial magnetic field Bs and so the rotational
transform by the current is additive to that of vacuum field by the
torsion of the axis. If the current distribution is assumed to be para-
bolic, a magnetic surface with q(0)=1 is generated near the axis incon-
ditions of the plasma radius a=9.5 cm, Jp=3.1 kA and Bs=1.5 kG. That
is, the total rotational transform angle is found to be equal u=1l, whidch
can result in the development

of the helical instabilities P
with low m mode , Inmany 3 kA

stellarators, the m=1 mode

oscillation seems to play the m_o
dominant role in major current -

disruption. In NP-4 device,
however, the critical plasma
current Jc is given by the m =1
onset of the m=1 oscillation.
Fig. 6 shows the experimental
Jc as function of the axial m_z
magnetic field Bs. Thegrowth

rate of the m=1 oscillation
are measured with magnetic
probes and results are shown
in Fig.7. In order to confirm
the shear due to the current,
moreover, the poloidal field

distribution waE:measured di‘TOJ. 22 A I-,O f " t(ms)
rectly by inserting the magne-

tic probes under a low current Fig.4 Mode, rotational transform vs. t.
operation. The result of measurement of Bp distribution is shown in
Fig.5. It is seen from the figure that the current profile is almost
nearly the parabolic form. The shear of the external rotational form
produced by solenoids with spatial axis is negligible. Therefore, the
radial profiles of the current density and the safety factor aresimilar
to those of tokamak. And we confirmed experimentally the critical
current Jc for the m=l helical stability of a current carrying plasma

in a system with spatial magnetic axis and

with the multi field period; Bp
2
_ 2ra Bs =
do= 2232 (2unert) a 1"

-
where n is the integer (n=1 in Asperator
NP-4 experiment), L is the pitch length of
the helix and x the torsion of the axis.

N

In three-dimensional torus, the major g 10
toroidal curvature 1/R and the local ¢ r= cm
vature k of the axis are exist together. rl

wWhen the safety factor g(k) for the radius “.'N'

of curvature k is about 1, the factor g(R) Pt 60 G.
for the major radius R is ©.134 in Np-4
device,

In conclusion, it was confirmed that the
stability in the system with spatial axis
and multi period is determined mainly by
the local curvature effect.

Fig.5 Distribution of poloi
-dal field Bp due to plasma
current. Bs=1.6 kG,Jp=2.5kA

4 F Jc(kp) <" 15F W .3
€ o,yq's ot ‘10
Q-
2 Sb"ap'
o8
Bs(kG) g} © Bs (kG)
06 10 14 06 10 n

Fig.6 Critical plasma current Jc Fig.7 Growth rate of m=1 mode
v.S. 1nnq1tudi§il field Bs for m=1 V.S. Bs.
mode. P,=2x10 = Torr.
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OPTIMIZING THE MAXIMUM TRARSFORM FOR £ =3 STELLARATORS
BY PITCH ANGLE WINDING MODULATION
L.E.Sharp, J.W.Blamey and S5.K.Tin

Plasma Research Laboratory
The Australian National University

1) that by spatially modulating the

It has been shown
pitch angle of the helical conductors of an 1=3 stellarator
according to the law

0 = md + asin® + O(Bsin2B)
the efficiency of the windings in producing the rotational
transform can be improved. Further, by using a different
modulation parameter for the forward and return conductors
an effective vertical field periodic in phase with the wind-
ing can be introduced to control the position of the
magnetic surfaces.
Using a modified version of the Culham code MAGBAT‘z, we
have computed the magnetic surfaces and average rotational
trangform t (taken here as the ratio of the number of com-
plete revolutions of B in © for not less than ten rotations
in ¢). The helical conductors are approximated by 3 fila-
mentary currents poloidally spaced 10° apart at ¢=0, and a
wide range of aspect ratios (A = Ra/:w} and helical field
parameters X=Ih/ow¢ where Lt xo are the minor/major wind-
ing radii in conventional coordinates, and I, is the wind-
ing current. The parameters A, x and a determine both the

shape and position of the surfaces.

Since (i) t for an outer surface is very sensitive to its

distance frcz the separatrix and (ii) allowance must be made

for space to accommodate both finite conductor size and
vacuum hardware, we have chosen to restrict our calculations
to cases where the separatrix radius is fixed at r =0.8 T,
and to present transforms calculated for r=0.9 r_ = 0.72 r,
the radius of a surface r being defined as that of its cir-

cumscribing circle.

To produce a self-consistent model for the optimum trans-
forms for different parameters we have adopted the following
iterative procedure:

1. For a given A, x, a the computation is started for a
_field line at the separatrix at ¢=0, r=0.8 r_.
2. The modulation difference parameter 6z[a(+)-a(-)] /2

(where a(+) are the modulation coefficients for

forward and return helical conductors) is adjusted to

centre the surface at r=0.9 r_ on the geometric

(minor) axis.

3. Since this affects Toe the current Ih is adjusted to
restore z.=o.s -
4. & is again adjusted to centre the surfaces.

The iteration is continued until a consistent solution is

obtained, twice usually being sufficient.

The required transform t at r=0.8 g is then obtained.
Fig. 1 shows how the optimized transform computed in this
way depends on mean modulation parameter a for various

values of m and aspect ratios of 4 and 9.

The normalized current required to achieve the condit-

ion ra¥ﬂ.8 r, can be found from Fig. 2.

The results show that the maximum transform per field
period t/m at large aspect ratios and small m (m/A<1)
occurs when aA= 1. It is interesting to note that GA=x~1
corresponds closely to the condition that the windings are
helically symmetric in true toroidal coordinates 3!
following the law:

6 =mp
where & is the appropriate poloidal coordinate. Under
these conditions the mean rate of poloidal rotation of a
field line is almost uniform (as in a straight stellarator)

i.e. the toroidal effects have been minimized.

For large winding angles (mA > 1) the monotonic increase
in t with & (Pig. 1) is a consequence of our specification
of a surface only by its maximum radius, ignoring its
shape, thus allowing for progressive distortion of the sur-
faces with increasing a. In practice, this apparent
improvement requires disproportionately large helical

currents.
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Fig.1l. Rotational transform t/m for a centred magnetic
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EFFECT OF WINDING MODULATIONS
ON THE DISPLACED AXIS OF TORSATRONS

W.N-C. 5Y
Research School of Physical Sciences,
The Australian National University,
Canberra, Australia

1, Introduction
Among non-axisymmetric toroidal plasma containment devices, the

ultimate tutsatzonu)

requires the least number of external current
windings to produce nested magnetic durfaces, Modulations of the
helical windings can compensate toroidal effects and centralize the
displaced axis(z), whose otherwise large departure from the geometric

toroidal axis can lead to the Eomhim(a)

of interior island structures
and a resultant decrease in useful confinement volume. In this paper,
analytic results are presented on the effect of winding modulations on

the displaced axis of a torsatronm.

2. A Distribution of Modulated Windings

In quasi-toroidal coordinates (p,0,¢) , consider a modulated

winding law defined by

™
v($=0y) = €+ [ B simé , W
n=1
where Bn = 2(-1)n J“1 {(ym)/n , Y is a numerical constant (zero in the

absence of modulation), and ¢ﬂ is a constant specifying a particular
position of the helix. If an angle ¥ 1is introduced by

0= x+ysiny , then (1) can be written equivalently as
LD S A @

where Xa is a poloidal angle and Vv 18 usually a rational number.
A distribution I of thin helical current filaments which produces an

ultimate torsatron configuration of polarity L can be defined by

dr
%%

where Iu is the total current through any given meridonal plane.

Iy
b (1+coslxa) " (3)

3. Magnetic Field of the Central Region

The nett toroidal current in the helical windings, evident from
(3), gives rise to components of the magnetic field which are
independent of the toroidal angle. These components can be
investigated by the use of the Biot-Savart law, which ensures the
boundary conditions are satisfied explicitly. The displaced axis
can be defined as the circle at which the "secular" terms of the
magnetic field perpendicular to the meridonal plane, vanish. Since
this usually happens near the geometric axis, the nature of the
displaced axis can be examined by an expansion about the geometric
axis.

Consider a vacuum chamber of major and minor radius, lo and
a respectively. Then the region of interest is r ~ € fnE ,
where r = pfa and € = nfno . GCalculations from the Biot-Savart
'lavm) show that the "secular" components of the mgﬁetlc field

<Bu> , accurate to D(az) read (SI units),

u.I b
0’0 a
<B > = —— — &)
“ 4na (1+cr cosd) 372 '
where
hl = 20rsinf , hz = A - 20rcosb ,
2, 96?
b¢ = 2ev(l+r +5-) )

with

2
e = 1""'2‘5‘%"385-(12-%) +zcusﬂ(%—u) N
2 2
< 8 1. ¢ 8 15 E 8 3
A= elen c-g+g Gn o= b - all-5 (ag-30 1, 6)
o = (M .

For brevity, the cylindrical components (R,2,4) of the magnetic field
have been given. It can be observed that modulation has no effect on the

toroidal component of the magnetic field.

4. The Displaced Axis

From (5), it can be seen that the shift p, of the displaced

A
axis from the geometric axis is given by

o

= py /Ry = M20 = Staja) &)

where o = e{fn(8/e)-%} . Evidently, the displaced axis moves
along the equatorial plane toward the principal toroidal axis as the
magnitude of modulation a increases, according to an approximately
linear relationship (7).

The average rotational transform on the displaced axis can be

estimated by
2 2 2
*A = 20(148) /e"v(1+749e7/8) . (8)

The results of (7) and (8) are displayed in Figure 1. The decrease in
average rotational transform on the displaced axis with increase in
winding modulation arises from (a) an increase in the toroidal component
of the magnetic field due to inward shifts of the displaced axis and

(b) a decrease in the poloidal component alsc. These results are in ’
qualitative agreement with these found from numeriecal simulation(s) s

where a different helical current distribution is used.

Fig. 1 Average
rotational transform
on the displaced axis
0.05 &, and its displace-
ment from the geometric
axis & as funcrions
of the modulation
parameter o for the
case € = 1/4 and
Ve 12,

0.5 4 -0.05

0 0.2 0.4 7 0.6 0.8 o
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Confinement of Stellarator Plasma in J'PP T-II Device

J. Fujita, K. Kawahata, Y. Kawasumi, 0. Kaneko, T. Kuroda,
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Abstract

The plasma confinement of ohmically heated stellarator plasmas
has been studied. Major disruptions which appear in tokamak configura-
tion are suppressed with the helical field of v, /2w 2 0.14, and the
total rotational transform angle 13/217 at the plasma surface becomes
larger than 0.5,that is qz(a) < 2, The strong MHD oscillations of m =
2,n=2andm=1, n=1, and the hollow structures of the electron
temperature profiles are observed in the case of qz[a) < 2. The energy
confinement time Tg as long as 14 ms is obtained with a contral of the
plasma current waveform, and inversely proportional to the electron
drift parameter.
Introduction and Experimental Arrangements

JIPP T-11 is a hybrid device of stellarator and tokamak, which has
£ = 2 helical windings with 4 ueriuds]) Main parameters are as follows:
major radius R = 91 cm, limiter radius a = 17 cm, the maximum toroidal

field B, = 30 kG and the rotational transform angle due to helical field

t
1 fen = 0.25 at Bt = 25 k6. The results on auxiliary heatings by
injections of neutral beams and lower hybrid wave into stellarator
plasmas were previously reported‘., Here, we describe the results on
the confinement of ohmically heated stellarator plasmas, The high
density and/or low current plasmas are produced with a control of the
plasma current waveform ([;| contrn'l)?} Parameters of the ohmically
heated plasma with Bt = 22.4 kG and 1 /27 = 0.14 are followings: 1p

<130 kA, T, 1.2, T, <400 eV, . 5 4x 103 en?

» Tp S 14 ms and
the effective plasma radius Bogf = 14 cm-(geometric means of radii of
ellipse).
Experimental Results

Major disruption is one of the most dangerous instabilities of
tokamak plasmas, which prevents the safety factor g-value at the plasma
surface from decreasing less than two. When the helical field of 1hl2w
> 0.14 is introduced, the plasma becomes free from major disruption,
and the minimum qs(a) value becomes less than two.

Figure 1 shows typical experimental results for qt(a) < 2. The

plasma current 1_ is 93 kA at the peak, where the total g-value qz(a)

is 1.9. When th: plasma current rises and qz(a) reaches the value of 2
(the time t, in Fig.1), the intensity of electron cyclotron emission
(ECE) at the second harmonic decreases rapidly, and loop voltage
(V]Mp) increases slightly. No appreciable MHD oscillations are seen
on the magnetic probe signals {Be) at this time. In the discharge of
qt(a) lower than 1.9, the strong MHD os:i]lationss) of m=2,n=2and
m=1, n =1 are observed, therefore, these phenomena imply that an
anomalous energy loss occurs in the region of qz(“) < 2.

Time evolutions of the electron temperature profile in the case of
qz(a) < 2 are examined by the use of the rapid scanning Fourier-trans-
form spectrometer. The electron temperature profiles are maintained in
bell shape until qE(a) decreases to about 2 as is shown in Fig.2. When
the plasma current increases and the safety factor qz(a) lowers than 2,
the electron temperature profile becomes a hollow structure. When qz(a)

becomes again larger than 2 at the decreasing phase of Ip. the profile

returns to the bell shape. Figure 3 shows the dependence of the central

electron temperature Te[(}) and the intensity of FeXVI line on ige Te((l)
increases with 1y for 1 /2n < 0.5, while in the case of 1./2r > O.S,TE(O)
decreases and FeXVI line steeply increases. The active plasma-wall
interaction is also observed for qz(a) < 2 by a TV camera system which
views the plasma column tangentially. The strong light emission is
localized near the apexies of the elliptic magnetic surface. This
indicates the occurrence of the arcing between plasma and wall. It is
considered that the hollow electron temperature profile is due to the
radiation Tosses of the heavy impurities resulting from the active
plasma-wall interaction.

Next, we describe the experimental results with the Ip control
system, With an operation of the constant plasma current [_ = 25 kA
(az(a} = 4) the highest density E produced stably is 3 x 103 e ? with
TE(O'I = 550 eV and Ti(U) = 250 eV. In this case the total energy con-
finement time e is 14 ms which is about 2 times larger than that of
Alcator scaling. The dependences of 3 and TEe (= g-<n'!'e>2 aiffRIIV) on
the electron drift parameters £ = Vd“th.e' where Yyi= ]p/enasffh_e and
Vih,e is electron thermal velocity,are plotted in Fig.4. The lower
points of £ are obtained by applying Ip control system. The both of T
and 7, are inversely proportional to £, of which dependence has been

also observed in other stellarator experimnts?)
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PLASMA CONFINEMENT IN NAGOYA BUMPY TORUS
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.sanuki, T.Shoji, K.Takasugi, M.Tanaka, F.Tsuboi, H.Tsuchidate,
A.Tsushima, F.M.Bieniosek*, R.Parosa**

Institute of Plasma Physics, Nagoya University, Nagoya Japan.
*Rensselaer Polytechnic Institute, Troy, New York, USA.
**[nstitute of Telecommunication and Acoustic Techical University
of Wraclaw, Wraclaw, Poland.
1. INTRODUCTION
Nagoya Bumpy Torus (NBT) is a plasma confinement device with 24 linked
magnetic mirrors. Plasmas are produced and heated by high power
microwaves at a frequency of B.5 GHz and stabilized by high 8 hot
electron anuli formed at the midplane of each mirror section. Typical
parameters of NBT are listed e15euherg1 . Experiments have been
performed in two different modes, namely, SR-mode and FR-mode, which
respectively have second ECH resonance and fundamental resonance near
the anuli. It has been observed in FR-mode that a higher @-va'lue of
the hot electron anuli is obtained and that the core plasma densily is
approaching cutoff of the input microwaves. lon cyclotron heating
has been applied to the plasma in the bumpy torus magnetic field
configuration and ion heating has been observed, accompanied by a
change in plasma space potential.

2. FR-MODE OPERATION 10
FR-mode operation has two
advantages compared to

Py g=dsiw 'ihﬂ'm-."’"

Be=1.2kG
SR-mode. First, in order
to confine high density W “a 160 kY E
and high temperature - =
plasmas in future devices, E i ~'—“_‘._, )
higher B-value of the hot & |[° e ]
electron anuli is requiredt’ Z10'} E

which can be achieved

more effectively in FR- X SRy il
mode for a fixed microwave e
frequency. Second, micro- 10"0 o oz M. o
waves can be used only to ENEGY (MeV)

form hot electron anuli Fig. 1 Energy spectrum of hard X-rays
and plasma heating can be emitted from hot electron anuli.
trusted to other methodes

such as ICH, NBI and etc. ] ) NBT 80-12

From experience, we know
that bumpy torus plasmas

Hot Electron
P,=40 kW

are better confined in 35
higher magnetic fields,
and at FR-mode we can 30l

considerably ease the
requirements on high
power millimeter wave
sources. The temperature,
radial position, and p 2.0
of hot electrons have
been studied in detail

Ba (KG)
]

and compared in both L Q=2w.
modes (FR- and SR-modes). I I[":":L" o
Figure 1 shows the energy -20 -10 ) 10 20
spectrum of hard X-rays RADIUS (em)

emitted from the hot
electron anuli. Hot
electron temperature T, in FR-mode is almost twice as high as that at

Fig. 2 Radial position of the anuli.

SR-mode and reaches 160 keV with input power of 45 k. It is confirmed

that the p-value is also higher in FR-mode by a factor of two from the
measured value of "hTh‘ Figure 2 shows the radial position of the
hot electron anuli measured

with an jonization probe a NBT 80-5
as a function of the SR mode Transition FR mode
magnetic field strength

at the midplane. It is = B, =2.5%10" Torr 57kW
found that the anulus "‘Em

positions are shifted ) Viw
outward from the reso- f

nance zone in FR-mode, L S
and the anulus diameter . = B,=15 kW
at 3.2 kG (FR) is almost

the same as that at o5 5 e 3l
1.8'kG (SR). L L

Figure 3 shows the line Fig. 3 Line integral density of electrons
integral density <"e‘> as a function of the magnetic field.

E-6

of electrons as a function NBT-B80-7
of the magnetic field
strength at different
input microwave powers.
In FR-mode, a remarkable o "*\
increase in <n 1> at high -.."/" /“;\_
{ 30K6G 4 \
input power is observed. ' / \
32k6 \

In this case, plasmas are 7v

well confined inside of
the anuli as shown in
Fig. 4, which shows the
radial profile of nef(Te) P
measured with a 1ithum 2
neutral beam pmhe3 .
In C-mode operation, in
which the ambient neutral o - t : l - L
gas pressure is high 20 -I5 -0 -5 ©0 S5 10 15 20
enough to prevent formation K(en)

of the hot alectron anuli, Fig. 4 Ra:_lia] profile of nef(TeJ at
plasmas are observed to FR-mode operation,

spread to the wall. In the case of FR-mode operation with only B.5
GHz microwaves, no ECH resonance zune‘ exists in the core plasma region
and the plasma remains cold (10~20 eV). Electron heating by micro-
waves at 10.5 GHz and 18 GHz, and fon heating by ICH are now being
studied.

3. ION CYCLOTRON HEATING

Several conjectures have been discussed associated with the ion
heating in bumpy torus plasmas, mamely enhancement of diffusion,
destruction of ambipolar potential well, cooling of electrons due to
ejected impurities, etc. lon cyclotron heating has been carried out
on NBT. Taking account of the plasma density in NBT tnesm]z mn'J}
and nonuniformity of the toroidal magnetic field, the slow wave mode
is expected to be effective for heating ions. The slow wave can
propagate at frequencies below the local ion cyclotron frequency -and
be absorbed at the magnetic beach where the wave frequency equals
the local ion cyclotron frequency. In nfder to excite the slow wave
from the high magnetic field side, a half-turn antenna was installed.
The wave is observed to penetrate into the plasma and propagate
along the field line with decreasing amplitude. At the same time,
ion heating of core plasma is detected from the Doppler broadening of
impurity 1ine (01I) and hydrogen 1ine (Hy) radiation. An increase in
the body temperature of 25 eV is measured when introducing ICH power
of 11 kil at 5.5MHz,and an increase in the temperature of impurity
oxygen ions proportional to the input RF power is observed (Fig. 5).
Because of neutral hydrogen atomic density of the order of 10° cm™
in the plasma, ion energy is dominantly determined by the charge

Rua® 45 kW
at Ry = 2%10° Torr

@

Y
».
.
o

Net(Ta ) lorb.unit)

exchange. ICH causes not only an increase in fon temperature, but

also a change in the profile of the ambipolar potential. In typical
T-mode operation, it is observed that the potential is increased by
ICH injection, as measured by both a heavy ion beam probe and a
Langmuir probe (Fig. 6). A russible explanation for this effect may
be based on the reductign of the ion-ion-collision frequency as the
jons are heated. The rasulting enhancement of ion confinement with
respect to the electron confinement then naturally results in an
increase in the ambipolar core potential.

100 NBT 80-7 MBT 81-4
/§c0=0.94 - o,(v) B.=22kG
/ Pua=4S kW
= &0 f =55MHs
P23
C » / AR =70UW
iy /; i Y
§50f - . \
g /11 ‘\__v
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5 {'é/ —a
P 20 N,
l/ k.
UO 100 200
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Fig. 5 Increase in fon tem= ~2° o L.
perature as a function of  Fig. 6 Potential change accompanied by
input RF power. ion cyclotron heating.
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CURRENT PROFILE AND PLASMA TRANSFORT CONTROL
UNDER ATFVEN WAVE ABSORFTION.
R.A.Demirkhanov, A.G.Kirov, L.F.Ruchko, A.V.Sukachov.

Sukbumi Institute of Fhysics and Technology,
Sukhumi, USSR.

ABSTRACT

Experimental investigations carried out in the B0 stel-
larator are given showing the possibility to excite high
local guasistationary dragging currents (j=4Oi cm'a) and
to control the ohmic current profile with cw<d,; Alfven
waves absorbed. The tramsport process can be influenced
as well:with helical HF wave propagated in the direction
of electron diamegnetic drift particle and plasma energy
transports along the smaller radius are considerably de-
creased.

Radio-wave of low-frequency Alfven range w<u,, used for
generating a stationary current in toroidal systems appaar
to have a number of physical and technologicel advantages
[1,2] . In earlier experiments |45 Jwe have shown radially
localized excitation of Alfven waves and their efficient
absorption by a plasma. Papsra{s. 7]5&79 the first demo-
stration of stationary dragging currents generatiom under
Alfven heating and the wave propagation direction influ-
ence upon plasma density profiles has been studied. The
present experiments deal with measurements of dragging cur-
rent radial structures apd studies of HF field propagation
direction influence upon the plasma energy confinement
time and diffusion.

The experiments have been carried out in the 1 =% R0
stellarator with ohmic hosting R=50 cm, b ie the quariz
chember radius (5em), a is the separstrix radius (3,5-4cm),
hydrogen or helium are operating gases with initial pres-
sures of T0~* - 1077 torr, in main modes T, =I0-2C oV and
n, =(0,5=2) IOIq'cm_B. A helical HF circuit genmerated he-
lical standing or travelling waves in a2 plasma which pro-—
pagated simultaneously in toraiﬂa.l- and poln}’dal directions
with the phase velocity of Ui, =1f+ i =2(@a/mby/By-whin 4 /R)s
m=2 apnd n=2 beipg poloidal and toroidal wave numbers, res—
pectively. The signs "plus" and "ninus™ correspond to a
"diamagnetic™ wave (wave rotetion in the direction of elec—
tron dlamagnetic drift and to a "paremagnetic” one, respsc-
tively. The HF field is 800 kHz in frequency, its pulse
length being 2,5 ms, plasms HP inputs varied from O,I %o
1,0 MWin power B, B, = I = 7 kGs. The high power input in-
4o the plasma allowed to obtain high plasma speeific ener-
gies (p= 10’2) enabling us Lo operats without any ohmic
heating curreni and to cbserve the rf-driven current in its
"pure” form.

Fig.I showe typieal traces for dragging currents, plas-
ma specific enorgies, abeorbed HF powers amd corresponding
distributions of current demsities over the mipor badius.
The ohmis current transformer being turned off, the dis-
tributions have been measured by means of maguetic probes.

The r £ driven current persists as long as the HF powsr
input proceeds. Assymetry in curve I indicates that there
exists a notable dipolar current component (Curve 3) which
may be identified with the toroidal equilibrium current.
At given ¢nT> and B,i, thie current has a fairly coinei-
dence with its calculated value. Curve 2 shows he dlsbri-
bution for rf—driven current itself. The current density
memimum is localized in the region whero an intense Alfven
wave is excited. The peak current density has a good coln-
cidence with the calculated one according to the following
relations j=0,/0. &/meve P/V ku[ 3]

The HF field imposed on the ohmic discharge led to in-—
creasing or decreasing in the total currant (as functlion
of the HF wave direction) and to rebuilding its profila.
The profile rebuilding degree had been a function of the
ohmic heating power ratio to the HF one fed into plasma.
For a standing wawe (Curve 1), the current density distri-
bution is close to J = j, | |-(r/a)’] - For e "paramagnetic”
wave when the r £ driven current 1A directed opposite the
ohmic one at r/a=0,7 , the current profile undargoes
sharpening and narrowing. With the "diamegnetic™ direction

of propagation, the rf-driven currant mekes a sum with
the obmic on2, resulting in increasing for the current den-
8lty at 1;/=0,7 and its distribution flattebning. On in-
creacsing the zbsorbed HF power-to-ohmic heating power ra-
tio, more exotic distributions can be obtained with the
current sign changed at the plesme column boundary (a "pa=—
ramagnetic! wave}, or there may be some hollow distribu-
tions (& "dlamagnetic" wava).

Effects of travelling Alfven waves on the transport
have been determined mccording to The change ip plasma ra-
dial prefiles (measured with a double electrical probe)
and variations iz the total energy life time as a func-
tion of the HF wave robation direction. The experiments om
plasma density profile measurements show that during the
"dismagnetic" rotation, plasma particles undergo a decrease
in their spesd while being transported along the ménor ra-
dius at the vlasme column periphery, whereas the "paramag-
netic™ rotation is accompanied by the increase in this
speed. Fig.Z? shows the emergy life time versus the magne-
tie field for verious directions of the HF field. It is
seen that for the "dismagnetic'" cass, the thermoisclation
is better; the difference in the energy life times for
"dlemegnetic” apd “paramegoetic” rotations grows with the
megnetic field decrease. Indeed, the comparison with the
theory [2,3] veveals that vnder experimental conditions,
the rotating UF field influence upon the plasma transport
along the minor radius should be noticeable, growing with
the magnetiec field decrsaso, since the radial velocity va=-
lue derived from the relation U= Ky/wen.B, P/vV [3] 1s
comparsble with that of the diffusion U, , estimated af-
ter the plasma density decay time, T, , from the moment of
the HF field fast switch-off (T,,<< T, ) emd after the
inhomogenuity characteristic dimemsionA ,U.,~A/T, -
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CLOSED MAGNETIC TRAP WITH RECTILINEAR SECTIONS
V.M.Glagolev,B.B.Kadomtsev,V.D.Shafranov,B.A.Trubnikov
I.V.Kurchatov Ingtitute of Atomic Energy. Moscow, USSR

Abgtract: We discuss here the possibility of & long stright
sections in & plasma magnetic trap closed into & topologi-
cal torus by means of special connectors, the linear secti-
ons being unperturbed by charge separation currents.
Idtroduction.Studies in the fusion reactor concepts based
on the magnetic confinement have shown advanteges and dis-
advantages of the open (mirror).and closed (toroidal) mag-
netic traps. It is natural to ask whether it is possible to
design a system which combine the best features of both,
i.e, that which includes long stright sections with highﬁ
(the main operating section of the reactor) and curvilinear
connectors, eliminating the problems assosiated with the
mirror loss cones but having no effect on eguilibrium and
transport in the stright sections. We shall call such sys-
tems "dracon" (Russien abbreviation of the "long equilibri-
um configuration"). If the magnetic field strengts in the
connectors is considerably greater than that in the linear
sections, one can expect 8 =5 4+ 6 ¥ for the connectors
and B = 20 4 25 % for the linear sections at the same time.
Equilibrium connector. Feasibility of the "dracon" is asso-
siated with an idea of & special connector of the rectili-
near elements (CREL). CREL realises (p-angle turn trans-
form of the stright magnetic field lines in the presence of
plasma (Fig.1). An equilibrium plasme pressure in "dracon"
depends only on the CREL design no matter what the linear
section length is. The condition for this is an equality
of the integral d1/B for all field lines at a given
mn.g-x;/tzic surface. This one is reduced to a requirmant;]-_2,3]=
S E’hi cos(§-v) - Ehj-cua(s+lrﬁm"3/zds =0 (1)
_3/2 i 2
in a paraxial approximation. Here s is the axis arc length
accounted off from the CREL middle, B(s) is the exial mag-

5

netic field strength, WSEE’—K) /uhﬂds; k(s),3(s) are
the curvature and torsion of the axis; ex‘pé(s) is the ra-
tio of magnetic surface crossection semiaxes, F(s) is an an-
gle between the principal normal and small semiaxes. The
functions B(se), k(s), é(s) /2 (s) are considered to be even
while S(a}, v(s) are odd ones.

Lets consider a simple case of the near circular meg-
netic surface cross-sections, é«u ché/2z1. sh?/zzo.ln
this case, 'a$./ (1) is reduced to

kB3 2508 €65 =0 (2)

where, L(s) =&(s) -¥(s) is & rotational transform. Con-
sider three types of the OREL.
& planar axis OREL with nonuniform field. The axis of this
CREL, shown in Fig.2, consists of three ares with curvatures
k1=1/R1, k2=t-1/'H.2 . The angle openings (see Fig.2) are ef
=(26,+%)/4, ©y=(268~4)/45 G.=6+6, . Neglecting the
transition regions, the magnetic fi'elda 131. B2 can be re-
lated as follows:
B,/B, = [(26, - )/ (20, +4]]%/3 (3)

For example, at @.=(( 0,=3w/4 , 8,= 7/4) we have B,/B,=
=2.1 . Such CREL is feasible at & small or even at & zero
rotation transform. It can be considered, as a separate
unit of the Spitzert scallops [4] or of the bumpy torus[1].
A planar axis CBEL with uniform field is shown in Fig. 3.
The curvature of its axis changes sign as above. The grea-
ter the sag of the CREL middle partvthe less the rotaetional
transform providing neqessary equilibrium properties of the
CREL.The Table 1 shows the parsmeters of the 180° COREL with
(o= 2(ters)z ()~ L(-§)=3.

(9 1 09 0,8 0,75 Ratio of the arc radii pro-

L |0)5 0,6 0,7 0,75 viding constant pitch of a
TTgl | 0:67 0,72 0,82 0,86 helical winding is shown in
R./Ry (3:26 3,57 2,54 2,16 the 4th line of the Table.

A GREL with a gpatiml (nonplanar) axisy having an uniform
field, should satisfy the condition

£f2
jk cosdlds = 0 (4)

where, ol (ﬂ)‘:fﬂdsﬂmia the turn angle of the principal normal
counted off from a strip W = Const passing through the axis
perpendicular to its normal cross-sections. The curvature of
a nonplanar curve is considered to be positive. For the CREL
composed of three toroidal sectors with angle openings @,
8,=8_, .(negative index corresponds to §<0), it follows
from, (4 %80 + 08, cosel =0 (5)
In case of the 180° CREL composed of three semitori (8 =6,=
=JT), the angle c[o between the semitori planes is appeared
to be equal to 120°. The "dracon" design based on this CREL
as well function of(s) are shown in Figs 4,5.
Equilibrium in & CREL with spatial axis.The displacement of
the plasma cnl\;mn buund:ry Egﬁiﬂfi” the equation[5]:

G = - g80-g2k cos[@-ol ()] (6)
Along the rectilinear sections, k(s)=0, a§ /r]‘u = Const, the
value of this constant being dependent on the integral
Sk cosel ds. Thus, the displesement does not depend on the
stright section length L, if the condition (4) is satisfied.
In this case the maximal displacement (in stright sections)
- € e 301~ Eﬁ)g—g%ﬁ ) oK(e) sind(s) as (D)
Here, © 1is counted off from the principal normal, B is the
CREL length. To eatimate:BGQ, we put ?m-b-a, a=b. Then

Beq=bsin-°%‘ jsk sinol ds (8)

o
The values of B8,, for the slightly different CREL designs
with k(s)=Const, b=1/2k are given in Table 2.

Table 2 -
Type of a CREL 1 d'c r“al:].i
Three semitori 3T /K 20?‘;' 5,75
e een e A R
Helix pitch with toroidal 2,5x/k  192° 7,6

quarters at the ends

Conclusion. Feasibility of a closed trap with an arbitrary
eng of linear sections having rather high B is showm.Ac-
tually, finite B8 and some other effects can limit stright

section length. The problem of stabilizing sections of fan
type used in mirror devices as well as the problem of su-
perbanana particles inside CREL remine to be solved.
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DESCRIPTION OF THE PLASHMA EQUILIBRIUM FOR A HIGH- ﬁ
STELLARATOR

M,I.Mikhailov
"Energiya" Scientific-Manufacturing Association,
Moscow, USSR

V.D.Shafranov
I.V.Kurchatov Institute of Atomic Energy,
Moscow, USSR

Abstract, Recent results concerning =limit in stel-
larators are discussed. Then we describe a method for a
more accurate computation of equilibria in a atellarator.
Threedimesional nonlinear plasme equilibrium equations
are shown to be reduced to a twodimensional form.

Until recently the studies of the stellarator plas-
ma equilibrium and stability have been performed as a
rule uging the approximation in which the equilibrium
equations are lineer with respect to the pleama column
dicplacement, The dependence of the plasma pressure limit
on verious stellarator parameters has been studied by this
approel..ch. The existence of the optimal stellarator parame-
ters at which equilibrium and stability limited‘ﬁ has a
maximum has been confirmed. The argumentation for this is
as follows. A very large aspect ratio stellarator has usu-
ally a high magnetic hill and, hence, a small stability
limited plasma pressure associated with the localized mo-
des. For er_umple.ﬁ“ £ 1% for a straight 1=2 stellara-
tor /1/. A small aspect ratio stellarator can have only
moderate magnetic hill and even an averaged magnetic
well is poasible here, when the magnetic axis is shif-
ted in the direction of the turui&al field decrease. Thus,
there is no essential restrictions on ﬁst /2/. As %o
J’S.,, this becomes lower because the total rotational tran-
sform decreases together with R/a. The intersection of the
curves (R/e) end se(R/a) defines the optimal as-
pect ratio and the maximum attainableﬁm =_ﬁeq =ﬁst'

For an 1=2 stellarator of a moderate stellarator parame-
ters &, , ma/R, A /a the following simple estimate
can be given for R

P _4(,1) (ma)e? )

This value of the plasma pressure is attained at
(E/a)w =8JAl/E}@. Here A  is the magnetic axis displace-
ment, @ is the plasma column radius £and M characterize
the outer helical magnetic field described by the poten-
tial (1=2):

o
%= tm (‘a’”e)&‘mf/w ms). (2
The parameters £, and ma./f?_ in (1) are not indepen-
dent since Ee and the separatrix radius Cg are
clogely related /3/. With the fixed ratio a/a,s. ﬁmn:
can be represented as a function of £, (or ma/R)
only. It can be shown that max 89 & function of these
parameters has o maximum too. For example, for & =@ @g/3
and A/a =1/2 we find that B =~ 4 6% can be attain-
ed at -R/a % 16, £,%0.5, ma/R % 0.5.

As one can gee from the above expreasions (R/a)npt and
particularly ‘Pm are strongly dependent on a permisaible
value of A . In linear approximation, however, we cannot
know the A -value with a sufficient accuracy. Thus, the
mentioned above ﬂ gax 80d (R/a) .. should be conside-
red as estimates only. The importance of a more exact cal-
culation of these parameters requires the development of
a nonlinear (in A ) approach to the stellarator equili-
brium problem,

In general the problem of the plasma equilibrium in a
stellarator is essentially threedimensional. Here we show,
however, that this problem can be reduced to a twodimen-
sional one.

We base on the equilibrium equations formulated in
the flux coordinates P, #, 5 . with "streight" magne-
tic field linea /4/.

‘ / ’ ] ]
§p = (1= 52)9 (74 33)
-V + ﬂ &z 'y S P
A A
= 2
AL AR 20 AT
! r
T+ & = BIr 2.
% T T
Here @y, are the metrical coefficlents, j;I) ﬁ J are
the poloidal and toroidal magnetic fluxes and currents,
respectively; the periodic functions V/4§), /8§ characte-
rize the charge separation current and the magnetic field
potential. )

Set (3) has been used ea:rlier to study a stellarator
behaviour in two slightly different cases: a) a small ma:/fl
but arbitrery € end b) a mmall £ , arbitrary ma/A
Here we consider the second of these cases which cor-
responds to the "ordinary" stellarator ordering:

e: ~ 511 ~ % <<f
In this ordering 9,2/@ ﬁe/ do not depend

on ¥ , meanwhile the nontrivial metric coefficients
of the vacuum flux coordinate systems have the follo-

wing form: ayp

o f 3 po < 3
(?33)v= 5 ) =fPR /f'?vg—éz)

The main point of our consideration is now to show that
the plasma flux coordinate system is connected with the
vacuum one by a twodimensional transformation?

Po=Lop,8) 5 B,=8,(p,8). (5)

Indeed, using (5) we find raadily

95 =(9a), Ly +@e) 8,3 Gus=(@rsho ), 4]
F3=(8x),; V3 = (vZ), (.Pv 8, -5, 5;:)- (8
Here P, T 0P,/dP, f,= dP, /08 « It followa fram (5),

(6), and the last equation of set (3) that

Hence V? :'pﬁ {!_ R._!g ?TJ: )' w

= <2"> 5,,p[:pfﬁv }
b <‘§'>s 8,p %,%P, 3 5’.,]1
(;2..) # 55 L %&.

Here £ ) dennte an e.vez‘aging over g « It is the "gradi-
ent" i‘orm of (g,;)v,(fea) in (%) which allowed us to reduce
the expreas:l.ons in the square brackets to the component
of VJ" . Now the 5 depending terms in Set(3)
are excluded by setting P =2 Jffod- Pd 3’)3 .
VF=L 9P +2% vf

Thus, twodimensional tranﬂfcnmtiun (5) does satisfy equi-
librium equations in the ordering considered and we obtain
twodimensional nonlinear equilibrium equations. This agrees
with the results of papers /5/, /6/ obtained by an expli-
cit averaging.

We can further reduce our twodimensional equations to
a onedimensional form. To do this one should prescribe a
definite & -dependence of P, , &, (5) and datroduce
the parameters such as the diplacement, ellipticity,
triangularity etc., of the average magnetic surfaces. In
this way we obtain a chain of onedimansional nonlinear
differential equations for the introduced parameters, These
equations can be used for more accurate numerical studies
of the problem of the limit in stellarators.
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Equilibrium in a Stellarator. The pressure Limit.
I.5,.Danilkin, L.M.Kovriznykh, 5.V.Shchepetov.

Lebedev Physical Inatitute of the USSR Academy of Science
Moscow, UBS S R

Let us consider some conclusions from recent theoreti-
cal MHD equilibrium and stability investigations for stella-
rator with strong megnetic shear"'.'q These theorsetical ana-
lyses were undertaken in connection with paradoxicaly low
estimations of the @ limit (P= szﬂt) for stellarators® O
snd the necessity to verify limitations due to the so cal-
led "magnetic hill" found earlier in other mrks?'g

Detalled analisis has shown® ' that the above mentioned
low estimations of P are assoclated with particular cases of
unsuitable magnetic configurations, and thorough investiga-
tions of magnetic hill problems indicate’ that the results
earlier obtained are a consequence of exceeding of accuracy.
In the framework of an adequate approach,including all neces-
sary orders cf expansion parameters, the magnetic hill effect
does not produce significent P limitations.

Let us recall that the plasma self-stabilization effect
in stellarators with strong magnetic shear removes P limita~-
tions associated with plasma stability ( more fully described
in our report to this conference entitled "Does the MHD sta-
bility determine maeximal plasma pressure in a stellarator?").

Thus the upper limit of attainable # in considered sys-
tems depends on the permissible perturbation level of the mag-
netic configuration ( i.e. the value of fe ). One can further
see that for even a rough field correction this limit of P
can easlly reach approximately 10 %.

In fact, for toroidal systems with non gzero rotational
trensformation apgle, the maln finite ;5 effect reduces to
sppearence a slightly non-uniform, vertical field componentD,
This component Aisplaces the cross-section centres of magnetic
surfaces ( %ebelsd ‘by mean radius p ) outwards along the major
radius R. of the torus. The displacement-function E(r)is de-
scribed in the sbove mentioned pqparsT'B by linear (in ;,? )
equaticn

() 5[ T2 - pe (VS RIr VB e R VB, (1)
where z=¢" 2%, 2" 18 the contribution of the vacuum magnetic
field, 2¥ is the ohmic heating current contribution,<(Ve)®>
represents the mesn sguare ( for one period of the system )
of the vacuum magnetic field module described by the scaler
magnetlic potential function & |, and primes denote differen-
tiation with respect to I" .

According to papersa' 78 there is some p= P, when f—+=
asp-+p,( see Fig.1 ), but far fromp=p. , & is of the order
of and small, since Pf-‘i . Hence, a posteribri, the se-
cond term in the sguare brackets in eg.(4) responsible for
the growth of E(v) is of the order of F‘ , representing sn
exceeding of accuracy.

Therefore in the papar4 gll the necessary orders in &,

? are kept. One must also include an additional response of
the second order the appearsnce of mean magnetic surface el-
1lipticity. This ellipticity is described by the coefficient
of(r) which is emplitude of the second poloidal harmonic. For
this case, functions g(r) and o¢(¥) are described by simulta-

/
n;.";‘;‘i;ﬁ:,‘.‘}j‘.?ﬁjz =2rRopy/B: (1+ Sufer +5uti= ¥ e + <l vl R, 5 /2gi)-

-rieiR, (- ar e Ta e s SER) L (2)

+e¢r*zr-s.éuf.,/.t:;'V;};ér;g{[i{«:;l’-M s/1(Le A) - 2riz(srize

14 - ' 7

Yra;;‘i:‘)’t SEI‘;;Z((J--:{I"‘?“‘ L A)= Sriree Y/ - 2r ekt (Lib),

E-I0

woere [ * ,".;".;,-,‘. A=z + and #{I')is the function for dis-
placed megnetic surfaces 7
2= (B2 T){ 1~ 572) + 23LA),

(o8 2"+ 0 , egqs.(2) are transformed to those for tokamaksg).
Analyses of (2) give smooth solutions for % ,o¢ only, with-
out any singularities contained in eq.(1) (see Fig.q ). By
means of (2) one can obtain a value of fe= 7.5 % using the
displacement of the magnetic surface with r =4Y%%t0 the edge
of the plasma column a=f+4 Z which corresponds to the lossad
approximately 3/4 of usefull sperture for the L-2 stellarator
faramatars O ¥/R=0.115: 2™ 0.2: 52" 27 2%0, 73 52= 0 ) and
conducting wall” boundary condition at F=g .
This value is less than ~ 25% below that obtained by using
the formula of the wOI'k1 where i, was evaluated to a first
order in , but without the magnetic hill term which
exceeds the accuracy in this case. ;

Thus, the performed snalyses' % confirm that it is
possible to use as a rough upper limit an in stellara-

tor the estimation’
ps pe~ (R.) 22,

which together with the MHD stgbility condition 2 < # g
( see the above mentioned report to this conference ) in
the interval os_Fs Pe ( or “?..Pe) reduce to
@max ™ a“/j‘f

But this estimation too will be exceeded by using a feedback
control system for proper compensation of the main, finite
effect which is the vertical field component B:_) « For in-
stance, if we make use of the approximation AT E;:;i,'rﬁ
then we obt?i.nq Ll Baly al

BP/B0) > g il ™
(" free boundary condition ). It is evident from this reLavien
that by rough compensation of B\P’{wjone can obtain almost
twice the value of Fe ,mainta.{%.ing the strong self-stabi-
lization effect ( magnetic wall ) arising due to finite fa o
For the L-2 stellarator case this could signify the possi-
bility to ettain {se ~710 % or more.

z H

pefer [

Fig.1. Magnetic surfaces displacement function Z(r)versus
« The curve (1-1) follows from eq.(1), the second (2~2)
from eqs. (2).
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DOES THE MHD STABILITY DETERMINE MAXIMAL
PLASMA PRESSURE IN A STELLARATOR?
L.M.Eovriznykh,S.V,Shchepetov.
F,N,Lebedev Physical Instityte. The Academy of Sciences
of the USSR,
Moscow, QSSR.' .

The opinion is widespread, that one of the deficiencies
of a stellarahur1)is the small value.of B= (p-is plasma
pressure, B-magnetic field), limited by the MHD-stability
condition of plasma.

Really, if one takes into consideration the criterion of
stability for interchange modes L y which was derived neg-
lactl.ng.a]_'l. effects of toroidality, then maximal pressure
16 determined by the value of shear end appeares to be, rather
small,For example, for the L-2 (USSR), with £ = 0.2 +0.7 g—t
N/ng= 7 (where ¥ - is rotational trensform crested by  ©
external helical field, N - number of periods of helical
£ie1d, Mo= helical multipolarity) O max < 1%.

However, according to the peper 2 , in stellarators with
planar circular mggnetic axls and large magnetic shear, to-
roidality leads to improvement of stabllity conditions feor
interchange modes, while [> increases. The mechenism of
such a self-stabilisatlion can be clearified by Following:
displacement of the megnetic surfages under the action of
magnetic fields, created by diamagnetic currents, occurs
in the direction of increasing of major radlus of torus.

If 't"/t‘>0, then line of magnetic forse passes quick the
region of unfavorable curvature (on the external part of
torus) and is delated on the lmtermal part of torus.

Tor example, it cen be shown, that for systems without
ohmic heating current and with large magnetic sheer (for
simplicity we suppose, that helical field is described by
the scalar potencial, depending on poloidal azimutha and
toroidal azimuth s for the comblnation h,,% - Fs) the stabi-
1lity criterion, derived in tuy paper 2 y 1s satisfied un-
der any B, if:

6Nt Vno + 2 08" % 4 R4+ 28R /0,080 +43 (o

where: £, =By/g,» Re- is major radius, B - correcting
component of vertical field, B,- toroidal field at the axs,
and we substitute 4" = AL tzlﬁ% 5 P PoY( i-t"/a":D.
For systems without shear the critarion of the inter -
change mode stability does not limit maximal preseure if:

AN /g 2€%< 4D @

1.0, for stabjlity it 1s necessary to creat the vacuum
magnetic well. e

But the criterion in the paper wes derived in o first
approximation to g/a., i.80 1t was assumed that averaged
over § magnetic surfaces are the system of nonconcentric
tores( ¥ represents displacement of magnetic surfaces).
So this approximetion is valid at R<<t*§ F=awp, .
TPor more strict sblution of the problem of determining
meximal Plasma pressure it is necessary to use the higher
order terms of ¥ /&o, including the ellipticity of ave-
reged magnetic surfaces, described by the parameter d,n-f'a
After this the stability criterion takes form >

o= G + ®2)[ Qar W) >0 (3
O, = <(VEFS RL /228, - PR R a3t

¥ (4)
4 Ro[@ 522Y /2] + £ - (RL-TD /2t

ﬂBelow we shall mean under a stellarator the installation
with plenar clrcular geometric axls, where the rotational
transform 1B created by the set of helical harmonics, ap-
peared due o externel copductors (including so-called
torzatrons),

Wy = i—; €'~/ + e/ 4 3%%R) ~
-2 [a0ge)- 352 /mILyA) -

(5}

- £ (Regde 2942 + 229l )« (L3A) - 2 P Al

2 Ry
+ Re [TV 3 92 pote'/a - 293 (LAY k] +
E%{ B%:[a\g Fd ; Yty n]
2 (e
» LS Tagtns vge) + [ TR 523
-]
where: '2 is displacement of centers of magnatdc surfaces
in vacuum, - 18 potencial of helical magnetic fleld,
Lmitﬂg{lm, he‘ﬁg‘, 4 - is total rotationel trans-
form on displaced magnetic surfacesf=({ +t‘)(1-?'3£)-§‘(’-24)
{‘-"— descrives contribution of ohmic heating curremt,
&+.++p mepns avareging over period of system. While
W, = 0 {Lie. nonlinear terms are vanished)'(3) becomks

equal to criterion derived in the paper 2 ¢ tne detail
anplusis (3)~(5) is possible only by computer methods,

Howevr, one can make sufficiently simple estimaticns. For
sxample, wnile £° = 0, £¥@=1"(0)+AL" 7 i at® s> €p)
one can show that the nonlinear terms lead to addltional
stabilisation, in particula.r* atb 'the plasma colum edge,
where destabilasing tern~d(¥QTY 15 medinal.

S0 1% is possible to conclude that while REED the
nonlinear terms don't practlicelly change the stabllity
condition (1).

As the stability criterion with rospect to ballooning
modes in a stellarator without obmic heating 34 unlike
a tokamak is less ntringent 2*° tham the oriterion (3)
(‘t“/t"‘ﬁo !) then for not very long systsms ( as the
transform angle increases almost proportionally to R,)
the maximal pressure, within the model considered, is not
limited by ideel MHD stabllity condition (see formula
(1) end (2) )

Consequantly for stellarator systems with planar axis
and large shear, the maximgl pressure is determined by
it's mpximgl vplue due to condition of equilibrium ?.
which (while condition (1) is satisfied) can be equal
to ™A/ for the systems under consideration.(see de-,
talls In the paper by I.ScDanilkin, L.M.Kovrianykh, S.V.
Shehepetov " Equilibrium in a stellarators The preassure
limit " presented to this conferemce).
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THE DISTINGUISHING FEATURE OF PLASMA HEATING BY HIGH
TURBULENT CURRENT IN "URAGAN-2" STELLARATOR

N.F.Perepelkin, V,A.Suprunenko, M,P,Vasil'ev, A«S.Slavny,
A.V.Arsen'ev, A.G.Dikij, V.C.Konovalov, V.D.Kotsubanov,
A.E,Kulaga, A.P.Iitvinov (Kharkov Inst,of Phys.& Technol.,
Ukr.Acad.Sci,. ,Kharkov,USSR

%SI%M- In thestellarator the plasma turbulent heating

8 been performed by a short powerful current pulse with-
out violation of plasma column equilibrium.The conditions
of heeting and its efficiency have been investigated.

In the stellarator "Uragep-2" the turbulent heating of
a plasme has been performed by e powerful current pulse
of 20 kA, 200 V, 0.5 ms in the field H,::ZO kG, Two~compo-
nent ion-hot plasma has been obtained where the tempera-
ture for 90% of particles is T,=0.3 keV and for 108 Ti=
0.75 keV.A celculated value of ion temperature which co-
uld be obtained in an ohmic discharge at Coulomb collisi-
ons is T;=0.13 keV.The angle of rotational transform at
plasma boundary reached 0.'];1-1.(&:1.7. Catestrophic viola-
tions of plasma colwm equilibrium were not observed.
The threshold nature of ion heating from electric and m-~
gnetic fields end complicated dynemica of microprocesses
in the turbulent plasma for W, > W, aTe likely to be asso-
ciated with the nonlinear stege of ion-sound instability
[1].The ion hemting is shown not to be associated with
the effect of quasi-stationary run-away of electrons and
excitation of "fan" instebility.A high level of stationa-
Ty noises near ion plaema harmonicey and 2Wp resulted
in traepping of fest electrons by microfields.

The plots of ion heating and run-away electron hampe-
ring versus the electric ‘field for constant density of
6-1012 clu"3 is given in fig.1. The energy of accelerated

i electrons £; is seen not to depend

=, m;.m,......’ on the electric field, while the ien
/e
3o s | temperature TU growa linearly with field
2

Ak

[ E beginning from the thresholdE,. =0.056

gqjé V/em (crosses:with pre-ionization, circ-
les:vithout pre-ionization of & gas).

E”g ] A regime of free acceleration in the

Y stellarator develops in a slightly ioni-

== zed plasme at low electric fields E<Em.-

u F Vel ¥ e high field E~Ep, the electron run-

Fig.1 avway is suppressed. The energy spectra
of ions are characterized by two-temperature distributions
(fig.2). The number of particles end their energy grow
strongly with the magnetic field‘ T{"‘Hi"‘l'Hz i

The electron distribution function for such discharges
is non-lexwellien. Due to hot electron trapping by micro-
fields it is observed the combinative aspectrum of the ey~
-— ¢lotron harmonic rediation 2e), ,

[ "2

E ;aﬁ and in plasme resonance conditions
L;_é. I %)g: ;(c: 2Wpe =W, , AW =0 there appears
g\ gf;ll.ﬁcm.c the modulation of hot electron

flux into & target in plesma Pﬁ‘

04 | (€e - 10-20 keV under maguetic
field change (fig.3). The hot el-
ectrons temperature obtained from

Doppler broadening of cyclotron

A , 1
i 2&“" radiation line 2w, is T,',--S—-B keV
Pig.2 dn fig.3 the shaded region is the

E-12

| broadening of 1.5% due to magnetic

g field inhomogeneity in the race-
3 | track), Por the bulk of electrons
at g
f there is & great disagreement bet-
I

ween laser and microwave data. In
particular, radiation intensity
P,_‘_,u glves To =250 eV, according

% to leser measurements T, = 90 eV.

g However, because of above-mention-
Fig.3 ed anomalies due to the great dis-

turbance of electron distribution function and particle

trapping, it is rather difficult to evaluste the errors

without a detailed inveatigation of distribution functi-

on itself by other methods.

At the plasma edge strong magnetic perturbations have
been observed by means of en open single-turn probe. The
characteristic of these signels is shovm in fige4. The
integration constant for the signals
is as follows: 3- 400; 4=~ 100p 8, =
the dashed lines indicate magnetic si- - 0

gnals of a current field beyond plas- 4 ?g
L
mi. In experiments either "dismagnetid = m &

(shaded) or "parsmagnetic" perturbati- J“E
ons in & plasma were observed which = hm -
eppeared at an instant of high densi- mm
ty depression and depended on tuning 50 e
of a helical magnetic field and pro- Fig.4

be position. In the high current regime (15 kA, 15.8 kG,
in fig.4 the density depression moment

‘é is indicated by the arrow) the appear-
& ance of a "diamegnetio" signal -aHz ge-
o

='1;_ pended on tuning by a helicel field to

ar

resonance .= b°+‘t,‘l‘=1.5‘. For low curr-

ents (2 kA,7.2 kG) only e "diamagnetid'
Fig.5 signel appeared which, as shown in
fig.5 (broken line),was also (as well as X-radiation sig-
nel from the target P; ) highly localized on a redius at
tuning to resonence £,=0.5, The dependences of "diamngne-

10 tic" amplitude on the summation
$ angle ¢; at tuning by the helical
H field are given in fig.6 for two
D;" - 2 various conditions“’:g/un =1 and 2,
1%7'. P Thus along with the ion heating
05

B ts e awniegiy perturbations,in the
Fig.6 turbulent plasma magnetic pertur-
betions on rational magnetic surfaces have been detected
which correlate with X-ray signals of hot electrons bomba-
rding a target in plasma resonence area.Thé mnalysis shows
the energy lifetime of hot ions to be 5-6 times lower than
the value eatimated from neoclassical theory and to be

« 40 r Be
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NHD STABILITY OBSERVATION OF HIGH BETA PLAStIA
IN WOSIFIND BUMPY FIELD

A.Sekine, S.Shiina, Y.Ogura, K.Saito, Y.Osanai,
Y.Hogi, H.Yoshimura, J.Todoroki,S.Hamada

Atomic Energy Research Institute, “ollege of
Science and Technology, Nihen University, Tokyo,
Japan

1. Introduction

Fodified Bumpy Torus had been proposed to confine a
hich beta plasma in the closed magnetic line system con-
taining equal amplituded and -£ mdgnetic fields and rela-
tively largef =% 1 field component(1l}. So far the sector
experiment in [.BT had showvm that the confined plasma was
in a stable equilibrium during the observed period limited
by a ion transit time from the midplane to sector ends(2).
Recent theory on the basis of a diffuse plasma boundary,
finite surface distortion to match the observed plasma
shows the existence of equilibrium in largef = X1 system
and the' improvement of the stability over that predicted
by a sharp boundary, small surface distortion theory(3),
due to magnetic-well stabilization effect(4). Here, the
long wavelength m=1 mhd instability in the magnetic config-
ration with{ =0 and £ =12 fields and withoutf =x1 fields
is experimentally studied with the aim of confirming indi-
rectly the magnetic-well effect through comparison with
the observed stability in sector experiment.
7. Experimental device

The linear theta pinch mechine is operated with the use
of the same condensor bank as in sector experiment. The.-
averaged magnetic field is 10kG in the rise time of 2psec
and decays with the time constant of 40Opsec. The coil
lensth and innerdiameter are~2m and 8cm respectively, which
are the same dimension as sector coil. As shown in Fig.l,
the magnetic configuration composed of £=0 and £=%2 fields
is generated by modifying the initially applied bumpy field
with two symmetrical conducting shells. In this figure, @, ,
6, (=L -0,) are the angle of each shell and ¥ is shell radi-
us. The magnetic scalor potential, +i. , in this system is
given by following ex ression,

$, <Bez + P{T.(a0) + 3, Y u,(zi—l)'coato}in(hz), (1)
BB /{1 - (brsf log|cosu:|"} '
o,=coa’@, -1, etc., o =t=1++=0,

where By gives the modulation amplitude of the longitudi-
nal vacuum magnetic field on axis, Bg(0)=B,+ Bycos(hz), By
the modulation amplitude of initially applied bumpy field,
og the coefficient of %R -th_field comnonent, and I, the
modified Bessel function of order zero. Then the megnetic
configuration generated is composed of £=0, £2, etc. and
does not include £ =£1, %3, etc. fields. Since 0, -35., h=
0.285/cm, ry=6.3cm and the mirror ratio on axis of initial
bumpy field,Rm=1.B5, in the present experiment, By/B,=0.182
y #y=0.341, The predicted value of By/By 18 found to be
nearly equal the observed value.

%, Experiment results )

The plasma stability is measured from axial direction
by means of high speed camera and Ruby laser light Mach-
Zehnder interferometer. Vacuum balanced loop-magnetic probes
rolled around discharge tube are used to measure the mag-
netic flux excluded by the plasma. The excluded flux in
conju.ncfion with the plasma radius as determined by the
Hach-Zehnder interferometer allows the determination of §
value. The initial filling pressure of hydrogen gases is
fixed to 1Omtorr. Experiment is carried out in three types
of magnetic configuration, that is, thet =0 + {=%2 field,
the pure bumpy field(no conducting shell), and the straight
field. In the £=0 + £=%2 configuration, the plasma begins
to move toward nearly vertical(y-exis) direction in the
time .of ~4psec after discharge starts. In this time the
plasma cross section is vertically elongated with the
ellipticity of 1.6 defined as the radius ratio in x- axis
and y-axis, the averaged radius is l.5cm, and the averaged
g value is 0.7. After then, the plasma displaces to tube
wall with the drift time of 2+3 sec, elongating the shape.
In the pure bumpy field with By/BpO.3, the plasma moves

toward horizontal(x-axis) direction with the drift time of
-1.5’sec, which is somewhat fast compared with that in the
2=0 + £=t2 field. The shape of plasma cross section is
nearly circular, the averaged plasma radius and § value
are the same as in the £ =0 + £ =%2 field. The excluded flux
decays faster in both field configurations mentioned above
than in straight field. In straight field, the plasme drift
is not observed during the period of ~1Opsec, after then,
the plasma shape is deformed rotating around the axis, just
likely m=2 rotating instability.

4. Comparison with MHD theory

In this section, the observed plasma drift is compared

with the long wavelength m=1 mode predicted by FID theory
assumed a sharp boundary plasma with an arbitrary, but
nearly cylindrical shape. When the plasma surface is ex-
pressed in the form r=a(l +7¥ §,cos(28-kp), the disbtortion
anplitude normalized to mean plasma radius a, § ,is given

b,

Y e b/2(1-p),  Ge=2ba/hal2-p) (140, ba<e 1), (2)
according to a sharp boundary model. The coefficient b,

is the modulation of the longitudinal vacuum magnetic field
on axis and b, is determined by Fourier analysis of the
radial vacuum magnetic field on r=a, Br(a)/B,,=-2; by *
cos(20 )sin(hz). In the present experiment, b, =By/Bo=0.182
and b, (=b,)=-b,(ha)¥;/8=0.003 using the measured value of
a=1.5cm. From eq.(2), §,=-0.30~0.11, §,(=§,)=0.012~0,009
, 8t p=0.7~0.2. On the base of a sharp boundary, small SL
model, the growth time of long wavelength m=1 mode is pre-
dicted to be 2.6~ 7.2psec in horizontal direction and 2.1
~5.Busec in vertical direction, atp =0.7~ 0.2, neglecting
the smaller surface distortion of § for Il =2 4 and using
Alfven speed of v, =1x10’cm/’aec. These predicted growth
times agree well with the experiment results, in the points
of the plasma drift time, the direction of plasma drift,
and the configuration dependence of Arift time.

5. Conclusion and discussion

On contrary to the linear plasma, the sector plasma
does not show the plasma drift during the confined time
of ~15usec, although the straight forward application of
a sharp boundary, small § model to sector plasma leads to
nearly same growth time as that in linear plasma. The com-
parison of the observed stability in linear and sector ex-
periments gives the indirect evidence on the existence of
the stabilization effect due to self-magnetic well for-
mation in the sector plasma with finite 2 =t1 surface dis-
totien , which is predicted by the recent theory based on
e diffuse boundary, finite & =%1 distortion. Then the self-
magnetic well effect will give the most likely explanation
of the observed plasma stability in sector experiment and
enhance the confinement time of high beta plasma in MBT.

It is pointed out that any system which the dominant
fields are t& fields has a Z independent force of the form
cos(220), which causes a long wavelength m=2 mode, then
does not produce the well-confined equilibria(5). This
force is not clear in both linear and sector experiments.
The diffuse boundary theory mentioned above predicts that
the self-magnetic well has the stabilizing effect also
on long wavelength m=2 mode as well as the m=1 mode.

Bumpy Coil
\{:

(1) (2) (3}

Fig.2 Mach-Zehnder inter-
ferometer photograph
: (1) is taken in
straight field, (2)
pumgg field, (3)E=0
+f= fields, at t=
4 sec.

Fig.l Scheme of linear Device

Fig.3 Excluded flux in straight
field
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BASIC STUDY OF AN OPEN ENDED NON-PLANAR MAGNETIC AXIS PLASMA
CONFINEMENT SYSTEM (ASPERATOR NP-01)

Yukihiro Goto, Shin-ichi Tsuchiya and Shigeo Nagao
Faculty «f Engineering, Tohoku Univérsity, Sendai, 'JAPAN

ABSTRACT . Basic, study of Asperator NP-01, which is an open ended mirror
system with a helical magnetic axis, are descrived. The magnetic configu-
ration of Asperator NP-01 has been calculated by an electronic computer
and investigated with electron beam. Experiments of plasma injection in=-
to that magnetic configuration have been made to clear plasma behaviour
in the helical magnetic field.

INTRODUCTION A magnetic field system with a non-planar axis is a de-
sirable field configuration for plasma confinement, because it has a set
of ncsted magnetic surfaces without plasma current. Theoretical problem
of MHD equilibrium and stability of plasma in the system with non-planar
helical magnetic axis have been investigated in detail for a long time
n 2’. However that devices of such system are fairly complex in the
astructure and plasma confinement investigations are very difficu.l:a) 4).

In this paper, the basic study of Asperator NP-0l is described. This
device is an open ended mirror system with a helical magnetic axis and
has a good helical symmetry. So the field analysis is more simple than
toroidal system. A toroidal system with a closed magnetic axis differs
basically from this systel with an exactly helical symmetry. It is inter-
esting to point out that Bhe basic properties of an open ended system is
not very much disturbed by the introduction of toroidal curvature when
the curvature k of the helfcal magnetic axis is larger than the toroidal
curvature Ua”.

The term of magnetic surfiace will be used here although that a large
number of force lines with a rotational transform in the open ended
system forms a configuration similar to the magnetic surface formed by a
single force line in a closed system.

DEVICE The helical region of the vacuum chamber has been made by con-
necting six 16"¢ stainless steel elbow tubes with 45° central angle per

one pitch. The vacuum chamber is shown in Fig.l and device parameters are

shown in Table 1. The insulated wires have been wound 47 turns per one
elbow directly on the vacuum chamber as the main field coil. Moreover

1231f1anga(D=210, T=11)

Fig.l Helical vacuum chamber of Asperator NP-01

Table 1 =
the helical stabilizing able 1 Device parameters of Asperator NP-01

windings of @=1, 1=2 and Radius of vacuum chamber Tin 0.130 m
I=3 have been wound on Fiut 0.134 m
the main field coil. All Number of nelical pitch N 2
coils are excited by Radius of axial helix Ty 0.191 -_1
condenser discharge cur- Curvature of axisl helix &k 2.625 ‘-I
rents. For the plasma Torsion of axial helix K 2.625 m
injestion, cosaxlal gun oSeh of sxiil halix L 3.38 =
has been used. Mirrer position lsngeh n, l.oo m
VACUUM FIELD conprgy. ~ L°itudinal fleld B, 1.05 k6
Half period of B_ 1/2 6.00 msec

RATION The value of
main field By has been calculated by means of superposing the magnetic
field produced by a current loop of each turn coil. The field produced
by the helical stabilizing winding currents Ij, I; and I3 have been cal-
culated by Blot-Savart's eyiation. The magnetic field of this device is
described by the sum of the fields produced by the main field coil and
the helical windings. The main field distribution of cross-section at
the helical region was measured by a magnetic probe. The measured wvalue
was about 9% smaller than the calculated one. That difference is caused
by the skin effect of the ductive vacuum chamber wall.

The lines of magnetic force are obtained by solving the differential
equation (1) with Runge-Kutta method.
dx/By = dy!By = dz/By (1)

These results.were calculated by an electronic computer.

E-l14

The trajectories of the magnetic lines of force to v-B plane are

Bﬂ@ ¢ &8 . a"e
“ﬂ v oo
"

(a) Ip= Iy= 0 ) T e A

Fig.2 Magnetic surface profiles ( Bg=1.05 kG, I;=0)
shown in Fig.2. From this results, the rotational transform angle with-
out helical winding fields is determined to about 270° per ome pitch.

It was recognized that {=1 helical field displaced the location of
the surfaces without the distorsion of its sharp at the direction v. The
difference between the helical axis of the device and the helical magne-
tic axis is only 11 cm. So {=1 helical field was not used in this study.

The other hand, an electron gun with crossed filaments was used to
determine the rotational transform angle and the shear of the field lines
experimentaly. The electron gun was placed at one side linear,region in
the vacuum chamber. Displacement of electron beam was observed by means
of fluorescent screen which was fixed at the another end of helix.

Some experimental results are shown in Fig.3. The mcasured rotational
transform angle per one pitch without helical winding field is between
270° and 280° and there is little shear. This result corresponds to the
calculated one. As can be seen from Fig.3, there is a finite shear on the

magnetic surfaces and the shear increasss with the helical windine field.

(8)X1=I2=I3=0 (b)Iz=Iy=2 kA (c)Ip=I3=3 kA (d)Ig=Iy=4 kA _1..
Fig.3 Displacement of electron beam on the fluorescent screen )
Moreover, specific volume U(v) were calculated for mamny cases with-
out and with helical winding fields. Average welldepth profile without
helical field has a magnetic hill. Though the profile with appropriate
helical field has a well. The welldepth for the case of Fig.2(b) is
about 2%.
PLASMA INJECTION EXPERIMENT The experiments of plasma injection Into
Asperator NP-0l1 have been made to clear plasma behaviour in the helical
magnetic field. Used plasma source was a co-axial plasma gun which was
mounted on an end of the device. The radial distributions of plasma
density at many position of helix(A/4, 3A/4, 5\/4& and TA/4) were mea-
sured with floating double probes. The current signals of double probe
have been converted to light signals with photo-diode and transmitted by
light cable and inverted electrical signals with photo-multiplier. So
oscilloscope has been decoupled electrically from the double probe.
Injected plasma into the magnetic field with non-planar magnetic axis
were -ethI:tEd to progress along magnetic line of force as a result of
short circuit effect of the conductive end plate of the device. It was
made sure that a part of injected plasma from one end of the device
arrived at the another one. But the plasma was reduced markedly and it
wag difficult to Ffull the plasma in the chamber uniformly. Maybe, that
reduction of plasma was due to-drift across the magnetic field by colli-
sion of plasma particles and neutral particles which cewe from the plasma
gun, So it was not yet to clear the effect of helical winding fields.
CONCLUSION  The properties of magnetic field with open ecnded non-planar
axis have been investigated in detail with the numerical calculation and
with the experiment by electron beam. It was vecognized that the rotation—
al traneform angle of this device without helical field was about 270°
-per one pitch and there was litrle shear. Superposing appropriate helical
field, the profile of specific volume has a well and there is shear. More-
over, it was sure that a part of plasma injected from one end of the device
progressed along the magnetic lines of force and arrived at the another one.
There is a achedWle that the plasma source will be inproved to clear
the plasma behaviour in the helical magneric field.
REFERENCES 1) C.Mercler: Nucl. Fusiom, 4, (1964) 213,

2) V.D.Shafranov: Hucl. Fusion, 8, (1968) 253.

3) S5.Nagao et al.: 7th Symp. on Eng. Problem Fusion Research,1(1977)841.

4) Y.Goto et al. : 9th Europ. Conf.Controlled Fusion & Plasma Phys.1(1979)
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5) Y.Funato et al.: Plasma Phys. 22 (1980)545.
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ANOMALIES OF LASER BEAM PENETRATION AND ABSORPTION IN THE

NONUNIPORM PLASMA ABOVE ITS CRITICAL VALUE

N.S. Erokhin, 5,5, Moiseev) V.V. Mukhin, V.E. Novikov,
R.Z. Sagdeev‘
Ingtitute of Physics & Technology, the Ukrainian Academy
of Sciences, Kharkov 310108, USSR

There are three competing processes responsible for
the energy absorption of a laser beam in the target's plas-
ma corona: Coulomb collisions, J_.inaar transformation of the
obliquely incident plane-polarized electromagnetic wave in-
to the longitudinal one, and parametric mechanisms [1].
Unfortunantely, it is impossible to interpret main experi-
mental data unambiguously, since with the parameters atizin-
able at present (laser power, collision frequency, etc.)
these date lie within the applicability region of the three
above-mentioned processes. Therefore the investigation of
the energy absorption in the transition region presents
a great interest. We show in this report that the conside-~
ration of {ransverse dimensions of the wave beam, viz.,
diffraction and nonlinear refraction due to plasma disple=-
cement out of the axis region, changes qualitatively the
picture of a laser beam propagation in the inhomogeneous
plasme and the correlation between the competing processes.
It is found that a significant incremse of the collisional
abgorption may take place at moderately high laser powers.

Let us consider a normal incidence of the axisymmetric
TH-wave bunch of radius @ on the plane-laminar plasme

with the density Ng= M, ( 2 )**. Here, to simplify the cal-
culations, we assume the beam to be of & Gaussian type.

This assumption does not effect the obtained results sig-
nificantly. Taking into account th&t the transverse ponde-~
romotive force exceeds the longitudinal one in the region
of intereat and that the siriction effect has some time to
become sufficiently large for achieving plasma transparen-
ce, we obtain in a stendard wey the following equations
for the longitudinal refraction factor N;= cK’/‘D and
for the dimensionless beam width :‘!:(2) 5
2

Ni=€ e+ %ﬁ - —4-2; Eotz)=1 — Hoz)

en 2 He@w) (1)
(@M% ) - L - 2 ey .

d2/7 P P fre?
where ol = z%u) is the diffraction parameter; e=£‘+i£
2

is the nonlinear dielectric function of the plesma;
A= Wn’ync.r is the nonlinear parameter; W/_the energy
density at the beam axis., It is importent to note thet ac-
cording to [ 2], the nonlinear term was taken into account
In the expression for the longitudinal refraction factor.
This term is responsible for the existence of the conditi-
one for laser beam propagation beyond the linear reflectim
point. The analysis of equations (1) shows,before all,that
for the laser beam of finite radius, the roots of the equa-
tion for the refraction factor A/z never cross at the real

axis. Consequently, there will be no jump of plasma demsity

-"Ixmtituta of Spece Research, the USSR Acad. of Sciences.
*See p.1. Propagation and a-lr-focusing of the wave TE
bunch without absorption was considered in [2].

in the region of the laser beam propagation, which is in
contradiction with [ 3].

The energy absorption of the laser beam along the pro-
pagation way is described by the equation d %f3= ?é)’s;.
The damping decrement value is determined by the group de-
celeration & = “’53/1;- r 15 = Cl\é. Henoe, the rate of
collisional ahaorptionincrensea considerably in the plasm
region where the group deceleration (c/'Ué) is maximum.

The total absorption depends naturally on the dimensions
of this region,According to the linear theory [4], the col-
lisional absorption concentrates meinly in the vieinity of
the reflection pomt end approaches (@ = 1 — EXP( _._Ez)
vhere 2 -% | E/JE l is the typiecal scale of the
plasma density veriation. In the case of a self=focusing
laser beam, the region of the large group decelersiion cun
extend beyond the linear reflection point. The optimal ir-
radiation regime is observed with not very high energy
flows S! ?VLX/L‘)CH-,T end the beam radii Q -~ Jachgﬁe.

The laser beam under the regime considered goes beymd
the linear reflection point without narrowing and then it
gets focused. The diameter of the focal spot muy be found
if one takes into account the diffraction and nonlinear sn-
turation. So the laser-beam energy absorption equals Q
before the linear reflection point, and it is determined uo

eKP( 2LEVILA)1n the supercriticel plasma. liere we tuke
}L = [).5('1/“L In"@/}‘) We obtain, for example,M =2.24 for

O =/ and the third barmonic of a neodymium leser ZA =

:1.8'103. Thus, under the optimal regime, the role of the cal-

lisional absorption increases as the laser beam wavelength
decreases Y~ u.)z. Ea-\,La (nainly due to the contribution
from the region beyond the linear reflection point of plae-
ma). At the same time, the role of paremetric mechanisms
and resonance absorption will decrease due to the reducti-
on of \’!/nq.r and A/L ‘.

Note that, in addition to the collisional absorption
with a laser beam going beyond the linear reflection point,
the resonance absorption will contribute to the beam energy
dissipation both at the front of the beam [5] und };t ita
laternl surface. The collisional absorption will be leaser
for more intense laser beam levels, but in this case one
may expect the formation of focuses before the linear ref-
lection point, which, nccording to [6.71. increases the
role of parametric mechanisms.
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It should be pointed out that if L /), increases, the
role of convectional decays becomes considerable in view
of a quasihcmogeneous character of the supercritical regiaw
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TNTERACTION OF THE INTENSE FOCUSED REB WITH DENCE FPLASMA bremsstrahlung nature [5] Using the corona-model equilib-

rium of the plasma ionization states [l&] for the ion con~

K.V, i M .G.Kalinin, Yu.i.
Chickin, Yu.M.Gorbulin, Yu.G.Kalinin, Yu.A.Markov, centravion 1o Kz (z)... 0,5 region one cen obtain

A& .Yu.Shashkov, V.i.Skoryupin, D.U.Zlotnikov, o 8
' IR Ny =3.43x10"xVen(1/04-K) /LT
Kurchatov atomic Energy Institute, Moskow, USSR where L is the effective plasma size along the incident
beam. The typical value of N 1s ~ 10" - 10791 /cn?.

’ .
The: experimental. (Fesidts’ Of Soousiugsoh amtenge:; JE The VUV intensity distribution in the focal spot is

and heating of the thin foils are presented in this paper. giobted dn Figi3; thscurve sarrespmiing bo bhe tine of

The experiments have been carried out on "Mirage" accele-

#D e 2 & 8ignal maximum. This curve and the signal from absolute
rator |1 |. The cathode which h been d in "Ang "
. [ ] q B =i ave, been applis arg 1 calibrated VD allow to define the maximum radiation tempe-

[2] was used. The following parameters were obtained in

. rature more accurately then before. It reached 30 eV gnd
the focusing regime: the focal spot current density J”“

o m/cmz . emempiimadptbial dn: dloda & « 8 i, poven- that approximately corresponds to the energy value Efoi!

) 5l101_1w’w1th g it i Areeasam et S ;M il (Fig.1) deposited in anode foll taking into account the
b "magnetic stopping" theory [2].

el 1015W/cm2. Topieeloscillopras breatied:ly eigi- Apalysis of the shadowgraphs shows the unsymmetrical

tal calculator are p-esented in Fig.1.
& 18 character of the anode plasma expansion (Fig.3). This fact

One must note that the absence of the delay between
ar can be explained either by pressure of the magnetic field

the current and the voltage front as well as a greater ra-—
= i & & of the focal spot current or by pressure of the low dence

te of increase of the current as compared to "Angara 1"
€o ease € © D hot plasma in diode gap which is transparent for laser

tak lace. ipparent. it is due to the existence of the
£ PLEce: PR e = g light. EKnowing the concentration and expansion rate of

hort but sufficientl; te voltage pulse as well as
e HELEBAT EReate RES Zme plasma one can eatimate that this pressure is —..109 - 1010

to th t t s of th 1t front.
° ® BT EERcpLedd O = SRR d:Lu/cmE. This pressure is corresponding to the magnetic

With the help of X- inhole camera with space-reso-
N * Hesg TR pIRoLe ere Rt field H ~ (2 - 8)11059 or to the pressure of the low

lution 300/.4111 the time integral measurements of the beam daiies Het BlAAHA wiLH nTr-— _1021 . 1022 e‘I/cln5

focal spot size were carried out (Fig.2). The plasma radi-

ation along the diode axis was detected by light streak ca- 1. D.M.Topdynex u xp. BONILOCH aToMEoH Hayu ¥ Texmumm,
mera (Fig.4), which consisted of the time-delay analyzer Cepma "TepMoanepEMi cuutes", 5.2, 6.84-90, TO79,
cascade and microcanal plate (MCP) brightness amplifier. 2. M.V.Babykin et al. Proc.m—rd Int.Top.Conf. on High Po-
The time resolution was 2 na, the number of resolved ele- wer Electron snd Ien Beam Research and Techn. v.ﬂ, D
aents was about 40. 499, Novosibirsk, 1979.

The vacuum ultraviclet (VUV) image of the focal spot 3. f.B.Bexsmorwd, D.I.Paftsep. DusNRa yHapHHX BOJH B BHCOKO—

TEMIEPATYPHEX TRAPOIMHEMEYOCKHX sBmeHmw:, M, 1963, c.2I3.
camera, MCP served as the photocathode of the latter. The 4. D.Mosher. Phys,Rev., A, v.10, p.6, 1974.

was formed by the pinhole camera and detected by the streak

absolute intensity was measured by vacuum diode (VD) [2] yUey)
The impulse (7 = 10 ns) YAG:Hd>* laser with fre-
quency multiplicators (;\m = 1064 nm, X2m= 532 nm.l"w =

266 nm) was used to sound the dicde gap and the space be- Plw)

b

hind the anode foil. The gap irage was rormed by lems L 3 ;
Z

"

(Fig.2). The system operated in the single exposure regi- 4
me. The simulbtaneous three-wavelength shadow-graphs were XRAY,
uy
obtained. i)
Hunerical estimations and experimental data enable 4 :
one vo consider that the shadows on the photographs were ‘Dﬂc“"m :‘
due to the absorption of the laser light, One can define I
I3
the plasma temperature knowing the apace distribution of ?' 1
Lg,
the abaorptence K2du(z) for wavelength 532 nm snd the ab- g g" 3
solute intensity of the radiatlon ngﬁ')at the same wave- y ks g
length:
XRAY PINHOLL CAMERA
-— LD,
Boul®)/ Kpw(Z) = Toup (T(Z) , @ e ANODE
where Izm(-r{z»is the spectral brightness of the blackbody Sl SO T W
STREAK CAMLAA FOI L
radiation at the frequence 2(..\) It is essential that this L P Lz LIGHT

STRIAX

equation is independent of the absorption mechanism. In CAMIRA

CATHODE |
sz(z)-(i region some space averaged temperature along the
incndent beam is calculated. If ng/z):f, then the aur- \"k\ﬂ ?_, 4
face temperature will be obtained. Apparently thus deter- /f tg-

mined value must correlate with the temperature measured

by VD. If the temperature exceeds the quantum energy of

the leser light, the absorption has mainly the inverse




ELECTRON CHERENKOV HEATING UNDER PARAMETRIC

INSTABILITY IN SPATIALLY INHOMOGENEOUS PLASMAS
V.P.SILIN, V.T.TIKHONCHUK

P.N.Lebedev Physical Institute, USSR

The pla3ma heating under the powerful electromegnetic
radiation action is ccanected, in perticular, with the ex-
citation of parametric instabilities. The detailed estima-
tion of the parameiric absorption rate exists now in a ve-
ry idealized model of a spatially homogeneous plasme. In
the present paper estimations of absorption rate and ele-
ctron heating are obtaipned in reslistic conditions of spa-
tially inhomogeneous weakly collisional plasmas, when the
mesn free path of electrons ie large enough compared with
the scale length of a density inhomogeneity.

The problem of interest consists of several physicaelly
different but mutuslly connected subproblems. The first -
is the level of the nonlinear saturation of perametrically
induced lorgitudinel Lengmuir waves. Amplitudes of these
Langmuir waves are determined by the waves convection and
nonlinear decay interaction. The intensity of Langmuir wa-
ves in the instability reglon determines the part of the
pump wave flux tremsformed into Lengmuir waves flux. This
problem was coneidered in detail, see, for ex., ref./1-3/.

The next problem ie the redistribution of the absorbed
energy and formation of Langmuir turbulence quasistationa-
ry spectrum. The existence of the quasistationary spectrum
implies the place, where an energy runs off. Previously
discussed possible mechanisme of the energy run off are
electron-ion collisions /1/ and the aperiodic parametric
instability of Lengmuir waves /2,3/, resulting in the wave
capture end collapse /4/. We phall not tske into mcoount
these possibilitiss becouse the high electron temperature
end the density inhomogeneity lead tc a high enough thre-
shold of the aperiodic instability /5/. The physical rea-

gon of the threshold presence im becouse of the growth ra-
te must be larger then the inverse time of the Langmuir
Wave passing through the instabllity region. Por real sca-
le lengths .l./rn< (wm)3"2~1o5 (rn - is the Debye radii;
H,m - are ion, electron messes) the inhibition of the ape-
riodic instabllity takes place if the primary instability
spatial growth rate o is emall enough
Yo <(w/m) V21, ()
We shall consider below the case in which the condition
(1) 18 fulfilled. o in our conslderation the energy run-
ning off mechanism 1s the convootion of Langmulr waves from
amplification region into underdense plasmu lsyers and the
following Lendaun damping. Ueing the belance condition bet-
ween gbsorbed from the pump field end treanefered from Lang-
muir waves to electrons energy fluxes one cean obtain the
estimation of the Lengmuir turbulence spectrum widih
8 o awg ok, (2)
where Aw, - is the spectral wildth of a parametric instabi-
1ity region.
N ‘:?‘;::;ar::im is comnected with the detormination
Tgy distribution function which arises

under
the Langmir waves Cherenkov. absorption, We can uae
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the quasilinear approximation /6/ to solve this problem.
(The possibility to separate problems of the Langmuir waves
turbulence spectrum deriving and the electron Cherenkov
neating is comnected with the negligibly emell Landeu dam-
ping in the parametric instability region.)

Lengmuir waves energy flux is directeu in the underdense
side., Therefore the Cherenkov interaction leads to the ele-
ctron acceleration in the seme direction. Provided that
the electron distribution function in en overdense plasma
£,(€) is Maxwellian with the temperature T,, we obiein
the formulae for the accelerated elect.ons energy distri-
bution functlon fh{:) in an underdensc side

Te Se
YT Blp‘m; ’ (3)

£,(€) = £,(€) =
here 8¢ = (fS:-:/r-:I‘e)sgma - is the width of the quesilinear
diffusion region for the electron with the energy €, wLe -
is the electron plasma frequency. The function (3) takes
place in the interval ( 51,82) of electron energies. Elec-
trons heving an energy £>&; = Te(NLe/?,vs)1/4 pass the
regonance reglon very quickly end have no time for a con-
piderable diffusion (va - is the gcoustic velocity). The
lower velue €, = Teln[(“Le/]oT)(m/M)] > T, erises due to
Lengmuir weves demping. According to the energy conserve-
tion law, accelerated electrons cerry the energy flux q
exactly equal to Qb ~ the perametrically absorbed part
of the pump wave flux. When the condition (1) is fulfilled
und"grn«h we have

Qg = Ggpg= MoTe¥,(W/m)(80,/ay ) Falry, Y]
where n, - is the average electron density in the peramet-

ric resonance region.
The mechanism of the electron heating discussed in our

paper has Cherenkov nature and therefore results in the
electron acceleration. However due to a finite spatial
extent of a wave-particle resonance region, the maximum
electron energy 62 exceeds T, not more than 20 - 30 times.
This result qualitativly differs the wave conveciion regi-
me in nomuniform plesmas from the regime of the Lengmuir
collapse in spetislly homogeneous plasmes, where the ele-
ctron acceleration to a very high energies takes plece /7/.
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ANOMALOUS ABSORPTTION AND PAST PARTICLES
GENERATION IN LASER)~ PLASMA INTERACTION
BAPERIMENTS AT WAVELENGTH OF 0,53 um end 1,06 wn,
V.V, Alekeandrov, M,V,Brenner, V,D,Vikharev, N.G.Kovalskij,
M. I, Pergament, A,A.Chernov, V.N.Yufa
I.V.Kurchatov Institute of Atomic Energy
5,I./ wisimov, M,F,Ivanov, L.N,Shchur
L.D.Landau Inetitute of Theoretical Physics
As M, Rubenchik
Inetitute 0f Automatice and Electrometry,
SOAN USSR
USSR

Spectral and time resolved measurements of plasma ra-
diation at the laser harmonic frequencies 2c¢) and 3/2
and X-ray spectra were carried out in experiments on solid
flat targets irradiation by the high~power pulses of Nd-
gless laser, Analysis of data obtained at different condie-
tions (wavelength, power densiiy and angle of incidence we-
re varied) and comparison with results of the numerical co—
mputations allow to draw certain conclusions about mecha-
nigme of absorption and fast supertherma) electrons gene-
ration in a plasme corona. All experiments were carried
out on the "Highen 1" facility £1] + The flat massive ta=

rgets made of aluminium, copper and polyethylene were irra-
diated in the vacuum chamber, Frequency doubling of the out-
put laser radiation wae accomplished by a KDP crystal., The
main measurements were carried out in the range of the po-

wer densities 1072 & 1014 Wen® at a pulse halfwidth 3,5ns
and a 100 um-dia focal spot. The detailed investigati-

ons LZ] made it possible to establish that for the re-
latively large focal spot dimensions plasma expansion
may be considered to be one~dimensional up to the re=
glona of plasma corona with densities near a quarter of
the critical value. The one~dimensional hydrodynamic mo=-
del takes into account the classical and anomalous ab-
sorption, the radiation losses, the electron-ion energy
exchange, the harmonics generation and the electron ther—
mel conductivity with the free atreaming limit, The 3/2c)
haermonic inteneity versus time, obtained in these computa-
tions, is given in Pig 1, The lamer pulse and 3/2lradie-
tion pulse recorded by the

otreak camera with image cone

verter [3] are shown in Pig 2, :"
The same parameters of the la- H

r
ser pulses were used in the e

computations and in the expe-

riments. The good agreement
' ] d . " .

5 s o bl
is seen providing the evi gl Numencal simulation of y20emission.

Laser puise(salid line) and o
dence of the correct assump= e s B

s L e pMwemz
=== o =l0%icm

tione to be used in the theo-
retical model. The 3/2 w)
pulse time delay can be acco=
unted for as follows. The threshold power density for the
two-plasmon decay instability a;itation is determined in
our cese by collisions and, hence, its value falle with tem—

perature rise, So, if the effective absorption takes pla-

ce neer the Uc/4 surface » "the threshold of aisappearance"
of the 3/2 tU) -harmonic turne out to be espentially lower

than the threshold of ite appearan-

ce. The strong dependence of the !

3/2 ¢) -harmenic intsnsity of the _ia: 2

power density (Fig 3) can be also g s

explained by the plasma heating i -

at the "c/4 surface. The depen- iq: e

dence of the 3/2¢J ~harmonic in- b e,

teneity on temperature is strong Mgz Liser p'::::.».m.a Prmevesyrv
Y2 emission

enough: Al-Target | [ust My cm2

Ls (E)Tf‘.)ﬁ(‘fé __L_) ()

Ta M/ | ¢ fAmnc

If the heat flow is supposed to be proportional to the tem=
perature T, we shall obtain the Iv,_w o Iu,rfa dependence
that ie close 45 the observed one.

The method was proposed to investi-

gate the processes, which are ra- E.}'""F i
L3
sponsible for fast elecirons ge-
neration, based on the study of -
correlation between 3/2¢)~harmo-
nic intensity and presence of the = 3 =
"hard" X-ray component in plaema ra- W) 300 emson mk:f:; =
diation spectrum for different inoi- 5”"‘; ‘i’f!::;:;lf

dence angles of the laser beam [Bl
The la-k of the hard X-ray component
at angles of incidence exceeding
50060° (Pig 4) leads to the superdhermal electrons observed
at relatively small angles due to the exltation of the _two-

plasmon decay instability., An important information can be
obtained when 2 &0 ~harmonic is used as a heating radiation.
The threshold power densities for

the parametric instabilities exita- I,k wre

tion at n_ and Be/4 gurfaces vary as v{L’ [L l ‘L’"’

w? ana w4 correspondingly, Thus it L

is poseible to overcome the thras— L
7

a T

FI84 Xerav specira from a Laser frradiafod
remaining power density still below potyethelene taryel for diferent ineident
dngles 1o« &0Pw/em?

hold value for the parametric inste-
— 4

bility exitation at n, surface but

the two=~plasmon instabllity threg—
hold (we are interested to investi-
gete laser-plasma interaction in the range of power densities
1013, 10“9!/::1::2). In experiments on irradiation of the targets
by the laser pulses a wavelengths of 0,53}m at a powar den=
oity of 5e 10‘3w/¢m2 the second harmonic radiation was recor—
ded, but 3/2¢) =harmonic radiation was no¥ observed. In these
conditions experiments with amall angles of the flat targets
inclination relative to the incident beam seems to be very
important,
Beferenges
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2 VeV.idleksandrov et.al. Preprint IAE-3196,Moscow,1979.
3eV.V.Aleksandrov et.al. Preprint IAE-2852,Moscow,1977.
4.A.M.Rubenchik."Power laser radiation absorption and
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phenomena in ionized gases,Berlin,1977.
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THE INTERACTION EFFICIEECY OF THE LASER RADIATION WITH
THE FLYING AWAY PLASMA CORONA
¥.E.Andreev, V.L.Artsimovich, Yu.S.Kes'yenov, V.V.EKorob-
kin, V.P.Silin, P.V.Silin, G,L.Stenchikov, A.S.Shirokev
P.N.Lebedev Physical Institute, Hoscow, USSR

electron heating and other part produces the fast elect-
rons /3/. The peaks of the 2-d and 3-d harmonics corre-
late with the absorbtion pesks that are connected with
the creation of the strong internal plasma fields.

The transition from subsonic to supersonic regime

The investigations of the powerful laser radiation inte- suppresses slmilteneously the fast electrons and 2-d and

raction with plasmas have crested quite a number of the new 3-d harmonics.

physicel ideass emong them the ides sbout fthe pufficient in- In the cese of superasonic stationary flow the Miller's

fluence of the plesma flow velocity onto the nonlinear
laser plasma interaction takes the especigl place. The
previous theoretical pepers have demonstrated for p-pola-
rized radiation of Nd-glase laser that the transition
from subsonic to supersonic flow near the critical densi-

ty layer led to the diminishing of absorption and to grow-

ing up of the radiation reflection /1/, led to the fast
electron generation suppression /2/, and to the suppress-
ion of the second harmonics emission correleted in time
with the suppression of the radiastion ebsorption /3/.

In this talk we should report 1) the theoretical re-
sults of the fourth harmonics of Nd-laser radietion inte-
raction with plasmas, 2) the theoretical results of the
third Nd-laser radiation harmonics emission from the fly-
ing plasmes, 3) the theoreticel results about the field
pelfrestriction phenomenon, 4) the experimental resulis

of spectral-temporal investigation of the scattered radla-

tion which demonetrate the dependence of the laser-plasma

interaction efficiency as a function of the plasma mosc:l.un.

Our theory of the lamer-plasma interaction dynamics
is based on the LAST-code /3/ which describes the nonli-

near electrodynemics and hydrodynamice that teke into ac-
count the Miller's force and the electron redistribution
connected with Cherenkov wave-electron interaction. Fig.1
gives the simulation results of the radiation (Ao =0.265

pm , Ug /€ =0.0068) interaction with the plesmas
o7{A (Qﬂ'/b)’ =0.01 and 10 c/ﬁo-f -
o5 initigl density seale). Fig.1

Ky (t) 10"

demonstrates the change of the

time dependence at £ 2 15 (c/w),)
when the plasma flow veloclty is
getiing more thean va-ﬂmmd velo~
clty and when there 1s the dec-

rease of the second harmonice

z (Ko %)

absorption oscillations. Such time-dependence corres-

fig.1 emission and the deocrease of the
ponds to the suppression of cavitons and the suppression
of fast electrons creation bécause of the transition to
the supersonic motion. In comparison with the results of
lgser plasma interaction simulastion in the case of the

main frequency of the Nd-laser radiation our fig.1 de-

monstrates growing role (~ 90%) of the collision dissei-
pation. On the contrary for A, =1.06 pMm  in the subso-
nic plasma flow (U, /€ =0.050, V /£ =0.015,}; bj=5.10")
only a half of absorbed energy produces the main body

force produces the defocusing plasma features /4/ that
1e the reason of the wave field selfrestriction /5,6/ .
If N 1s density and V is velocity of plasme in such lay-
ers where the electric field ie equal to zero then in the
case N$ N, we have E24 1657 2% Ty (Me /W~ f){(V/v;}‘—f] :
The illustration of the self-restriction effects is
fig.2 where the space structure of s-polarized electric
field ie obteined by LAST simulation.

The experimental spectral-temporal investigation of
scgttered radiation /5,7/ found the second harmonics pe-
aks correlation with the absorption peaks that is demon-
strated on fig.3 where a) ~ is time dependence of Nd-

laser radiation, b) - is backecattered light, ¢) - is

se?um*ﬁca intensity, d) - ie red and e)- is blue
IEINign. xTe

part of the main frequency spectra
intensity. The sharp decrease of
second harmonice emiseion (3c)
correlates in time with the imcre-

| .. ese of reflection (3b) ard with
o ‘5

x(2£¢/w,) !
fig.2 tensity (3c), that shows the tran-

the incresse of the blue part in-

eltion from subsonic io supersonic regime. The whole com-
tI) plex of these experimental results de-

monstrates the decrease of the electric

field in plesma that leads to decreasing

of absorption end second harmonics emis-

sion at supersonic regime.
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THE THEORY OF THE HALF-TNTEGER HARMONICS CENERATION

IN THE INHOMOGENEOUS LASER~PRODUCED PLASMAS

¥ .YU.BYCHENKOV ,A. A, Z0ZULJA,V . P, SILIN, V. T TIKHCNCHUK
P.N.Lebedev Physicel Institute,USSR

Half-integer harmonics radistion from the laser-pro-
duced plasma cen be used for diagnostic purpoees/1-3/.
This peper aim is to study helf-integer hermonics genera-
tion dependence on the plasma inhomogemelty and the lea.-.-
risation of the pump-wave,obllquely incident onto a plas-
ma.Harmonics generetion in the inhomogensous pluosmas was
dealt with in /4,5/,supposing normel incldence of the
pump-wave.It will be shown below that harmonics generati-
on under the obliquely incident pump-wave difere substen=-
tinlly from that under the normally-incident pump.For S-
polarised pump the satellites intensity ratio in the two-
component harmonic spectrum depends on the irrvadiation
and scattering angles.For P-polerised pump the considereb-
le harmonice spectrum broadening arises.

Helf-integer hermonice generation in laser-produced °
plasma is connected with the two-plasmon inotability in
the guarter-critical density rsginn;ﬂep.r the instebility
threshold nonlinear interaction of Lengmuir waves is ne-
gligibly small,therefore Langmuir waves energy flux
WIW, E-.L)( W=l/fy 1s Langmuir wave frequenoy, J?J,

its wave-vector component,perpendicular to the density
inhomogeneity direction)is eimply connected with the

convective amplificetion coefflcient X (W), Ki) /6/:

Wi L) = Toexp(22w,%1)

- B 2, \2
(F e TL_ (KVe) (KKo~Kof2)
2(6),&} E'Kor\/'rze, Kz {Kq" R-o)r (1)

Hers 7;, is electron temperature, V-ra is their ther=-

mal velocity, L, is plasma inhomogeneity scale length,

VE is slectron ocsillatlonal velecity amplitude in the
pump fie:l.d,]?,,‘(ﬁox,fp.oia the pump-weve wave~vector near
Refy ,E'{Kx‘ EJ,) ,whers

Ky = (W - 00/2)(0«: KL Kos + 1 Ko Ku
¥ 3 Kox V‘re. Kox 2 ch (2)
Harmonice intensitiea are proportional to the Langmu-

ir waves energy ﬂuxww,ﬁ). and,consequently,harmonice
—

spectrum is determined by o¢ dependence on () ena KL.
Under the S~-polarised pump {3/2)5)9 harmonlc spectrum

has two components with the frequency shift between them
AW~ (Viefc) Wy (o 18 the spoea of 1ight).But these compo-
nente reletive intensity depends on the scattering engle.
"This situation is shown schematically in Fig.1(punp-wave
incidence mgle By <45°).The boundary between the regions
with different shading

corresponds to the com-

-}E ponente equal intensity.
0
0° Bo Over this boundary the

"blue" component 18 more
intensive than the "red®
one,end undsr boundary

Pis.1 "red" component 15 more

intensive.Solld lines within the shaded regions represent
"red" and "blue” components meximum intensity emission
directions.It is seen from Fig,1 that the "red™ component
dominence region is more,then that of the "blue®component
The transformetion coefficient into {3/2,)500 harmonic
for S-polarised pump is given by tl;‘u expression:
Ky =108 e g,
The qualitatively different situation takes plaoa
under the P-polarised pump.In this cese for (- g" {v“') W,
amplification coaffici;nt(ﬂ tends to constant values
% = F & rol.
Id this f::aae isonT:pic harmonic angular distribu(tir)m
and substantiel hermonic spectrum broadening up to the

maximum velue ‘ v 3 2
d e * JO T G0

which is determined by the VLnndau damping,ere arising.

The trensformation coefficient for P-polarised pump
is equal to ”

Kb, = S8 L (&) oplz)

More wuakK% dependence on the electron temperatura,
compered with K;E/,),Bhnuld be nutcd-

Emission on the frequency&}-' 2 elso cen be connected
with the pump~wave combination scattering on the plasmo-
ne/3,5/.But this process probebility is smell compared
with the Lengmuir waves conversion into the electromagne-
tic radiatiun;.lccording to conversion features/8/ wo/z
hermonic redietion should be P-polarised and contained

within the relatively narrow engle coné 9'~ “‘oLJ .
tE‘E':’xrms;rm:-_nf"m:imuaooe:f.’t:l:.:::l.uni: :Ex;Zn the o/ harmonic
Ki/z = [0 M"{-—\&") {foL) e-XP(Zv’EP)
is comparable with(6).In the S-polarised pump case irans-
formation coefficient K ;Vz value ?gould be at least two
orders of magnitude lese than % .The one-half harmo-
nic emiesion spectrum for P-polarised pump should have
"plue"-shifted part with the frequency shift valu-a,givan
by(5),enalogous to the 2-61)0 spectrum.

1.0.B.AQarackeB u 2p.,"BsaunozedicTBHe MOREOTO Ta36PHOTO
uanygenns ¢ mnasuofl” ,BUHUTH, "Pagmorexauka” 17 M. ,I1978.
2.A.M.ABpos ¥ 7p.,0ucsua B K5TO 24,293,1976;E510,72,
970,I977.
3.B.0.Buvenxos ¥ np.,0usERa muasud,3,I1314,1977.
4.A.3.Tycakoz,lucsaa 3 X19,3, I12I9,1977.
5.4.H.CraponyG,H.B. Quuinmos , PHAMKA NABIMK,5,K5,1979,
6ehoA B0syna, B.J Cunun, Kparkue cootmesua mo geaure GHAH.
II,49,198I, ]
7.B.01.Camun KpaTrue coolmenua no dusmxe QUAH,KI0,35,1979.
8.B.B.Keneararos,E.A.8107 14k, Usn BYB0B, "Pazmopusuxa”,
5,664 ,1962,




IOF ACCELERATION UNDER LASER PLASMA
EXPANSIOE.
&.V.Gurevich, A.P.Meacherkin
Physical Institute Academy of Sciences of the USSR
Momcow, USSR
_Past ione observed in an expanding laser plaswa cen

carry away a considerable part of laser pulee energy.X-ray
investigetions show thet at a sufficiently high laser pul=-
ge intensity electrons have a non-Haxwellian veloolty
distribution with a considerably proncunced “tail" of
fast particles [ﬂ.smoa ione are sccalerated due to in-
teraction with elsctyone,the presence of "tails" has an
essential effect upon the energy spectrum of accelerat-
ed ions.Therefors,the investigation of the mpectrum of
ions with different charges .Zk end mass lk way 8erve an
offective method of laser plaswa disgnostics [2].

The peasibility of collective ion acceleration in an
expending rarified plasuma was pointed out in [3]- The
present paper is aimed at a detailed theoretlcal inves-
tigation of the sbove-mentioned ion moceleration process
and & comparison of theoretical resuli= with those of
laser experiments [4).

I. An arbitrary nee=Maxwellian electron distribution
function im anslysed. The pressnce of non-Haxwellian
®tgila® in distribution functions containing a compara=-
tively omsll number of fist electzons (of order of 1% ox
even lesm) changes essentimlly the amouni of mccelerated
ions. and the ien fromt velooiiy.

2, Tond woving in & rarificatinn weve in pleasna are
shown to have a sharp front. Ion concentration on the

front has a jump discontimuity. The discontinuliy appe-
ars in the procsse of expension both at & sbnrp_and at
@ smeared initial plasms boundary. This weikes an ossen-
tial difference between hydrodynamic plasma flow and
analogous flows in ordinary hydrodynewics where the
rarification wave 1z always restricted. to contact dia-
onuti.miiﬂﬁ. The front velocity increases logarithmi-
ocally with time.

3. Expansion of multicomponent plasme containing ions
of different mass M. and charge Z, is consldered.lon ac~
celoration is shown to increase ms the charge zk inceea~-
ses. The energy mpoctra of accélerated lone at a iden~
tical ratio Z. /M, are identicel finctions B/Zy (E 18 the
ion energy).

4 Development of perturbations in an mnsteady flux
of a freely expanding plasma is aenslysed. Perturbations
propagating iz the directicn opposite Yo the flux direc-
t4on ars shown to incremse. Such waves do not change
greatly the self-similar nature of the motion.They are
yeferred to as gquagi-self-gimilar waves. As a result of
quesi-gelf-gimilar wave excitation the energy -h.otmu
of scoslerated ions becomes of osclllaiing character.

5. Non=one-dimensional plasms motion is considered.
It i» shown that under plessa cylinder expansion the
charscter of ion accelersmilon is #ufficiently close to
the one-dimensional ocsse(sdiitugh scmewhat weakar).In

the osse of spheriocal expansion tha plcture changes
redically: the sccclerated ien snergy is limited to the

value E, 277 Tﬂ{&m[&/?_ﬁﬁ&m_)]}.z where R, is the
characteristic initial dimension, D, is the Debye radius
in the initial plasma.it é’%‘m 4 E<LE;m the emergy
spectyuin of accelerated ions keeps all the above-mention=
ed spoocific features of the one-dimensional apectrum.

6. Plasea expansion in the presence of a standing
wave which forms an electiromagnetic barrier hampering a
free plasma motion im discussed. Part of plasma is shown
to penetrate through the barrier forming a flux of acce~
lerated ione. Tn the presence of & non-Mazwellian "tall"
of fast eléctrons this penetration essentially incremses.
In tnia cesme there exists a laminar shock ion~eround wave
which propagates in the direction of dense plasma. This
wave 18 induced by reflection from the barrier.

Te Fig.I presenis comparison of theory with the re-
sults of experimente [5] «Fig.Ja illustrates observed
energy specira of accelsrated ions o* and C"G which have
the same ratio Zki'lik. In the chosen scale the epectra of
these ions are similar,which is in full agreement with
theory (item 3). The electron temperature in the tail of
the distribution function 1',“.-43 kev, it sgrees with
the reesults of X-ray measurewents [5}. Fig.1b presents
the energy spectra of ions B* and c+5 which have differ-
ent ratios 2, /M, . The spectrum oscillation period in Fig.
I ipereases proportionally to ﬁ (since in the variab-~
les ,(E/%Z it is approximately consiant). This coinoi-
dea with theory (item 4), The limiting energy of scce~

lerated ions is also in mgrecment with theory(itema 2,5).
Hote that the jet acceleration of ions observed in |6) under

spherical laser radistion of e target can mlso be explained
by an plesws break through the electromagnetic barrier by

local anomalous absorption (item 6).
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Pig.1.Bnargy spectira n:-JOMQ/dEﬂ)mm of accelera~
tod ions C*®and I for the targeta CB(a) end H'(b),c*C(c) for
the tergets CHpat diffsrent conorete realization[5).So11d
curves stand for the theoy in the self-similar approxima-
tion,deshed lines in Figs.b,c represent the theory taking in-
to sccount excitation of quesi-gelf-similar waves,E-in kev,
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PULSE SHAPING STUDIES IN GAS-FILLED RELATIVISTIC ELECTRON BEAH DIODE

KJ.C, Mittel, A,S5, Paithankar, 5.4. Iyyengsr snd V,H. Rohatgi
Pleoma Physics Section, Bhabha Atomic Research Centre,
Trombay, Bombay LOD 0B85, INDIA

Introduction

In the recent years, intense high power relativistic electron
beems (REB) have found apP.lin:ntinnsu) in many branches of fusion rese-
arch, For instance, plasma haatingtz) by REB in magnetically confined
devices and development of high power I::I:I2 laser require beam pulses of
very long durstion ( A-us), while inertial confinement fusion scheme,
flash X-ray radiography, studies of fusion materisle etec,, require pul-
ses of a few nanosecond durations, Hence pulse shaping studiee of REB
are of ure_at relevance, The pulse duration of the beam, for a given
REB=vacuum diode is dependent on the design parameters of pulse source
and assdcioted pulse rorming network., However, it is of great interest
if For.s glven pulse source and diode system, one is sble to control the
beam pulse by manupulating the diode parameters only. Studies of ele-
=2 and ges Tilled dl.nnn(“
hava been reported, In this paper we report the effect of variation of

ctron beam generation in plasme Filled diode

the gas pressure in REB diode on the current and voltage pulse shaping
of the beam,

Experimental System
The experimental studies on ges-filled diode were performed on

REB-75 aystem described elueuhere(ﬂ'(s).

The schematic of the system
is shown in Fig, 1. The syatem consists of a Tield emission diode
having planar cathode of graphite 6 mm diameter and thin foil of tite-
nium (thickness 0,0125 mm) as anode, The cathode is mounted on an
epoxy cewcing so as to provide insulation between ground end cathode,
The anode-cathode gep is maintained at B mm as dicteted by diode design
nnnsldnratlnnsts). The diode is connected to 8 Marx-type pulse power
source capable of giving e maximum of 75 Joules, 375 kU, and 2,5 KA
electron beam pulse, The dimgnostics employed consist of =& Fna.r. respo-
nse (rise time < 3 ns) copper sulphate voltege divider for beem voltage,
Rogowski coil for diode current, Feraday cup For messuring transmitted
electron beam current and dosimeter film to monitor the beam uniformity,
For the measurement of trensmitted beam current, thin titanlum foll of
2,5 cm diemeter wos used as window for Faraday-cup., This Foil was iso-
lated from the graphite collector of the Feraday-cup, so as to discri-
minate the discharge current and measure only the transmitted beem curr-
ent, For measuring the diode current st anode the Faradsy-cup was
replaced by @ thick aluminium collector (not shown in Fig. 1) touching
the enode foll window and current was meassured by the Rogowski coil,
Thus Rogowski coil measures both the beem current end discherge current
when the diode gas pressure is high, The gas (eir) pressure in the gap
uns varled from 1072 Tarr ta 2 x 107" Torr and corresponding voltage
and current waveforms were recorded on thé Tektronics 7834 storage osci-
lloscopes having 40O M4z bendwidth, The oscilloscopes were kept in
Faradey-cage and triexisl cables uere employed for cerrying the signals
to the oscilloscopes so as to minimise sny unwanted electromagnetic

pick=-ups.

Resudte and Discussions

Fig, 2 (@=e) shows the oscilloscope traces of trensmitted beam
voltege and current pulses for various pressures, It is seen that
compared to vacuum cage {--v].l]_5 Torr), the voltsge end current pulse
duratlon is reduced es diode ges pressure (air) is incressed. Fig. 2
(f=h) shows the typical traces of voltege end current pulses measured
st the snode oo o function of ges pressure., Fige 3 shows the plat of
normalised transmitted beam current (a), diode voltsge (b) and diode
current at anode (c) as @ function of gas pressure, The peak current
‘and voltege have been normelised with respect to their corresponding
peak values for the vacuum cese, The peak diode voltege remains cone-
tant throughout the preasure range, indicating thet the diode gap is
able to sustain the full voltage till the peak is reached at all the
pressures, while the diode current at snode and trensmitfted beem curr-
ent incresse with pressure, Fig, & shows the veriation of pulse full
width at helf meximum (FuHM) of trensmitted beem current (a), the diode
voltage (b) and diocde current st the snode (c). Both the trensmitted
beam current and voltege pulse wioths decrease with incressing pressure,
while the puloe width of the diode current at snode is nearly constant,
Physically the results indiceted in Flgs, 2-k cen be explained as
follows : In case of vecuum diode the voltsge and current pules dura-
tions are governed by time uarylng‘ impedance of the diode, This impe-

dance is a function of cathode end ‘enode plasmas and their movement

Fig.,l Schematic of Experimental

ecross the gap, This movement of the plasma snd consequent gap closure
couse the voltage collapse end limit the meximum pulse duration, The
most important feature in this experiment is thet even at m" Torr pre-
ssure (see Fig, 3) the gap is eble to sustain the seme pesk voltage
~250 kV 8s in the cese of vacuum diode, This mesns thet during the
first ~r 10 ns when the voltege pulse resches the pesk, diode impedance
is large enough and gep is able to sustein full voltmge, The main pro-
ceusea“) which will determine the shape of current mnd voltmge curves
in & ges-filled diode ere the valume ionisstion of the gep by the fast
electrons from the cathode and charge exchange between the charged par-
ticles end neutrels, The additionsl plasms Formed by the gas ionisation
reduces the diode impedsnce, Depending upon the plasma density (uwhich
in turn depends on gas pressure) desired pulse duretion can be pbtelned
aa seen in Figs G, Thus when the plasma density is sufficiently high
(1{]1 - lﬂll' cm"’) the voltege across the gap collepses leeding to the
short duration pulse, A similer effect was observed by Miller et ul(”
during their studies in plasma Filled diode. The increase in the tran-
smitted beem current (Fig, 3) @s pressure is increesed con mgein be
explained ss due to the decrease in the diode impedence caused by plas-
ma formed by the ionisetion of the ges, The dosimeter Film placed after
the enode foil shows uniform beem current and radiel spike-like struc-
ture, observed earliar”), is not seen in the trenemitted beam,

Thus by adjusting the pressure in the gas-fllled diode, one can
have desired voliege snd current pulse duration se shown in Fig, &4,
Though this pulse shaping is et the expense of totel energy of the beam,

it is of greet interest when pulse durstion is of primery concern,
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TMAESTIGATIONS OF SPHERICAL LASER COMPRESSION OF PLASMA

M.Borowiecki, S,Denus, J.Farny, H.Fiedorowicz, J.Godzilk,
5.Maqraba, W.Pawlowicz, L.Sulwinski, W.5zypula, A.Wilczynski,
J.Wotowski, t.Woryna.

5.Kaliski Institute of Plasma Physics and Laser Microfusion
00-908 Warsaw 49, Poland

Experiments are currently under way at IPP4LM in which
Dz—gass-fillad microspheres are being irradiated in a tetra-
hedral geometry with four beams of up to 20J/beam from a Nd:
glass-laser, Laser pulse duration wes 3 ns and pulse rise
time 1 ns: A lens=mirror illumination system ensuring more
uniform illumination of microtarget surface /glass or ablator
covered microsphere/ with laser radiation was used in the
last experiment,

The following diagnostics were used to study physical pro-
cesses occuring in the generated plasma: X=ray /microphoto-
graphy, temporal and spectral measurements of emitted radis-
tion/, optical /streak shadowgraphy, investigation of radia=-
tion reflected from plasma/, ionic /ion emission flux
measurements/ and the neutron one.Fig.l presents a scheme

of the experimental system.

lasar beam

ELIPSOIDAL
MIRROR

ASPHERIC
LENS

X-ray microphotograpiis /see Fig.2/ wers made by means of
pin-hole camersa.

A majority of the obtained photographs were of nonsysamztricel
and heterogenvus shape, which could be related to the nansy-
~mmetrical illumination of the microsphere with laser radia-
tion.

In some microphotographs characterized by the best symmetry
one can distinguish illuminating erea in the central part of
the microsphere which is interpreted to be X~-ray radistion
emission from plasme generated in results of microspheare
implosion., The fact that fast X-ray radiation detectcr /iGHz/
records two pulses distant by approximately 1.5 ns vhich would
correspond to implosion velocity of some 1O7°m/s, spaaks

for such an interpretation.

100 um
—
|

FIG.2 X-ray microphotographs of plasma

Spectral measurements of X-ray radiation were caiiicu
out by means of & semiconductor detector matrix shieldoeri
with 20,50 and 140um Ba filters., The electron temperaturs
determined on their base varied within 150-400eV.
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Streak shadowgraphs of expanding plasma were made by
means of an arrangement shown in Fig.3. A fast streak
camers with 50 ps temporal resolution and 10 um spatial one
were used,

EXPERIMENTAL
CHAMBER

STREAK
CAMERA

TRIGGER
SWITCH

LASER
GENERATOR

FIG, 3

An examples of a streak shadowgraph in a temporal develop-
ments are shown in Fig.4.

In the period corresponding to-the laser pulse rise time
incident on the target / 1ns/, a fast expansion of shade
with /2 4 5/ x 10°"/s velocity was ohserved, then, after
1 ns, there followed & relative stabilization of position
/at approximately 400 um dimension/.

FIG.3. Streak shadowgraphs of plasma

Ion gmission measurements were conducted by means of
four ion collectors. On the base of the obtained resilia
we defined plssma corona parameters as well as, in the
inderect way, implosion parameters /Fig.5/

o N“ch.‘] - +‘/I IE Z‘L.[l}:ﬁ;nl.:;lur | il Vimp[u%] !-!;}!
5 + f:’./ % [ A-50/140umBe o't
quﬁ'.f.'a/ =

p ©-20/50 umBe 1 0-Si0y
v

2 =3
oM 1012 q'm[wml'l 10! “mhsp'/fm’ 10
FIG. 5

1072 Tﬁﬁmﬁ/ﬂsj

Estimated values of the electron temperature approxi-
mate the values abtained from x - ray measurements.'From
the estimations it appears that impleosion velocity is
proportional to the absorbed energy divided on to the initial
microsphere mass. Measured plasma expansion symmetry is shown
in Fig.6.
Vmax (1108 cmy) Te (1+4800V)
8, Sy 8 Sy

Sy 53 S Sy
FIG. 6
Neutron measurements accobiplished with use of a scintillaticn
probe proved that no neutron flux emission appeared abova
the value of 300 neutrons /4TI.
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AN ARALYSIS OF POSSIBLE CURRENT INSTABILITIES
ACCOMPANYING LIGHT IOF BEAM TRANSPORT TO THE
TARGET.

A.V.,Gordeev, A.S.Kingsep, L.I.Rudakov, K.V.Tchukbar

I.V.Kurchatov Institute of Atomic Energy, Moscow 123182,
USSR

1, In & program of light ion beam fusion they are going
to transport the beam with a total current I~ 30-50MA on the
target of diameter &« ~1 cm. The beam energy E ==e U-a -3

8

MeV and pulse duration 7T~1 =2 - 107 s, For the proton beam

these parameters correspond to the density n~2 = 3 - 1016cq™2
and the velocity Y~ 2 - 3 -107 cm/s. In the NRL and SANDIA
concepts the beams are transported through the long (L~5 m)
channels with a plasma density n up to 10" a2 /1/. The
important requirement to the beems is the smsll anguler width.
While transportation in s dense plasma the instabilities of the
current can break this condition. First of all, the instebili-
ties in & plasma channel /2,3/ result in the local separation
of both beam and plasma currents. As a result the beam angular
width is growing. On the other hand, the potential inatabllity
in a plasma corona where the beam current demsity is especlal-
1y high leads to the damping of the return current., As I-S*IM:
=M cgv, /2e the beam can miss the target, ss & result. Besides,
the plasma turbulent heating in a corona is also dangerous.

Ae the estimates show the Bremsatrahlung of the hot electrons
may break the dynamics of the target shell collepse.

We consider the situation when the beam current exceeds
espentially the net current

,}P- C‘”[HGJ‘ “)

and the frequency scale G} => )y . Plasma may be described

by the equations

v 7
M; T - e E for the ions (2
E+i[—-g] ne;_ V[P

zLlv B Sl for the electrons (3)

and there is the MHD-equation for the beam

J v m . { [~1] -
hRMﬁLzthE'E[ﬂIEHJ_ "g vy (4)
which is velid in the case of more than one oscillations of the
beam ions in a channel.

Under the condition (1) the generation of the magnetic
field is described by the equation
T .

He o | ot
3 ’ (5)
2. Return current in a plasma channel products the force
pushing the beam ions out of the beam. This force results in
instability if the plasma density decresses with a radius. The

helical mode of this inatability is described by the following
dispersion equation /2,4/:

D@ [4wne \* 4irne v, {
W& (7], 9Ve + x
% ( cH) cH 32 fr= (&)

2
w?- ket c? (w-kz V) -JcaV,—,

where Z axis is along the beam, "2-1-;= Ty /M,
@iy = Yirmet | o2 . Yirne®, e i
(it M - ki M. ¢ = *K.';V %

2.2
~ A~

wwﬁfﬁ?/

‘-. n_

“)*‘#Fa'[i

faky + ‘ff Vi=_<f‘/{?e'

Maximum growth rate by the condition Vg >t5 corresponds to

Vi
C" -1V - .«cyij

the intersection of the helical and ascoustic modes

Y |
< 4 /2m)e y, Kk G \"%
£=2 AM) = Wye (__wsJ'
z He
By the comditions J > s ;_, y (Wye > Vei

when the formula (7) is still valid, the upper limit of the

o,

growth rate equals to

23 Va [ w0
F=10"e g, = 1057, Ou=5-00"57
5 s 3 . 2
for the parameters K= 10 cwr >y b =3 {0 cm/fs; fy =10 Afep?
3, The magnetic field generation in a coroma is described
by Eq.(4). The beam-turn in the self-generated field occurs by

the condition

Vgé ‘?ET SHJE ~ ‘é’J‘J't “{_‘ E({)

T(t) ®)
where l(t)ﬁcut is the characteristic scale in the blowing-
off corona. The estimates show that Coulomb conductivity turns
out to be more than the critical one by one order, But if
V,=> €, in & corona anomalous resletance due to ion-acoustic
inatability plays the main role. By the level of turbulence
EE,.. /nTe high enough the effective collipion frequency for
the electrons mey turn out to be of the order of &Jp.. Thenm
from Eq.(8) with (= M7, Veff
turn is allowed in this case. The second effect is the plasma
turbulent heating. One can obtain that Te reaches during

we cen pee that beam-

the pulse 50 - 60 keV, as a minimum, which corresponds to

2 - 3 % of the beam total energy input. The electroms of this
energy radiste while .Lnterlc'tion with a dense plasma the share
2e Te ~ 6% as a result of col-

he mc?
lisions with the nuclel with 2~ 80, The free path lemngth of

of their energy

the protons with F @~ 50 keV is comparable with that for
the protons with e U ~ 3 MeV. Resulting preheating of the
pellet shell may complicate the implosion of the DT fuel. Thus
in the light ion beam fusion concept the effects of the mag-

netic field generation are to be taken into account.
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"Theoretical Understanding of CO, Interaction Experiments"* by
J. M. Kindel, B. Bezzerides, D. W. Forslund, R. S. Goldman,
R. D. Jones, E. K. Stover, and D. C. Wilson
Los Alamos National Laboratory, University of California,
Los Alamos, New Mexico 87545 USA

We summarize our recent theoretical modeling and understanding of
Los Alamos high intensity COp interaction experiments with particular
emphasis on thin tungsten and gold microballoon experiments. Two fea-
tures of these experiments are super hot electron generation and multi-
harmonic €O, light generation. Two dimensional particle simulations
and analytical models are used to describe the latter phenomena. For
super—hot electron generation we discuss the role of filamentation or
self-focussing, stimulated Raman scattering and Raman bubble formation.

For the case of thin microballoons i.e., whose thickness is the
order of & hot electron range, we expect a fairly uniform energy depo-
sition around the pellet because of the additional symmetrizing effect
of the hot electrons passing through the thin shell. On the laser side
of the pellet at intensities where the laser oscillatory velocity
exceeds the electron thermal wvelocity i.e., v'.,p'w'e > 1, the hot
electron density exceeds the critical density with a lower density
shelf at a tenth critical density. On both the inside and outside of
the thin tupgsten or gold shell we expect substantial fast ion loss ——
as high as 50% of the absorbed laser energy for some experimental
thicknesses. Correspondingly with the significant loss of hot electron
energy to ions, we observe in the modeling a reduction in hard =x-ray
yield. This corroborates what has been observed experimentally. For
some thicknesses of gold, one observes a large fraction of the absorbed
laser energy 4in 4internal kinetic energy even in the presence of fast
ions. Our modeling of the experiments were those performed by Day,
Hauer, Houkaday, Priedhorsky, and Rocket at Los Alamos.

In the experiments modeled above and others carried out over the
past year at Los Alamos, there has been an increase in the apparent hot
electron temperature. This has been elucidated by the hard x-ray
measurements of Priedhorsky, but in addition has been corroborated by
Thomson Parabola data of Begay. Two suggestions for the presence of a
superhot component to the electron distribution have been self-
focussisng or filamentation and stimulated Raman scattering with an
accompanying bubble formation. Two dimensional plasma simulations
suggest that warm ions are required for filamentation to develop and at
this point we have only observed whole beam self-focussing in the
simulations.

Because the underdense shelf is somewhat less than quarter
critical density, oblique stimulated Raman scattering dominates.
Because the scattered light waves have a turning point, albeit in a
highly underdense plasma, Raman bubbles develop. A typical two
dimensional sfmulation result is as follows: A focussing laser at 3 x
10'® W/ew® 1s incident on a 160 ym uniform plasma at a tenth critical
density with a background underdense plasma temperature nf 30 keV —--
which is produced by resonant absorption. We observe due to the Raman
instability e superhot electron distribution at "200 keV" with
electrons out to 2 MeV at a density at least two orders of magnitude
less than critical density.

Lastly, we discuss our current understanding of wmulti-harmonic
emission of CO, light. Previously we have reported plasma simulation
results of high harmonic emission of intense laser light. The
simulations were carried out at a laser intensity where profile
wmodification produced density jumps of 10-70 times critical density.
We observed a flat power emission spectrum'at the higher harmonics.
These results were qualitatively consistent with the experimental
results of Gll’ﬂtll which have shown a flat harmonic spectrum out to very
high harmonics.

A simple physical model 1s presented to explain the salient
features of these simulations and the above experiments. It is shown
that the experimentally observed result of constant harmonic production
efficiency out to a cutoff at the harmonlc where the upper density
shelf is underdense is a direct consequence of the almost impulsive
force on the plasma located in the density jump region. This force is
due to the self-consistent restoring force of the neighboring super-—
critical density plasma. Thus the high harmonic emission 1s an
indication of the strongly nonlinear response of the reglon mnear the
critical density.

To elucidate the proposed mechanism we will present a highly
simplified model that identifies its basic features. Consider a very
steeply riaing density profile i.e., one in which a flat subcritical
profile rises sharply to a flat highly supercritical profile with
plasma frequencies w y 80d wog (w g 2 > "‘pl)- corresponding to the
upper and lower danltEy uhalvgu. geapec:ively. Such structures are
expected: when v_/v_, >> 1, where v, = eEy iver""e“” with Egpyyer the
driver intensity, an ve 1s the electron thermal speed. Under the
influence of the incident field, a fluid element will oscillate in and

out of the density jump about its equilibrium position. This Ffluid
element will experience a restoring force and therefore corresponding
acceleration, Y ong = 0 25 where & 1s the displacement from the fluid’s
equilibrium position. Energy conservation, 1/2 mevu2 =
1/2 -euswz(ﬁ)uz, sets the maximum excursion im the overdense region,
(8), = vo,fmp » whereas the maximum excursion in the underdense region
is ‘(6) =y ?u, since as compared with the overdense region the
uuoring orce is small compared with that due to E rivers If ve
furthermore demand that the overall motion of the fluid element driven
by Egriyer be periodic with thg driver period 2n/w, we are led to a
schematic representation of & and § as shown in Fig. 1, where from the
above discussion

n, /2y - . 1/2
8, = Wl:_u )y = ( Ecj T" and (8), = “’Eu (), = [;‘n-“_) wvy «(1)
e

As shown in Fig. 1 the time in which the fluid element experiences
strong acceleration is AT ~ /u,, since the motion 1is approximately
that of a harmonic oscillatur u? perfiod Zw/uw in the overdense region.
This strong, impulse-like acceleration WHI cause high harmonic
emission from the step region.

To estimate the epission rate into the n“‘ spectral line W= nw,
we Fourier analyze 6%. Tt can be shown utilizing Fourier transforms
ang the well-known Larmor fomula that the intensity of emission in the
0" harmonic is given by

2

2

I, = Ee_"pu""’ol c [ dxgn (x,) ;'i €1
c pu

(2)

where the integral in Eq. (2) is over the depth of radiating plasma,
and C measures the enhancement above single-particle emissfon (C = 1)
due to coherency effects. This result confirms the principal
experimental observation of a flat spectrum for high harmonies with a
well-defined cutoff and predicts a roll-off for the spectrum at ; L

/nc. Thus, as suggested by a recent simulation study of gigh
harmonic emission,! one can directly measure the upper density given
the cutoff harmonic number. It should be noted that Eq. (2) predicts
both even and odd harmonic emission, consistent with the observations,
a direcl; consequence of the strongly asymmetric force as shown in
Fig. (1).

l. R. L. Carman, D. W. Forslund, and J. M. Kindel, Phys. Rev.-Lett.,
46, 29 (1981).

*Hork supported under the auspices of the U.S. Department of Energy.
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FIGURE 1. SCHEMATIC REPRESENTATION OF THE
DISPLACEMENT & AND ACCELERATION & OF A FLUID ELEMENT
AS IT OSCILLATES IN AND OUT OF THE DENSITY JUMP.
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ONE DIMENSIONAL MAGNETOHYDRODYNAMIC CALCULATIONS
OF A HYDROGEN GAS PUFF

S. Maxon and P, D, Nielsen
Lawrence Livermore National Laboratory
Livermore, California 94550 U.S.A,
ABSTRACT
A one-dimensional Lagrangian calculation of the implosion of a
hydrogen gas puff is presented. At maximum compression, 60% of the
mass is located in a density spike .5 mm off the axis with a half
width of 40 um. The temperature on axis reaches 200 eV.
1. METHOD OF CALCULATION AND INITIAL CONDITIONS

Using the full magnetohydrodynamic (MHD) equationsl

coupled
with the circuit equation, we numerically solve for the discharge of
a capacitor bank into a cylindrical shell of hydrogen gas. The
Lagrangian code Lif\SNE}!z is used. Artificial viscosity is added to
the ion viscosity to calculate stable supersonic shock waves, The
transport coefficients in the presence of a magnetic field are taken
from Braginskii and neutral resistivity is included.

The energy and pressure of the gas are taken from a hydrogen
equation of state. The MHD equations are differenced and solved in
one dimension, assuming dependence on radius, velocity, and time.

The capacitor bank has the parameters \‘0 = 16 kV, L = 14.5 nH,
and C = 21.6 pF for a total energy of 2.765 kJ and a quarter cycle
rise time of .9 ps. The length of the pinch is 1 cm.

The initial density and pressure profiles for the gas are
plotted in Fig. 1. The initial pressure results from setting the
temperature at 2 eV in the region 2.16 = r = 2.2 o o simulate
breakdown and formation of a thin current sheath along the outside

surface of the gas. The current returns at a radius of 3 cm. We
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FIGURE 1. Initisl density and pressure
use a density dependent switch for the resistivity so that material
with density less than e is given insulating properties.
2. NUMERICAL RESULTS
Initially, the pressure spike shown in Fig. 1 spreads out,
causing both an inward and an outward going shock wave. The outward

goiny shock raises the density above so that there is an

Pc
outward going current sheath as well as the current sheath at 2.2
cm, which is the initial breakdown path, As the problem evolves
further current sheaths are ‘"created" in the outer region and
subsequently propagate inward due to the Ix 8 force, to join the
main current sheath.

The early time solutien at t = .1 ps consists of a density
spike corresponding to a compression of 7.5 and a half-width of .14

mn. located at r = 2.08 cm.?

The radial velocity of the density
peak, as a function of time is plotted in Fig. 2. The first
outgoing shock reaches the fixed insulator at .2 ps and dissipates.
At this time, the density in the outer region drops below Pe
everywhere, so that the entire region {(r > 2.2 cm) becomes

insulating. Therefure, the entire current flows on the outer

surface of the gas and the implosion begins.

t {us)
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FIGURE 2. Radial valocity of density maximum
Notice the decrease in acceleration at .45 ps. Once again, this

is due to the appearance of another current sheath in the outer
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compression

region. The density and rB profiles at maximum compression, t =

.577 ps, are plotted in Fig. 3. The temperature on axis is 165 eV

while the temperature in the spike is 3 eV. The density spike

contains 60X of the mass and has a half width of 40 pm. The
quantity rBy takes the value .083 MG-cm in the insulating region

(r =21 cm) but drops to the value shown in Fig. 3 because of a

current sheath located between .5-1.0 cm. The current rises to .43

MA at t = .54 ps and drops to .4 MA at t = .585 ps.

These results are preliminary because we have not finished
investigating their dependence on zone size. Two dimensional
calculations will be made to see how axial flow changes the nature
of the solution. We are also running this problem without the use
of the density dependent resistivity.
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NEW MATHEMATICAL METHODS OF INVESTIGATION
OF SOME NONLINEAR EFFECTS IN PLASMA

A.A.Samarskiil, V.A.Galaktionov, S.P.Kurdjumov,
A.P.Milchailov
Keldysh Institute of Applied Mathematics of the
USSR Academy of Sciences, USSR

In this paper we formulate some new mathematical methods
of investigation of nonlinear stage of overheating unstability
and in particular the aggravation regims in continuous media.
We restrict our attention to Caushy problem for quasilinear pa-—
rabolic equation describing the :processes of heat conduction

and combustion in one dimension

Ti=R(T)Tx)x + ACT) , >0, xe R?, (D)
T(0,x) =To@ >0 , xeR' ;To@#0 . @

Here t 1s the time, X - space variable, T(},x) - tempera—

ture, ‘h(T) 20

power of heat sources.

= heat conduction's coefficient, &(’I)?‘D -

4. The resonant excitement's conditions. The initial functi-

on Tolx)

temperature T

in (2) is called resonant ( critical ) if the
doesn't decrease with time in whole space,
that is
1
T¢(t, 020, t>0, xeR . €))
Theorem 1 ([4,2]1). The inequality
s ’ 1

(R(T@) Ty@) + A(To@N 20 , xeR O]
i85 the necessary and sufficient condition foe the resonant exci-
tation of ocombustion in the semce of {(3).

The inequality (4) permits one to determine the geometri-
cal size of resonant initial indignation Tn (1) and it's evo—

lution in time.
2. Approximate similarity solutions ( a. s. s. ). The effec -
tive method of investigation of nonlinear diffusion and combus—
tion consists in construestion and analysis of similarity solu-—
tions of eg. (4). For example in the case h(T)=T6, >0, (T
=T9, p>1

e+1 the property of localization of diffusion process con—

similarity solutions of egq, (1) showing for @ >

struct in [4,5] where their asymptitic stability is also estab-
lished.

However a little number of eas. (1) has the similarity solu-—
tions [6]). It 1s shown [7-9] that so-called approximate simila—
rity solution can be constructed for some egs. (1). This solu=
tion don't satisfy the eq. (1), but the solution of the conside-
red Caushy problem asymptotic converges to it., For example it is
shown [B] that in the case h(T)""—"l,Q(T): G"'T)QI'I?G*T),& >4

the a.s.s. satisfies the first order Hamilton — Jacobi equatien

~

Ty = (Toy /ATy + AT , t>0, xR’
ama WT-Th,—0 as m{a'r(t,m) — + o

that in this case eq. (1) has no any proper similarity soluti-
on [6]).
3. Generalized comparison theorems. It is well Known that the

solutions of parabolic equations have the continuous and mono-—

( notes

tone dependence from the initial - boundary data of consldered
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probvlems. Because of that the similarity solutions of fixed equa=-
tion are the specific bounds between classes of nonsimilarity
solutions with different properties., However as mentioned above

the similarity solutions of eg. (1) exlsts in very rare cases.
Let us formulate the new approach to comparison of solutions

of Caushy problems for different parabolic equations ( ¥ = 1,2 1)

)
TO=R AT T+ 0TS, t>0, 2eR!, ©
%0, =T (®) >0 , zeR"' . (6

One of these equations may be of sufficiently simple type and
has the solution with kmown properties.

Theorem 2([1,2)). Let Tg)(I) > TQG)(I) in R‘ and
functions ‘h@) ) QO) satisfy the inequalities

2% > 9% . [R®esv A P10 ,
'k@)(s) Q_@(s) > h@(s) [lm(s) : S50 .

Let, in addition, Ts)(t, )20 foral t>0 ,Xxe [R1
( see theorem 1). Then T(a)?- TG’ for all >0 ,.'[ER‘.

Similar theorem can be proved in the cases of arbitrary
(including nonquasilinear) parabolic equations [1] and can al-
so be formulated for the comparison not of the solutions it-
self but of some nonlinear functions of its [10].

4. The methods described above give the possibility of theo-
retical investigation of various nonlinear effects in continu—
ous media ( for example T - layer's effect ), which have been
studed earlier in the numerical and physical experiments and

also by some analytic and qualitative methods .[4,5,11,12 ].
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PLASMA FINITE MASS COMPRESSION AND RAREFACTION REGIMES
PERMITTING A TIME-REVERSE IN A DISSIPATIVE MEDIUM

N.V.Zmitrenko, S.P.Kurdyumov
Keldysh Institute of Applied Mathematics,

Academy of Sciences, Moscow, USSR

1. It is known that in a general case revers of time is
npossible in a macroscopic dissipative medium. However the-
e are examples when & rarefection (a "direct™ motion) and

compression symmetrically inverted with respect to this
:arefaction (an "inverse" motion) can be feamsible from the
shysicel point of view. In this case the space profiles of
all fhe-values (except for the velocity profile signs) in
tLe both processes coincide. Thelr change with time in the
compressed mass repeats all the states of the system, which
occured in the case of mass scettering, but in & reverse or=-
der. For example the compression without any shock waves [1]
considéred within a self-similar problem [2.3] is such &
process. The same self-similar problem with a heat conducti-
vity and a heet source gives another example of an open dis-
sipative system where mutually-symmetrical motions have o
real physical sense.

2. Let us briefly describe the results of inveatigation
of the sslf-similar problem [2,3] . We congider one-dimen—
gional motions of a finite mass HD accomplished under the
action of a spherical, cylindrical or plane piston for a
get of gas dynemics equations written in lagrangian vari-
ables (mass x and time t) and involving heat conductivity
and a heat source in power dependence of temperature T and
density P . The totael mass H‘t: (27T N +(1—N)(1—N/2})MD,
where N =0,1,2 for the cases of plane, cylindrical and
spherical symmetry. A self-gimilar solution corresponds to
the separation of variasbles x and t and the time dependence
has & power form determined by a lew of the piston motion
rﬁ-’vtn. The parameter n is fixed by a form of the dependen-
ce of the heat conductivity coefficient and the heat source
upon T and « Such variable separation deacribes both the
rarefection (then 0 < t <00, tor o3 ) and the compressiocn
(then -e°<t< 0, t - 0). The value profiles are determi=-
ned by a set of ordinary differential equations (a "gelf-
gimilar! aystem). These equations are the same for both a
rarefaction problem and a compression problem, differing
only in the sign of the expressiona for the heat conducti-
vity and the heat source. The sign is negative for the com-
pression problem.

3. The mutual-gymmetricel motions (i.e. solutions with
the same value profiles for the compression and rerefec-
tion) correspend te the same sclutions of the "self-simi-
lar" aystem. An investigation shows that if a "direct” mo-
tion has & parsmeter n = n(1) and an adiabatic exponent ¥4
then the "inverse" motion has to have the parameters uw)
and" )Y, such that

2@ 6 i n(Xz) sy n(;) )

for the execution of time reverse processes in the system.

Here G
NESINL LN D B A
¥ Yu - 1 L 2+ (Y, -1)m+1)

4. Porm:la (1) leads to the following relation-ghir
between X,‘ and 81 H

1
32=1+(-1_._.....7_)'1' y=u . (2)
y 31-1 n(N+1)

This dependence is represented in Fig.1 for the specific
magnitudes of n and N. It follows that the mutual-symmet-
rical motions are possible only at n€1 ( y > 0), since
it is naturally to demand 1 £ Yy < ©° . The physical un-
real branch of hyperbels (2) is shown in Pig.1 by a
dashed line. On this branch either Y,< 1, or ¥, < 1.
5. The change of the entropy §, is given by. [2,3] :
454 .o (D -1

I = My cv( E{ -1t ", (3)
where c_ is a gpecific heat. The case of the equality J}‘

({2 (the point C in Fig.1) corresponds to the motions
with a conservation of the entpopy (in this case it fol-
lows from (2) that n=nx) and the "direct" and "inverse"
motions are feasible 'for the same medium with the same
adidbatic exponent J’ « An anslitic aalution[‘l-il] wag
obtained for this case. The ; and J, values are dif-
ferent in a general case, when the dissipative effects in
the medium fix the exponent n # n_. From (2) it follows
that if n(;) > n, then nf){ n end vice versa, i.e. the
sign dSt/dt in the "direct" and "inverse" motions is the
same according to (3). It has to be like this in problema
with the same profiles of a dimensionless temperature,
i.e. the same gigns of & heat flux through the piston.
Thus, by choosing medium paremeters ( Y ) and under the
specific boundary regimes and initiel data it is possible
to implement the processes going in the opposite time di-
rections in two open dissipative macroscopic systems, éa

if they are reversed in time.
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THE MOTION OF THE PLASMA HEATED BY POWERFUL PROTON BEAMS
A.V,Dobkin, T.B.Malyavina, I.V,Nemchinov
Institute of Physics of the Earth of the USSR Academy of

Bciences, Moscow, USSR

Recently, much attention has been given to the use of
intense ion beams for inertial confinement fusion. Target
proton beam irradiation may be also interesting for the
other scientifical and technological purposes. At the high
temperatures target ablation layers which often consists
of the high or middle atomic number element are highly,
but not completely, ionized. Unfier such conditions the
plasma thermal radiation effects are able to play consi-
derible role.

We have considered plasma coronz dynamic of the proton
beam which power density is in the range gg = 1010-’101“
w/cma, the proton energy is in the range £o ~0.1-10 MeV,
impulse time is of the order of T~ 0,11 mks and plasma
temperatures T ~ 10-100 eV. Plasma dynamic will be onedi-
mensional (plane), unless the thickness of the plasma
layer x is small in comparison with the target radius r,
and with the beam radius R. In this case, onedimensional
gasdynamic computer program has been used. The program in-
volves the solution of the radiation-transfer equations[1],
energy deposition due to the proton collisions with bound
and free electrons [2}, target ablation. When the time is
increasing, the heat radiation fluxes are growing and can
reach the order of the beam energy fluxes. Temperature
growth stops. Large part of the heat radiation energy alout
220~-50% of the beam energy leaves plasma for vacuum, which
is accordance with the estimations [3]. The flux radiation
from the high temperature corona incidents on the target re-
sults in its additional ablation. If the target is suffici-
ently thin, the plasma cloud will expand and irradiate in
both directions: either forward or backward. For example,
at the fig.1 computer results are presented for the inter-
action of the proton beam (&, = 1 MEV, g, = 10 GW/cn®) with
the aluminium foil, which initial thickness (m, = & mg/cn®)
is equal to the proton range in the cold material. Plasma
varameters: T - temperature, P -~ pressure, u - velocity,

‘1p - proton power density, 9 = heat radiation power den-
8ity, m - plasma mass - are presented at the irradiation
time ¢ = 0.25 mks, when x =1 cm.
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Fig. 1

When x of the order of r, or R, the plasma density

is decreasing faster then in the plane case. External layers
becomes transparent for the particles, Quasi-stationary

regime of the plasma motion and heating occurs, as well as
in the case of laser irradiation [4,5] . Let us consider
uniform irradiation of the spherical target of the radius
T, by the powerfull proton beam. Quasy-stationary spheri-
cally simmetrycal plasma dynamics is described by the
method [#,5]. At the radius r, where the velocity of sound
is equal to the velocity of plasma, the relationship bet-
ween the “"differential" proton range 1 = & /(d&/dr) and
the radius T, takes place: Tx =A 1*, where A is of the
order of unity. The parameters in this critical point are
described by the subscript (). Computer results of the
stationary corona are presented on the fig.2. The aluminium
sphere of the La= 1 em is irradiating by the proton beam

with E,= 1 Me¥, q, = 22 GW/cx?.

u

P PR

E
f 2 T 9
Fig. 2.
Plasma parameters are divided by their quantites at
the critical point ( £, = 500 KeV, ']Z'§ = 20 eV, u =23 kn/s,
= 1.2 cm). Computer results of the statio-

P, = 6 kbar, T,

nary regime can be presented in this way:
+0.4£ -0.6

. Q.4
06 0k ¢ 075, 1 = 5.6 .0 5, *0%

PQ = 2.3 q,
where scale of the guantites are the following: Pu ~ kbar,
a4y = Gw/cma, T, - cm, &g = MeV, T = eV. The electron con-
ductivity may by sufficient for rather high Ix‘ For example
at the q_ = 5.10" GW/on®, £, = 10 NeV and r, = 0.4 cm, when
T! = 100 eV, the fluxses of the electron conductivity are
about 30% of the g , being the same order as the heat ra-
diation flux. In this case the pressure at the target is
P, = 10 Mbar plasma demsity is p = 0.1 g/c 7. Thus when
the target is irradiating by the powerfull proton beam,
conagiderable part of the beam energy can be tranefered in-

to the plasma corona thermal flux energy.
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STUDY OF TURBULENCE SPECTRUM OF INHOMOGENEOUS
PLASMA HEATED BY A POWERFUL LASER

N.G.Basov, M.V.Osipov, A.A.Rupasov, A.S.5hikanov,
G.V.Sklizkov
P.N.Lebedev Phys.Inst., USSR Acad.Sci,, Moscow

Data on energy distribution of plasme waves elong the
spectrum makes it possible to estimete quantitative yield
of each of anomalous mechanisms of laser plasma interaction
into the lager energy ebsorption and fast particle genera-
tion. An effective method for plasma turbulence spectrum
diegnostice is the method of combination scattering of
the probing radiation /1,2 /. In the present work this me-
thod is used for studying the nc(plasms. critical density
region ncrx1021cm-3) and nc/4 regions for Nd-laser heating
radietion. The experiments have been performed with nine-
-beam Nd-leser "Kalmer" et P,N.Lebedev Physical Instifute.
Lager rediation of ~200J of energy was focused onto & sphe-
rical target. Pulse duration was ~1ns. As the probing radi-
ation we have used the second harmonic of heating light,
obtained by doubling the frequency in KDR crystal (pleced
in one of the laser beams).The enmergy of the probing radi-
ation was=1J.The width of the heating and probing radia-
tion spectra did not exceed ’_"SK.TIIE registration of plasme
acattered redietion in verious spectral regions has been
performed in severasl directions by using transmitting op-
tica and spectral devicea which ensured space resolution
of =15 um. In case the alit of the spectrograph crosses

the target image in the probing region (as shown in Fig.1d),
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Figs 1.
then the radiations near the frequencies 3/2 W, and 5/2W.

are observed (Fig.1b,c). Specificities of space localiza-
tion of the observed radimtions, their frequency shifi by
,:,(,0;-0.)0/2 with respect to the probing wave (equal to elec-
tron Langmuir frequency for ncfd, region), and its two-com—
ponent apectral structure (Fig.1b,c) give a possibility to
aasociate the cccurance of these radiations with the combi-
nation scattering of the probing wave (ty+ 1 —— t3/2,t5/2)
on plasmons resulting from two-plasmon paremetric instabi-
lity(ta—»- 1 + 1) within the nC/d, region.Note that the ra-
dietion near 3/2 (@0, <freguency was superimposed in apectro-
grams with the radiation of 3/2(), harmonic, generated by
plasma in the result of combination acattering (on the plas-

monsg in nc/4 region) of the heating radiation (to + 1 -

— t3/2J, and, thus, located along the whole plasma co-
rona surface (Fig.1s,b). The intensity of the scattered
radiation is determined by the energy spectral demsity of

the plasma waves Wg( Ky ) .Therefore simultaneous measu-

‘ring of the intensity of the 3/2&), and 5/2(), 1lines of

the combination scattering of the probing radiation and
3/2 W, harmonic allows one to find the dependence of WE

on the wave number of plasma vravesl({,l?ig.z).
WelKyl fa10) Plasmon wave
I h rumber for
each of the
o three radia-

tions is de-

l termined from
"'“‘i the law on
1
i = pulse conser-

1 vation at
opol

Kty
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Fig.2.
on the given angle. The estimations based on the performed

a scattering

measurements of the scattered radiation intensity show that
within the nc/:l region no more than 10% of the heating ra-
diation is abamorbed due to parametric instabilities .

In the scattered probirg beam spectrum we have also found
the radiation near 3¢, frequency (Fig.3) with & clearly
seen two-component spectral structure /2/ (with respect to
19/3 both components are "red"shifted : 1&3. and 2.5 i.
respectively). And at two-fold decrease in the heating ra-
diation flux density the more shifted component disappeared,
and only a weakly shifted and more narrow apectral compo-
nent was observed. The
analysis of possible me-

chanisms of the formati-

on of 3Q),radiation shows
)\ . 20‘3‘ that it results from com-
m—— hd == bination scattering of
the probﬂésﬁéé on plasmona, excited by the heating ra -
dietion in nc(t2+1—-t3) region. In this case the more shif-
ted component near 3(J, occurs at scattering on parametri-
cally excited plasma waves (to-l-l-i-s), and leas shifted one
on the plasmons linearly transformed from the heating
radiation. The measurement of AM\z (the shift of the nar-
row component due to Doppler effect with respect to 1/3A,
allows one to estimate the rate of the motion (L of the
n, region: &AA3Aq=5/9 L/c . For the value Aly=2.5 1%
(Fig.3) W == 1.3.107 cm/gec. When using the given probing
radiation with the frequency of 2, it turns to be impos-
sible to obtain the dependence WL( k&) for the n, regionm,
because of the coincidence of the other combination fre -
quency ((J,) of the probing wave scattering, and the heat-
ing radiation frequency. Thus, to obtain the turbulence
spectrum in the n, region one should slightly shift the
probing wave frequency or measure the radiation intensity

30, for a number of scattering angles.
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X-RAY EMISSION AND SPHERICAL TARGET IMAGE AT
INHOMOGENEOUS RADIATION (THEORY AND EXPERIMENT)
N.G.Basov, N.N.Demchenko, A.P.Favorsky, E.G.Gamaly,
A.A.Kologrivov, V.B.Rogzanov, A.A.Smrskwf A.S.Shikanov,
6.V.Sklizkov, V.F.Tishkin, G.A.Vergunova
P.H.Lebedev Physicel Inst., USSR Acad.Sci.,Moscow
* Appl.Math.Inst., USSR Acad.Sci., Moscow

The present paper is aimed at the analysis of the ex-
periments on the target X-ray emission performed at "Kalmar"
and other instsllations. "RIM-code (program) for the caelcu-
lation of the target emission has been developed for this
purpose.The stationary equation was solved &t B gilven
space-time density and temperature profiles.The ionization
atate, angular distribution and the outgoing radiation
spectrum, the film illumination behind the pin-hole cemera
were determined in the program.

In the laser target the typilcal ionization times turn
te be of the same order of magnitude as the time of heating
andhydrodynamic expansion, and due to this fact the ioniza-
tion process is non-stationary.sand non-equilibrium.Calcu-
lation tekes into account the electron shock ilonizetion,
the three-body recombination and the photorecombination.
The effect of non-equilibrium and non-stationary ionize-

tion the radiation apec‘l}n:m_ has been estimeted by equation:
! = 2/ZVior !
S 5;{ Roy ___L_-—_ % h 3)

(M‘i‘“kar

where Iﬂ?‘ ;_’_.-_ﬁ_;.__,‘ gxr_,f)" ie the spectral intensity of

o
' ‘
the equilibrium radiation; k,, and 2y, ,the coefficients
of the ion photoabsorption with thé ion charge =2 at Y
level and bremssirahlung ebsorptiom et frequemcy &/  cor-
rected by the stimulated emission;
R = { 0 7 -t-w < IEK];
2Y . 4
Vv, Bz IEH'; energy; Vi » Vo
‘9” , the ionization rates at the electron shock, three-

E y is the ¥ level

-body recombination and photorecombination.

As the example we have calculatell the radiation specirum
(the number of quanta in 47 ster.) of the glass shell
target for the "KalWar" experiments 1/. The target radius
is RO-TO Jm; the wall thickness A R=2 Jam absorbed energy
Eab
these conditions the K-shell state is defined from the ioni-

=20 J; laser pulse dumtion"[,‘, =2.5 ns (Fig.1). Under

zation by the electron impact and photorecombination, the
same processes determine the states of the inner electrons
of L=shell, although for extermal L-electrons the -three—bo—
dy recombination turns to be the decisive one.

Nrev!
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In this case the nonequilibrium has a strong effect on the
emission of hard qunntatg.)) 2.5 keV, as for K-shell
B"':-}DO. the role of non-stationarity here is not strong,

as z / TV, = 0.1, ?or'hu; 8 keV the hot electrons’
radiation becomes the main one. As follows from the expe
rimentel end theoretical data the total energy of the
hot electrons amounts no more than 1% of the absorbed
energy, and this corresponds to the resonance absurption
contribution.

In the right corner of Fig. 1 are presented the
spectra of the "compressed" shell ("Kalmar“)' and "explo-
ding" shell ("Jamus" /2/).

The enalysis of the X-ray emission confirms the con-
clusion on the possibility of describing the "Kalmar"
experiments within the frames of }q-émdy-namiés and clas -
slcal transfer processes. To find the stability bounda-
ries we have studied the experiment with a considerable
inhomogeneity of the irradiation.
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&
experiment ~

=
calrufation

Fig. 2 .

Fig. 2 shows the pin-hole of a polysterene targeti
under inhomogeneous irradiation. RQ =179 jm; a Rz6.9 jaum;
Eah = 17 J; Z}, =2.5 ns . The same figure presents the
experimental and theoretical dJdependences of the photo-
film (placed behind the pin-hole camera) illumination
on the radius (in relative units).

The calculation of the absorbed energy distribution

with account of refraction has been performed .

=g

" Tsst. iyl Sath,-81

Fig. 3 .
Fig. 3 demonstrates a two-dimensional picture of the tar-
get motion at the moment 't = 2.381 ns from the beginning
of the laser pulse for the seme experiment shown in Fig.2.
Note the fact of a high symmetry of compression at a strang
external non-symmetry of the radistion for moderate

fluxes (low corona temperéture).
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GENERATION OF SPONTANEOUS MAGNETIC FIELDS AT LASER
PLASMA COMPRESSION
E.G.Gamely, I.G.Lebo, V.B.Rozanov
P.N.Lebedev Phys. Inst., USSR Acad. Sci., Moacow

Due to the violation of spherical symmetry in the
laser target the occurance of therwocurrent sources and
megagausse magnetic fields is possible. At laser plasma
compression the fields are stirengthened both due the
compression B~ §/Q, and the development Reilegh-Tay-
lor instability @t the inner shell boundary. In {1] is
presented the problem of the magnetic field generation
in spherical targets at moderate radiation fluxes
(4 £ 10" w/cn? for Ne -1aser). At 6?/53 z¢ 4
X—wBL¢4‘_{ 2) 6/6'-9 O , 3) the law of the
inetability development is knuwn(a%)iv eXP{ jwrei't}
4) gad parameters change due to the adiabatic law we get
the following system of equations:
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In the Eq.(2) the first term describes the diffusion,

the second - the saturation owing to the appearance of a
crossed term in the thermasl flux; the third one describes
the field generation due to the development of the Railey-
Taylor ipmetability. With the incresse of wmagnetism the
influence of the mechanisw of rield saturation,which is
conditioned by a crossed term in heatconductivity,decrea-

ses and this uway be effectively taken into account by the

correction coefficient :fx inCy(x~1, 4 =5 )

In the compressed plasma, even in the case the field
source i8 suppressed Ca= O the plaswa wagnetism
growa due to compression X~ iT"'E; -E—:COI‘FSt,T"‘ R“-

Fig.1 presents the results of targit calculation.Note,
that in the calculation I the Larmor radius of 0 -paytic-
les at Bm > 20 mBS 1s less than the free path and is
comparable with the dimensions of the compressed region.
The effective length of the o -particle in DT plasua
increases, and, hence, the energy fraction transferred
from D{ -particle to the fuel, also increases.

X= U.)B"l:g ~/ 1,2, and hence, the thermal flux reaching
the wall will decreanme and the mean full tempersature will
increase. Both effecis may promote the better combustion

conditions.

Fig.2 showa the calculation of the fiold for super-

position of the harwmonica (‘Sf’/f’) ;(JF/P)EG’X PU-),H)PE
Ro =200p Vo=~ 300km/g  (8¢/p )=.0%;(8¢/p );=~0025
To=‘52KGV,§)°=.”2g/CM3 L.!q’ Lg= i0

M sth-‘G-qg, o{:p:EOO
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It is seen that the space and time distribution of
the perturbations correlats to the field distribution
(with the J1/2 ehift), and thin may be used for the diag-
nostics of the instability.

For the observation of the magnetic fields in the com-
pressed plesma three methods are proposed (Fig.3a,b,c).
a) by optical methods in & cone having the form of an
"open book";
b) the measuring of the voltage drop and the currents on

the walle of a conic shell target;

~

¢) irradiation of the shell laser target by a 100 kev ele-
ctron flux. Then at B ~ 10mBs, R ~dpM , the free
path £ e Z 10 M (for 99'02"‘ 100 g/cmBJ.

Thus, one may observe the electron mcattering at ihe
wagnetic fields. At 100 s current and the beam radius of
100 w and the life time of the compressed target 10710

sec about N, ~ 106 electrons should undergo scattering.

B
’F. - 7
Faradey effect I-4004
ag@= V-8 B2 B ~10mbs R-1
V-Verde coefficient 11007 T.a1ualip2400,2, pa ¢
a) 5 N fe"of'
c
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XUV RADIATION TRANSPORT IN LASER IRRADIATED

HIGH-Z METAL FOILS

J. Mizui, N. Yamaguchi and 8. Takagi
Institute of Plasma Physics,
Nagoya University,

Nagoya 464, JAPAN
and

K. Nishihara
Institute of Laser Engineering,
Osaka University,
Suita 565, JAPAN

Abstract

Spatially resolved XUV spectra were measured from the
rear side of gold foils irradiated with 1.05-um wavelength,
100-ps pulses at intensities of 3 X 1014 W/cmz. In the
energy range of 0.1 to 1.0 keV the radiation intensity
decayed exponentially with foil thicknmess up to 1 um but
remained almost constant over the range of 1 to 6um.
These results indicate that ablation by the radiation heat

flux is occurring.

Emission and reabsorption of XUV radiation play an
important role in high-Z plasma energy transport. Conver-
sion efficiencies from laser energy to XUV radiation
energy have been measured with multichannel x-ray diodes

and range from 15 % to 2.3 % for laser intensities of 101'4

to 1016 W/cmz and gold targets.l’z The spectrum has been
shown to be Planckian with color temperatures ranging from
66 to 134 eV. Under the assumption that the radiation is
black-body with a color temperature of the same order as
the plasma temperature, and using a diffusion approximation
with the Rosseland bound;free mean free path, we can
estimate the ratio of radiation to thermal electron heat
flux té be much greater than one. Under these conditions
ablation of the plasma by the thermal radiation can ocnur.3
We report on a direct measurement of the transport of XUV
radiation through high-Z (gold) and low-Z (aluminum) foils.

The experiments were performed on the HALNA Nd:
phosphate-glass laser system with an output energy of 7 to
15 J in & 100-ps full width at half maximum pulse. The
laser output was focussed to a 200-pm diameter spot with an
F/1.33 aspheric lens, giving an intensity of 3 x 1014
chmz. Targets were 5-mm wide foils of gold or aluminum
with thicknesses from 0.5 to 10 ym. The spectrum was
measured using a grazing-incidence (88°) spectrograph with
a 2-m radius gold coated concave gratjing.

The XUV radiation intensity from the rear surface is
plotted as a function of foil thickness in Fig. 1. The
intensities are measured at 52.4 3 (Al XI, 2p2P - 3d2n) and
50.0 E (continuum) for aluminum and at 47 3 (many closely
spaced lines) for gold. For aluminum (a) the intensity
decays exponentially with a scale length of 0.69 to 0.80 um
and goes to zero at 3 um. For gold the intensity alse
decays exponentially initially with a scale length of 0.20
um, but for thickness from 1 to 6 pm the intensity remains
almost constant (b). The exponential decay scale lengths

are several times larger than the absorption lengths for

F-2I

the unionized target materials, but are consistent with
the absorption lengths in highly ionized material, Supra-
thermal electron heating is also another candidate to
explain the exponential part of the decay curves. However
it is difficult to account for the gold target plateau by
these mechanisms. This plateau is only observed in the
gold target where the XUV radiation flux is expected to be
greater than the thermal electron flux. From our estimates
we can conclude that there is a plateau in the rear-side
temperature of many tens of eV which is almost constant for
Au foil thickness from 1 to 6 um.

When the outward radiation flux is as large as
1,2

observed for the Au targets and the target is optically

thick to the radiation, the inward radiation flux heats a

plasma inside the target at tis frcnt.3

Ablation of the
plasma can then occur. The ablation plays the role of a
piston and drives a shock wave ahead of itself. In order
for the high temperature of the rear-side plasma to be
evaluated, the shock-heated front has to propagate to the
rear surface within the emission time of the black-body

radiation.
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THE 2w, SPECTRUM IN LASER PLASMA INTERACTION
E R WOODIKG, J EIAZ_A.R*, H A BAYED
ROYAL HOLLOWAY COLLEGE

UNIVERSITY OF LONDOH, UK

ToN LEAVE FROM BELGRADE UNIVERSITY

The second harmonic spectrum has beenatudied when radistion from
a neodymium laser has interacted with a solid target. The beck-
scattered radiation was collected by the lens which focuassed the laser
radiation on the target. By tilting the ta;-gat. 2ug radiation could
be collected -in the backwards direction and in the speculer direction,
as ghown in Figure 1.

The laser was the Rutherford neodymium gless laser which produced
pulses of 1.7 nanosec duration with energies up to 100 J and wavelength
of 1.0525 ym. An f5 lens focussed the laser beam to a 100 um diameter
spot and also collected light scattered backwards. A paraboloid of
focal length 63.5 mm collected light over an angle of 62°, It was costed
with Al Mg F, but this coating deteriorated during the course of the
experiment. The targets consisted of 1 mm steel pins with ends ground
atévarious angles up to 459, The ends were polished and coated with '
aluminium or gold. The radistion collected by the lens or parebolecid
was steered by mirrors onto the slit of a grating spectrograph. It was
necessary to attenuate the 2w, radiation with neutral filters to prevent
damage to the spectrograph slit and conseguent production of intense
plasma over the slit.

The spectra contained much fine structure. There was structure with
a spacing of less than 1 X. but irregularities in the paraboloid result
in a coarse spatial atructure.

The wavelength displacement of 2w, is shown in Figure 2 to be
o
betveen 10 and 12 ﬁ towards the red for aluminium and 8 to 10 A towards

the red for gold, but there is no significant difference between the
backscattered and reflected components. The displacement of the back-
poattered radiation was measured at the centre of the image and that
from the pareboloid at the specular angle.

Several explanations of the displacement heve been preeentedl which
depend on the interaction of a plasmon and & laser photon, the plasmons
being generated by a linear pz‘ccessz or by parametric decﬂy3. Cairuau
argues that an ion scoustic wave propagating through the critical sur-

face leeds to coupling of the photon and plasmons whose fregquency

I

differs from that of the incident light by integral multiples of the
ion sound frequency ws. Using the ion acoustic dispersion relation:-
wyg o= kg ey

where the wave mmber kj is that given by Mannheimer and ﬂainj

w 2
. b W R
i T (/3 v,

with L the density scale length end L8 the electron thermel velocity.
The wavelength displacement may then be calculated:-

A w

o

Calculations of & A were carried out using values of density scale
length, temperature and efrfective charge which corresponded to the
irradiance and target material. Displacements of 3 to T A vere cal~
culated. Cairns shows that as many as 20 components may occur with a
spacing of wj, the first and second ones being of low amplitude. Hence
the measured and calculated displacements are in agreement if the first

or second components are lost in spectral noise,

Because the plasme parameters are related to the position of the

turning point in the plesma, it was expected that there would be an
appreciable angular dependence of the specular spectra. However, it is
seen in Figure 3, that the displacement of the second harmonic from the
precise value of 2u, shows no obvious trend with engle of incidence.
The breadth of the 2w, spectra depends on the lon wave n\mﬂ:erh.
Experimental values of the mesgured breadth (FWHM) are plotted egainst
irradiance in Figure L. There is no pignificant variation of breadth
with irradisnce or stomle number of the target. The ion acoustic wave
number is out of &he range used in Cairns' computation so comparison
with his result is not possible.
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ALPHA - PARTICLES DYNAMICS IN A TGROIDAL PLASMA CLOSE TO

IGNITION

u.Carretta+, s.corti, G.Grosso, M.Lontano, R.Pozzoli
Istituto di Fisica del Plasma, CNR-Euratom Association
Mllan - Italy

*centro di Studio per Ricerche sulla Propulsione e sulla
Energetica, CNR-Politecnico di Milano - Italy

Many aspects related to the role of alpha-particles
in Tokamak devices have been widely investigated and re
ported in literature (see, e.g., the review paper 1/
and references therein).

However, a particular attention must be paid to
the alpha-particles behaviour in Tokamaks near the igni
tion conditions, i.e., where the alpha-particles power
released to the plasma balances both thermal and brems
stpahlung losses.

Here, we analyze the space-averaged energy evoluti
on of alpha-particles produced during an ohmically-hea
ted Tokamak discharge. We refer, in particular, to com
pact toroidal devices of the Ignitor type /2/.

The discharge is described by means of a zero-dimen
sional code which includes a thermal alpha population
and an energy distribution function for energetic alpha
particles.

Electrons, deuterons, tritons and neutrals are trea
ted as fluid populations.

The dynamics of the discharge is coupled self-consi
stently with the primary of the transformer.

We note that the evolution of the alpha-particles
energy distribution, correlated to the time behaviour of
a Tokgmak discharge, is not fully exploited in the lite
rature.

As an illustration of the obtained results we report
the evolution of the energy distribution of alpha-parti
cles for a low and a high-density regime.

-3
130 (em )

3
0.1, ' ] . _
0 50 400 150 200 (ms)
FIGURE 1 - Alpha-particles density vs. time for the low
density case; ™ = total alpha-particles den
sity; ® = thermal alpha-particles density:
0£E= energetic alpha-particles density

The starting values of electron density and temperature

in the two cases are:. n_= 210 ‘em™>, T,= 4.8 keV ; n =

2-10154:m"3 and TE= 5.5 :ev , respectively. They represent
the peak values obtained after using gas-puffing, ohmic
heating and major radius compression.

The time behaviour of both thermal and energetic alpha
particle densities for the first type of discharge is shown
in Fig. 1 .

In this case ignition is not reached and the plasma tem
perature decreases continuously after the end of compres_
sion.
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-3 -4
109 (cm™ keV )

b
10 S S
10° 10 40° A 8 34
(xeV)
FIGURE 2 - Alpha-particles energy spectra at three times for
the low-density discharge

The evolution of alpha-particles energy spectrum for the
same low-density case is shown in Fig. 2 .

A quasi-stationary distribution is established in about
80 ms . The subsequent evolution leads to a complete ther
malization due to the decrease of the alpha-particle sour
ce term. The high-energy behaviour of the distribution is
of the type f(ak:}t,, while at the intermediate range of
energy the distribution can show a minimum as predicted

-3 =4
48° (em ™~ keV )

' 'Fot

L « 114 ms

1
1
k
| .
110ms |

% 406 ms

40° 40 T 40° % 34
(xeV)
FIGURE 3 - Evolution of alpha-particles distribution for
the high-density case

e.g. in ref. /3,4/.

The evolution of alpha-particles distribution in the se
cond case is shown in Fig. 3 . In this case, the stationa
ry state is reached in about 14 ms , the density of alpha
particles is increasing in time leading the plasma to
ignition.
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a- PARTICLE RIPPLE LOSSES DURING SLOWING DOWN IN A TOKAMAK REACTOR
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1. Introduction

In a tokamak reactor, the ideal axisymmetry of the magnetic field con-
figuration is destroyed by the finite rumber of torcidal field coils,
which superimpose a small ripple component on the main toroidal field.
Although the ripple is generally very small it may have significant
effects on the confinement of very high energy particles, since these,
if trapped in the ripple mirrors, will experience an uncompensated ver-
tical drift which could carry them out of the plasma. For high energy
fusion products, like a-particles, the drift time out of the plasma is
generally much shorter than the characteristic time for collisional
scattering out of the ripple mirrors. This leads to the appearance of a
loss region in velocity space centered around i =0, [1].

The direct a-particle loss, i.e. the loss of particles "born" in the
loss region. is usually negligible since the toroidal field ripple is
very small. However, due to pitch angle scattering, particles tend to
diffuse into the loss region during slowing down. The purpose of the
present study is to determine the corresponding particle and energy
Tosses.

2. Analysis

The dynamics of the a-particle slowing down process is assumed to be
governed by the Fo_lv.ker-Planck equation, [2]

af ay af
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where X =y /v, a= Zogp/(8-( 2]). [2]- 3 z,2ns- 5:1 /n, and

. 4
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The critical velocity, v, at which electrons and ions contribute equal-
1y to the slowing down is given by

v

c v
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The fusion processes can be assumed to generate monocenergetic particles
with velocity v , isotropically in velacity space. implying that the
source function S(v,x) can be written

S(vax) = Sy 8{v-vg) K(x) (4)

where K(x)=1 outside the loss region and K(x)=0 inside.

1t is convenient to divide the a-particle distribution function into
two parts, f, and f, where fyy, describes the thermalized fraction and
f the nhigh enerqy tail, since f after some characteristic slowing down
time becomes statiomary, [3]. Our goal is then to solve for f the sta-
tionary form of (1), with the boundary condition f(v,x=24)=0, where
x=+A are the boundaries of the loss region, in the velocity interval
extending down to v=vg, where v, is the velocity for which the drift
time out of the plasma becomes equal to the scattering time out of the
mirrors. It is assumed that no Tosses occur for v<vg.

3.  Results

By formally letting the width of the loss region approach zero, it is
possible to obtain the exact solution to the problem, (4]

3 Zeff-n(nﬂ)
2 14(:5) F
Sv H{ve-v) v
of f 2n+1 f
f) = - | 2 Sy (5 Py {X)- Py (0
(vax) T Ve, nodd ™ (H{:C)S) n n-1

(5)

where H{z) is the Heaviside step function and Pn(x) are the Legendre
polynamials. The sum describes a step function in pitch angle that gra-
dually smoothens out when we pass towards lower velocities, and the

term in front of the sum is the solution we would get in the absence of
the loss region. The particle loss fraction, defined as the ratio of the
total number of particles passing the loss region boundaries par unit
time to the rumber produced, is straightforward to calculate from the
exact solution and we get .

v 3 TmEff < (2k#1) (k1)

h(q%) A ( !

.

F,el-4 £

L Ty (k)2 “(:_c)i
5

(6)

The corresponding energy loss fraction, QL. is defihed analogously.
However, eq. (5) is not very suitable for an analytic evaluation of

Ql. The Fokker-Planck equation can also be solved using an approximate
integral method, [5], which has the advantage of giving simple amalytic
expressions for particle and energy losses in good agreement with exact
andfor numerical solutions. This yields for the energy loss fraction
(for electron temperatures T,. less than 40 keV)

0, =0.037 2,6'% 1,34 11-0.26 1.4 M

where T, is the electron temperature in keV.

& f‘
1o 1.0
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For typical Tokamak reactor parameters the particle and energy loss
fractions amount to 40-60% and 15-30% respectively. The present ana-
lysis assumes the ripple to be homogeneous over the plasma cross section.
If ripple inhomogeneities are taken into account, the losses may be
effectively reduced, but on the other hand a spatial redistribution of
the deposited a-particle power will occur, which may have significant
effect on power deposition profiles, thermal equilibrium, and stability

properties [4].
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ALPHA PARTICLE BrOTSTRAP CURRENT IN A TOKAMAK MAGNETIC
AXIS REGION

V.Ya.Goloborodko, Ya.I.Kolesnichenko, V.A.Yevorskij.

Institute for Nuclear Research of the Ukrainian SSR

Academy of Sciences, Kiev, USSR.

Abstract: Alpha-particle bootstrap current generation has
been shown to take place in & magnetic axis region of a
tokamak-reactor. Due to this effect the theory of the sta-
tionary bootstrap tokamak has to be revised.

In Ref. [‘IJ it has been shown that the d-particle
drift losses in the tokemaks may result in the generation
of the longitudinal plasma current. Apparently, this me-
chanism of the current generation may be used to create &
steady-state ftokamak-reactor with a small current, I~ 1MA.
Under graé.tar plasme currents the magnetic field confines
the high energy o -particles produced in the central part
of a plasma, and current caused by the o -particle loss
is not generated near the magnetic axis. According fo the
neoclessical theory [2] the bootatrap current (Jl'-‘) is al-
so canceled in the axis region becamuse this current is
proportional to the density and temperature gradient. That
is why the steady state large current ( I=>1 MA ) tokamak
reactor based on the use of the plapma processes only is
considered to be impossible ( i.e. the injectors or the
HP-field generators are needed ). In the present paper we

show that actually there are no reasons for such pessimis-
tic conclusion. Specifically, we show that because of the

large radial excursions of the high energy d -particles
the generation of the considerable plasma current in the
magnetic axis region ( including the axis ) has to take
place, this current being determined by the second ( or
more higher ) radial derivatives of the plasma parameters.
Evidently, that the main part of the current is created
by the o\ -particles with velocitles greatly exceeded the
thermael ion wvelocity (Vﬂ). It enables us to consider only
the o -particles with velocities V>(m5/me)'fsvﬁ, mE.i being
the electron and ion masses. The distribution function of
these particles (is.) satisfies the following drift-kinetic

equation:

(_V—di’-\zl)'vfd':cde{%g{,%e} +Sy (0

Here C*e is a collisional term describing the o ~particle
slowing down by the electroms, Sy describes the d-par-
ticle production, -'Z.] is a particle toroidal drift velo~
city, VH particle velocity along the magnetic field, Ta-
king into consideration that the particle bounce period is
small compared with the characteristic slowing dovm fime
(ts) we getbs

Sa(vW)= fdvv e i S ()
vhere £..,> denote avamg:.ng over the particle drift tra-—
Jjectories; W=W(Jy)is solution of the equation dJ/dV =
G- VEICTIFIW I=Vilog + ¥, =) betng the £1ux our-
face function, bJB-EMmC}.

We use Eq.(2) to find the o -particle distribution
function in the magnetic axis region: ¥ “51"2, where &=
29["]%.&085)! qisma tokamak safety factor, R a 1arge to-
rus radius, 'Il:ﬁ(ZEAf"“) E 3,5 Mev, For this purpose we
put 5,=n (BV)S(V wﬂbnlﬁ]aasumng that all d-particles pro-
duced in the axis region are confined in & plesma, i.e.

assuming
54
Y

where A is the torus aspect ratio. To carry out the ave-

I>= (MA) (3)

raging in Bgq.(2) we use the near-axis particle trajectory
enalysis of Ref. [3] . Caleulations yield the distribution
function with the fypical pitch angle (X = V) /V) depen-
dence showm in Fig.1.

Now we can get the o ~particle current in the magne-
tic axis region:

Jg =-033 M‘* a(.Sr) (4)
g, dr®

where 8 =h<BV>/4, Bq.(4) has been obtained under the
suppositions that the radial o -particle excursions do
not exceed the characteristic width of the distribution
S(r) (i.e. I35 MA ). Otherwise ']: is determined by both
the second and higher derivatives of S(r). It follows from
Eq.(4) that if n(0)~10" en™, 2(0)~20 Kev, q(0)VAkugR™
10'1 and the radial distributions of the plasma temperatu-
re and density are parabolic then J: ~ 100 A cm—z.

Note that Eq.(4) may be obtained up to 0(1) factor by
means of the qualitative analysis. For this purpose we

2 42 & 2.
have to take into account that J,~~05e|Vi|(aV) d ng /dr
( n and Ar are the trapped particle denslty and the radial
excursion ) and V= VS AT = Qi /(g S ), n n.g”n‘, 11_\—
S t‘

3‘: and the current before the thermonuclear reaction
have the same direction. However the d=particle current
gives rise to the opposiiely directed electron curréent 3';=
- yzeff.‘i > Zeff being the effective charge number. Hence,
the alpha driven current a:e-:rﬁ; + J, can serve for a seed
current in the steady-state tokemak if Zefi.>2 only. Other-
wise -a:e has the opposite direction and may result in the

unfavourable consequences.

I

Fig.d.Alpha particle
distribution functi-
V=V, on in the axis regi-
on versus the pitch-

angle X=V,/V/

- 54 0 1
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I, Introduction
The INTOR design raises the problem of creation and longtl=

me meintenance of the equilibrium configuration by means of ex—
ternal coile. The necessity to obtain the high pressure configu-
ration ( ﬁ-—-: 6%) with the safety factor on bthe plasma surface
(}F=2.I imposes strong restrictions on the plasma cross-sec-
tion as well as on the pressure, toroidal current density and
safety factor profiles. In the INTOR version with a single-null
poloidsl divertor the plasma cross~section is vertically asym-
metric. Elongation and triangularity near the active null point
of separatrix ere larger then in the upper part of the plasua.
The numerical computation of asymmetric MHD-equilibris, that
incliudes estimation of the necessary EF (equilibrium field)
coil currents at the different stages of disgharge (through

an increase in beta) is considered.

2, INTOR-Equilibrium
To obtain estimates on the EF coil currents we solved nume-

rically the equation for the MHD-equilibrium with separatrixz of

the form

R=R. +a(losw (LS50 )T 1 Gintep (B #8y+ (a;-a‘,)s,-mf)l)}

.?= za # 5’, a Sr}?w(kf +ky + (k, -f(zj&):ﬂ))

Tor the INTOR design contiguration Ky =5.3 b , jfn=o.s m,
({=I.2 u , the upper and lower triangularity SI =0.2, B, =0.4,
the upper and lower ellipticity Kp =T.5, K2=I.7. the separatrix
angle parameters D=I.3, J =0.5.

The computations were made with the help of a code baamed
on the transverse variable method [I] « In this paper we use
nonorthogonal flux coordinates. The boundery of the current
channel was assumed to be removed from separatrix, becauss on
Beparatrix q/‘—- o ., Within the current channel we use the fol-
lowing pressure and safety factor profiles:

P = po(1-(1 - E=LP))*
G = G0 +(Gp-9o)(1~ =) “

Here Y/ s&nd (ff',p are values of the flux function ¥ on the

magnetic exis and on the current chanrel boundery, respechively,
qm:z, q/P=2.I.

We solve the self-coordinate task of the flux-conservatlon
in the center of
the camera (R=5.2m) was fixed (By =5.57), and thers was no sur-

evolution. The value of the toroidal fisld B

face curvent on thse plasma boundery.
3. Rasulta .
We hove demcnstrated the possibility of creating the INT
configuration with a single-null poloidal divertor by means of
the external EF-coils. The field cenfiguration with 9 coils is
prasented in Fig.I. We have investigeted the influence of
the plasms pressure on the seperatrix shaps. The re-—

sulte Wwero uced in the Soviet version of the INTOR projest [2).
On the base of the above mentioned computations [2] we

have solved the problam of optimization by the number and posi-
tlon of the EF coils in the case ﬁl-:R.E. These coils are con-

siztent with the space roquirements and engineering restrictions.

The coll location together with the required ampere-turns are
glven in Table I.

Figure 2 shows the topology of the equilibrium field with
the plasma gafa:’atarsa fI =10 =2.2, /_’.:5,?5!. L=6.4m,
All the integrals are taken over thapcrosa-aection (8) and along
‘the contour (?) of separatrix.

From comparison of Fig.l and Fig.2 it is evident that the
optimization of the coil positions allows to improve the geomat-—
Ty of separatrix without increasing the ampere~turna.

The computations were also made with the coil location
that was proposed by the INTOR International Working Group (pea
Teble 2, Pig.3).

The sbsence of coils in the inductor region ( R = To4m,
fz]é 3m) may deflect down the inner diverter chaunel st the cosb
of incressing the a:np?re—tu:.-na.

Figure 4 (with Z;I_/cfffgﬂﬁT) illustrates this possibi-
lity. The squilibrium configurations in all the figures were obe
tained with the above plasma parameters. Further moving the coils

from the midplene of TC (toroidel coil) resulted in redu-
cing the triangularity end expanding the inner divertor channel.
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Table I.

R(m) | I0,3 3,5 I,& L4 I,4 4,0 6,0 I0,5 10,8

Z(m) 54 659 3,6 -0,8 -4,2 -7,I =7,I =5,7 =5,C i'JI-

cﬁmﬁ '4:82 IZ,E LEI 40-?7 7!4‘6 15|97 20135 ‘7117 -B}.‘I-G' %55

Tebls 2

R(m) | Z(m) |current
BAT

12,5 5,4 | -I,28
12,5 6,0 | ~I,2T
4,7 | 7,1 1,23

3,8 | 7,0 1,63
2,5 | 6,6 1,59
I1,35| 4,95 I,46
I,35| 4,15 2,01
I,35] 3435 2,28
1,35) 2,55 1,45

1,35 1,80 | =1,01
I,35] 1,05 | -4,65
I,35| 0,30 | 7,48
1,35~ 045 | ~7,42
1,35(-T,20 | -4,55
1,35]-1,95 | ~0,95

I1,351-2,75 I,69
I,351=3455 2,64
I,35] 4535 2,53
3,0 | =6,9 3,72

4,7 | «7,1| 15,83
7,2 | ~7,0| 10,20
12,5| -5,5| -1L,16
12,5 4,9 ~I2.22
Z L 0,26




D-T IGNITION IN THE TOKAMAK-REACTOR WITH
DIVERTOR

Yu.L.Igitkhanov, A.S.Kulkushkin, V.I.Pis-
tunovitch

I.V.Kurchatov Institute of Aitomic Energy,
Moscow, USSR

Abatract. A mself-consistent model for computing the
balance of energy and particles in plasma for a tokamak-
reactor with diveritor has been developed. The D-T igni-
tion feamibity in plasma with the INTOR parameters under
the conditions of strong recycling and injection of a
75 MW neutral beam is shown.

The 1-D transport model for & core of the reactor is
gompleted withthe nquntionajo,f transportthrough the serape-
~off layer. In this model, the plasma diffusion to %he
separatrix and the electron heat conductivity are des-
ocribed by the Alcator scaling and ion heat transport is
taken %o be the neoclassical one. Plasma heating is car-
ried out by neutral beam injection, and fueling - with
pellet injection and gas puffing, The 1-D model ie cho-
sen for simulating a sermpe-off layer where plasma dif-
fusion and heat transport across the layer are descri-
bed by the hydrodynamic equetions. The Bohm's coeffici-
enta for transversal diffusion and those for heat con-
duction are chogen, The heat and particles escape along the
field lines in the divertor volume is taken into account
as sink terms in the transversal transport equations.

A kinetic integral equation for neutrals is solved to-
gether with thé transport equations through the main
plaema end the layer to determine the denaity and the tem-
perature of hydrogen neutrals. The flux equal to the neu-
tral backflow from the divertor volume is set as the neu-
tral source at the wall., The possibility of a mirror

and diffusive reflection of atoms from the wall is taken
into account. '

The solutions of the transport equations in the

main plasma and in the scrape-off layer are brought to the
agreement with boundary conditions at the separatrix.
For the inside problem, the boundary values
of temperatures and density (ohtained from the solution
of the problem in the serape-off layer with incoming
fluxes of energy end particles which are,in turn deter-
mined by the inside problem solution) are set.

The D-T ignition problem for a tokamak with the
INTOR parameters has been considered. Calculation re-
sults are presénterl in Fige.1,2. 91% of fueling is
provided by hydrogen neutrals from tbf Ha.l]. and the
rest 9% - by the pellet injection nnd\%he neutral beam,
The reactor heet power is 130 MW. Cyclotron radiation
and bremsstrahlung power loas is 13 MW. About 30 MW
are iranaferred to the wall by neutrals with méan ener-
&y of 280 eV.50 MW power is capiured into the diver-
‘tor. The mean valuese of the plasma parsmeiera in the
main plasma region are: '.[‘i = ‘.'I!e =11 keV; T =

=1.2 . 10'% cm™3, The total ifon £lux through the
separatrix ¢ = 9.7 . 10°2 &7, Densities of the
heat fluxep from the main plasma at the separatriz are
4§ = 9.5 Wen?; o = 21 Won®. The total neutral £lwx
from the wall 1.2 . 10246~ consists of the neutra-
lized ion flow and of the wall-reflected neutrals

fthe reflection coefficient ia equal to 1). The
flux ceptured in the divertor @, = 3.7 . 102957
about 40 timep exceeds ‘,"i - flux originated from the
pellet and beam injection. Such relation between fluxes
will ceirrespond to the recyoling at fhe le¥el R 297%,
if one determines the recycling coefficient as
Ryg= 1 - ﬂ'/g.‘a’ . The calculation shows tha. about
T5% of the plasma recycling occurs in the scrape-off
leyer and the rest - in the region beyond the sepa-
ratrix,

Dynamice of heating for the reactor n:l.tl:.\ diver-
tor in the strong recyocling conditions with 75 MW neu-

tral beam power is shown in Fig.3. At time instant

t=6 s when the neutral beam is switched off, the plasma
reaches the values close to the INTOR parameters. Reac
tor fueling with the neutral ges only, without pellet
injection, turms out to be ineffective one because

the mein part of the gas becomesionized in the scrape-
off layer and escapes into. the divertor volume.

The dependence of plasms parameters at the injec-
tion-switch-off instant (t-6 s) on the neutral density
at the separatrix is given in Fig.4. Feasibility of
the ignition conditions,when the parameter I = W'/W; ..

> 1 (here W™, Wy g BT POWeT releaged in { -par-
ticles and total loss power, respectively), depends
strongly on the neutral density at the separatrix and
consequently on the pumping efficiency. To obiain
stationary reactor operation one must have some burn
control mechnism which is not considered in th prasent
paper,
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Fig.1. Distribution pf plasma n and neutral N
dengities, ion T; and electron Te temperatures
in the main plasma at t=6 s (the instant of in-
jection switch-off, INTOR parameters).

Fig.2., The pame across the scrape-off layer. Tu— the
neutral temperature.

Fig.3 Heating dynamics of the reactor with divertor
with 75MW NBT and INTOR parametds.
Fig.4 Dependence of parameter I=W™ ’”'Tloss and mean

values of density, temperature and g at t=6 s
on the neutral density at the separatrix with con-
stant pellet fueling rate.

20 .
S
2
<
3
R toox
2
1
0 2
¢ 60  %oem 120 120 125 % em 130
Fig. 1. Fig. 2
15 .3
1. my
m, 10
104
Tz, keV
|0
Ix10}
f ]
15 e 2 .




G-6

MODELLING OF START-UP IN THE INTOR
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The 1-D diffusion models are used for the considera-
tion of gas breakdown, ionization, current rise and addi-
tional heating phases. The dependence of minimum brealk-
down voltage from stray magnetic fielda is discussed.

The start-up in the INTOR includes the phasea: break-
down, ionization, current rise, additional heating to igni-
tion. Let us consider thec gas breakdown. The experiments on
the présent tokamaks show that breakdown oceura for E/p >
100 V/em torr (E - induced electric field, p - gas pres-
sure). For this condition we may use the next expression
for electron value € : & (ev1=0.2 E/p-exp (130 p/E).
=682/ £ . The

The ionization frequency is given by ‘)iun

electron losses take plune' due to stray vertical magnetic
field B, . ¥or the condition By > B, = 2O .

. (% + 400) the losses due to toroidal drift may be neg-
lected (R - large radius). The loss frequency is given
by oluss

5 B
= 3,5 . 10°E/p L (B, - toroidel magnetic
o z
field, a - chamber radius, #m). The electron losses due
to etomic processes and diffusion are negligible. Por
these conditions breakdown criterian is given by E>E in
’

where
. 4
1 10 1)

(75

The dependence E j = f (p) for T-11 parameters (at

Bpin =

-

B =14 G) is given in Fig.1. There ia reasonable agree-
ment between theoretical predictions mnd experimental data.
It should be noted equation (1) gives B in V8- By more
weak then experiments show. The experimentel data obtain-
ed at T-7, T-11, T-12 ghow that breakdown ims influenced by
stray fields if BJ_>,10_332. If the magnitude of stray field
in the INTOR is taken B,~ 0,01 T then we have En1n=0.48 v/m
at B,=5,5 T and p=1.5 . 10'4 torr. Thus for the loop vol-
tage W = 100 V the breakdown criterion is fulfilled. The
desirable lowering of the breakdown voltage in the INTOR
may be realized. The T-7 experimenta show that stable break-
down occurs at E = 1.5 v/m for preper conditions (for the
INTOR we have V = 50 V). The treatment of ionization and .
current rise stages will be carried out in terms of 1-D
model taking inte account heat end particles diffusion,
ionization losmes mnd losses due to charge exchange, line
radiation of hydrogen and impurities. The neutral gas dim-
tribution is calculated from the kinetic equation., The cal-
culations showed that the ionization phase in the INTOR
differes from the similar pbase in the T-10 device only in
some detmils. Large dimensions of the plamma colusn give
rise to a strong screening of the neutral flux and to an
increasing '.Ee in this region. Aes a result the profile ne(r)
is nearly monotonous., By the end of the ionization phmme

( €; ~10ms) 1~ 50ka, T, =2-4eV, fr~0,2. The
greater fraction of the Joule heating being apent for ra-
ead, =T0%, Q  =20%).
At ? =2ev, Z ~10 ns and es & Tesult profiles n (r),

diation and charge exchange losses (Q

'l‘s(r). J(r) decrease monotonously mat the radius, In this
phase the role of thermal conductivity end diffusion is
small, therefore, the uncertainty of the tranaport coef-
ficients uped in the model is inasignificant, 0f great im-
portance is a correct aogount for radiation and ionization
losses mostly depending on the neutral distribution.

To prevent disruptions we must choice the current rise
rate I so that next condition have been fulfilled: I < I/Z'S‘
In ecco