
PLASMA PHYSICS AND 
CONTROLLED 

NUCLEAR FUSION 
RESEARCH 1976 

VOLI 
Sixth Conference Proceedings, Berchtesgaden, 6-13 October 1976 

NUCLEAR FUSION, SUPPLEMENT 1977 

\fflj INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, 1 977 

file:///fflj




PLASMA PHYSICS 
AND CONTROLLED 

NUCLEAR FUSION RESEARCH 
1976 



The following States are Members of the International Atomic Energy Agency: 

AFGHANISTAN 
ALBANIA 
ALGERIA 
ARGENTINA 
AUSTRALIA 
AUSTRIA 
BANGLADESH 
BELGIUM 
BOLIVIA 
BRAZIL 
BULGARIA 
BURMA 
BYELORUSSIAN SOVIET 

SOCIALIST REPUBLIC 
CANADA 
CHILE 
COLOMBIA 
COSTA RICA 
CUBA 
CYPRUS 
CZECHOSLOVAKIA 
DEMOCRATIC KAMPUCHEA 
DEMOCRATIC PEOPLE'S 

REPUBLIC OF KOREA 
DENMARK 
DOMINICAN REPUBLIC 
ECUADOR 
EGYPT 
EL SALVADOR 
ETHIOPIA 
FINLAND 
FRANCE 
GABON 
GERMAN DEMOCRATIC REPUBLIC 
GERMANY, FEDERAL REPUBLIC OF 
GHANA 
GREECE 
GUATEMALA 
HAITI 

HOLY SEE 
HUNGARY 
ICELAND 
INDIA 
INDONESIA 
IRAN 
IRAQ 
IRELAND 
ISRAEL 
ITALY 
IVORY COAST 
JAMAICA 
JAPAN 
JORDAN 
KENYA 
KOREA, REPUBLIC OF 
KUWAIT 
LEBANON 
LIBERIA 
LIBYAN ARAB REPUBLIC 
LIECHTENSTEIN 
LUXEMBOURG 
MADAGASCAR 
MALAYSIA 
MALI 
MAURITIUS 
MEXICO 
MONACO 
MONGOLIA 
MOROCCO 
NETHERLANDS 
NEW ZEALAND 
NIGER 
NIGERIA 
NORWAY 
PAKISTAN 
PANAMA 
PARAGUAY 
PERU 
PHILIPPINES 

POLAND 
PORTUGAL 
QATAR 
ROMANIA 
SAUDI ARABIA 
SENEGAL 
SIERRA LEONE 
SINGAPORE 
SOCIALIST REPUBLIC OF 

VIET NAM 
SOUTH AFRICA 
SPAIN 
SRI LANKA 
SUDAN 
SWEDEN 
SWITZERLAND 
SYRIAN ARAB REPUBLIC 
THAILAND 
TUNISIA 
TURKEY 
UGANDA 
UKRAINIAN SOVIET SOCIALIST 

REPUBLIC 
UNION OF SOVIET SOCIALIST 

REPUBLICS 
UNITED ARAB EMIRATES 
UNITED KINGDOM OF GREAT 

BRITAIN AND NORTHERN 
IRELAND 

UNITED REPUBLIC OF 
CAMEROON 

UNITED REPUBLIC OF 
TANZANIA 

UNITED STATES OF AMERICA 
URUGUAY 
VENEZUELA 
YUGOSLAVIA 
ZAIRE 
ZAMBIA 

The Agency's Statute was approved on 23 October 1956 by the Conference on the Statute of the IAEA 
held at United Nations Headquarters, New York; it entered into force on 29 July 1957. The Headquarters of 
the Agency are situated in Vienna. Its principal objective is "to accelerate and enlarge the contribution of 
atomic energy to peace, health and prosperity throughout the world". 

Printed by the IAEA in Austria 
February 1977 



NUCLEAR FUSION • SUPPLEMENT 1977 

PLASMA PHYSICS 
AND CONTROLLED 

NUCLEAR FUSION RESEARCH 
1976 

PROCEEDINGS OF THE 
SIXTH INTERNATIONAL CONFERENCE ON PLASMA PHYSICS 

AND CONTROLLED NUCLEAR FUSION RESEARCH 
HELD BY THE 

INTERNATIONAL ATOMIC ENERGY AGENCY 
AT BERCHTESGADEN, 6-13 OCTOBER 1976 

In three volumes 

VOL.1 

INTERNATIONAL ATOMIC ENERGY AGENCY 
VIENNA, 1977 



PLASMA PHYSICS AND CONTROLLED NUCLEAR FUSION RESEARCH 
1976 

IAEA, VIENNA, 1977 
STI/PUB/439 

ISBN 9 2 - 0 - 1 3 0 0 7 7 - 8 



FOREWORD 

The IAEA Conferences on Plasma Physics and Controlled Nuclear Fusion Research are 
becoming one of the major forums for physicists and engineers involved in this field of research. 
On the recommendation of the International Fusion Research Council the time between Con
ferences has been reduced from the earlier three years to two years in order to keep pace with 
the rapid progress being made. The last Conference was held in Tokyo in 1974. 

The 6th Conference in this series, held in Berchtesgaden from 6 to 13 October 1976, was 
organized by the Agency in cooperation with the Government of the Federal Republic of 
Germany with the assistance of the Max-Planck-Institut fiir Plasmaphysik (Garching). Nearly 
450 participants from 30 countries and four international organizations attended. A total of 
149 papers were presented on the various physics and engineering aspects of nuclear fusion. 

The Proceedings of the Conference are here published in English in three volumes as a 
supplement to the IAEA journal Nuclear Fusion. 

The Agency promotes the close international collaboration among plasma physicists of all 
countries by regularly organizing conferences on controlled nuclear fusion and by holding semi
nars and specialists' meetings in selected topics. These activities will, it is hoped, contribute to 
the rapid use of this new source of energy to meet the future world's energy requirements. 



EDITORIAL NOTE 

The papers and discussions have been edited by the editorial staff of the International 
Atomic Energy Agency to the extent considered necessary for the reader's assistance. The views 
expressed and the general style adopted remain, however, the responsibility of the named authors 
or participants. In addition, the views are not necessarily those of the governments of the 
nominating Member States or of the nominating organizations. 

Where papers have been incorporated into these Proceedings without resetting by the Agency, 
this has been done with the knowledge of the authors and their government authorities, and their 
cooperation is gratefully acknowledged. The Proceedings have been printed by composition 
typing and photo-offset lithography. Within the limitations imposed by this method, every effort 
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable, 
consistency of units and symbols and conformity to the standards recommended by competent 
international bodies. 

The use in these Proceedings of particular designations of countries or territories does not 
imply any judgement by the publisher, the IAEA, as to the legal status of such countries or 
territories, of their authorities and institutions or of the delimitation of their boundaries. 

The mention of specific companies or of their products or brand names does not imply any 
endorsement or recommendation on the part of the IAEA. 

Authors are themselves responsible for obtaining the necessary permission to reproduce 
copyright material from other sources. 
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FIRST RESULTS FROM THE T-10 TOKAMAK 
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V.S. STRELKOV, D.A. SHCHEGLOV 
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Moscow, 
Union of Soviet Socialist Republics 

Abstract 

FIRST RESULTS FROM THE T-10 TOKAMAK. 
Measurements of plasma parameters are made on the T-10 tokamak with a toroidal magnetic field of 3.5 T 

and a plasma current of 0.4 MA. In macroscopically stable discharges of 1 s duration, the central electron temperature 
is Te(0) =1.2 keV, the mean electron density reaches a value of ne = 5 X 1013 cm -3 , and the central ion temperature 
is measured to be 0.6—0.8 keV. The thermonuclear neutron yield reaches a value of 4 X 109 neutrons per shot, 
in agreement with the Tj(0) value measured by charge exchange. Sawtooth X-ray oscillations are observed. The 
effective ionic charge is found to be less than 2 for the inner region of the plasma column. The energy confinement time 
T E is calculated from the experimental profiles of the plasma parameters. The value of T E is 40 ms and increases 
up to 60 ms, while ne is increased up to 8.5 X 1013 cm - 3 as a result of cold-gas injection by a pulse valve. Violent 
disruption is observed in several regimes. Hard-X-ray and neutron radiation bursts take place during the disruption, 
both in hydrogen and in deuterium. More intensive and prolonged radiation fluxes of hard X-rays and non-
thermonuclear neutrons are observed in some discharges where very intensive beams of relativistic runaway 
electrons seem to exist. 

1. INTRODUCTION 

The first experimental results obtained on T-10 are reported in this paper (Fig.l). The T-10 
plasma column has a circular cross-section with the following main parameters: 

major torus radius R = 150 cm; 
minor radius of vacuum chamber a0 = 39 cm; 
limiter radius aL = 36.7 cm; 
toroidal magnetic field H = 3.5 T (5 T); 
discharge current I = 0.4 MA (0.8 MA). 

The values given in brackets correspond to top machine capability. 
We plan to study the following three fundamental physical programs with T-10: 
1) Heating and transport mechanisms in the plasma; 
2) Plasma composition and impurity behaviour during the process; 
3) Additional HF-heating experiments. 
This paper describes the main results of our plasma confinement and impurity studies. 

2. EXPERIMENTAL CONDITIONS AND DIAGNOSTICS 

The experiments were performed at half of the power of the power supply system, corresponding 
to a toroidal magnetic field of 3.5 T and a plasma current of 0.4 MA; the latter value was varied 
from 0.2 to 0.5 MA, when the proper regime was chosen. 
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FIG.l. T-lOtokamak. 

During the discharge, plasma column equilibrium was provided both by the copper shell and 
by the programmed vertical control field. The filling gas was hydrogen or deuterium. The 
experiments were mainly performed at constant gas flow; sometimes, however, additional gas 
pulses were used to increase the plasma density. The filling-gas pressure was chosen so as to 
make the mean electron density ne exceed 3 X 1013 cm -3. This was necessary to avoid an instability 
that would substantially deflect the velocity vector of the fast electrons [1]. 

Plasma current, loop voltage and magnetic surface displacement were obtained as basic 
electrotechnical parameters of the plasma column. The electron density averaged over the minor 
radius ne was measured by an interferometer at a wavelength X = 2.3 mm. The electron density 
profiles during the discharge were computed on the basis of interferometer measurements at 
X = 1.0 and 0.65 mm. Electron temperature profiles were obtained by means of Thomson 
scattering. Ion temperature profiles were obtained by the analysis of fast-neutral spectra and by 
absolute neutron flux measurements. Absolute X-ray measurements were carried out in an energy 
range of 3— 10 keV. Spectroscopic measurements and measurements of the power outflux to the 
liner wall were also performed. The T-10 diagnostics arrangement is shown in Fig.2. 
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FIG.3. Characteristics of a stable discharge (p 0 = 5X10-* ton D^H = 3.5 T). I - plasma current, L - horizontal 
displacement, U - loop voltage (the dotted line corresponds to the Ohmic component of the voltage). 

3. DISCHARGE REGIMES 

The plasma current pulse shape was determined by programming the voltage of the power 
supply system. Typical oscillograms of current and of other parameters for a stable discharge 
are shown in Fig. 3. All data to be described below refer to such a type of discharge except where 
otherwise indicated. 

In almost 30% of all cases, a violent disruption took place in the stationary stage of the 
discharge (Fig.4). As a rule, unstable discharges before disruption display characteristics similar 
to those of stable ones. Sometimes, MHD activity took place during the shole discharge in the 
unstable regimes, while usually MHD oscillations damped 0.1 - 0 . 2 s after initiation of the discharge 
in the stable and in the greater part of the unstable regimes. The difference between stable and 
unstable regimes was seen at soft X-ray spectra measured ~ 0.15 s before the disruption. 
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FIG.4. Characteristics of discharge with disruption (p0-5 X 10 D2, H = 3.5 Tj. 

FIG. 5. Characteristics of runaway regime (p0=3X10-4 D7>H = 3.5T). SN 

y - hard-X-ray radiation; ne - mean electron density. 
neutron flux (neutrons per second); 
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FIG.6. Te profiles as indicated by Thomson scattering in stable regimes. 

FIG. 7. Values ofZeff calculated from resistivity and Thomson scattering measurements (o—oj as well as from 
X-ray intensity measurements (X-X). Triangles correspond to calculation ofZeff{0) based on the existence 
of sawteeth. 
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FIG.8. Safety factor q(r) (for t = 0.6 s, Zeff = const). Curves 1 and 2 - calculations with and without trapped-
electron corrections, respectively. rs — radius of the q = 1 surface. 
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FIG.9. ne profiles established by microwave interferometry in stable regimes. 

FIG.10. Mean electron density n& central electron density ne(0J and total electron number NQ$ in cross-section 
of plasma column versus time. Dotted line corresponds to additional deuterium gas inflow. 

In some discharges (1—2% of the total number of shots) the current did not vanish but 
remained at a level of 0.1 -0 .2 MA after disruption (Fig.5). In this stage of the discharge, intense 
neutron and hard X-ray radiations were observed. The neutron yield reached 6 X 1012 neutrons 
per shot. A (7, n) reaction in the limiter material is the reason for neutron radiation in this case [2]. 
Simple estimates show that the number of photoneutrons, RT>n in a thick solid target is proportional 
to the runaway electron current, Je, and, in particular, for a tungsten target, Ry;n — 0.7 X 108 Je, 
The neutron yield recorded corresponds to Je — 0.08 MA. This result demonstrates the essential 
role of runaway electrons in such discharges, which are dangerous both to the vacuum chamber and 
to the security of the operating staff. 

4. EXPERIMENTAL RESULTS 

4.1. Electron temperature 

A ruby laser providing Q-switched pulses was used for the Thomson scattering measurements. 
The Te profiles were obtained by measurements at five points along the vertical diameter, with 
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FIG. 11. Soft-X-ray spectra recorded along minor diameter in successive time intervals: 
1) 0.20-0.35 s; 
2) 0.35-0.50 s; 
3) 0.50-0.65 s; 
4) 0.65-0.80s. 

Curve 5 is the computed spectrum for the second interval, (o-oj with additional Al 150-pm foil. 

3 cm spatial resolution. The results are plotted in Fig. 6. The electron temperature, T e(0, t), 
reached its maximum (~ 1.2 keV) at 0.1 s and practically did not change up to 0.6 s. The profiles 
also change only insignificantly from 0.15 s to 0.6 s. Electron temperature and electrotechnical 
measurement data enabled the effective ionic change Zeff (Fig. 7) and the safety factor q(r) (Fig.8) 
to be evaluated. An iterative procedure was used to calculate Zeff and q(r) by comparing the 
experimental resistivity value with that computed for deuterium plasma. A correction due to 
trapped electrons was also taken into account. 

The values of Zeff were found to be comparatively low (1-1.2). 

4.2. Electron density 

The electron density profiles, ne(r, t), were computed on the ground of phase shift measure
ments along seven chords for several shots. The distribution function used in computing the 
profiles was assumed to be given by ne(r) = ne(0) (1 - r2/ag)m. Figure 9 shows that the profile 
becomes sharper during the first 0.25 s, but does not change later on. In the stationary stage, the 
profile has the form just mentioned, m being 1.5. In Fig. 10, we present ne (with and without 
additional gas injection), the central electron density, ne(0), and the total number of the electrons 
in the cross-section of the plasma column, Ncs, as functions of time. 
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FIG.12. X-ray intensity recorded by a gas proportional counter (X-X) and a surface-barrier detector fo -o ; and 
enhancement factor f (V~V) versus minor radius. 
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FIG.13. Zeff profile assuming oxygen (o-o) or iron (X-X) to be the dominant impurity. 

4.3. Soft-X-ray measurements 

The main purpose of these measurements was to obtain the value of Zeff. Radiation was 
recorded along five vertical chords; wall effects were eliminated by rigorous detector collimation. 
The detector used was a proportional gas counter with a resolution of ~ 1 keV at Ex = 6 keV. 
Spectra were recorded from 0.2 s onwards in four time intervals of 0.15 s each. Soft-X-ray 
radiation without spectral analysis was recorded by a surface-barrier silicon detector1. 

Figure 11 shows spectra recorded along the minor diameter. The computed intensity of 
bremsstrahlung radiation of a pure plasma is also given in Fig. 11 for Te(r) and ne(r) as measured 
by a laser and microwave interferometer in the second interval (curve 5). A comparatively low 
enhancement factor and agreement between the slopes of experimental and computed spectra 
are typical for data obtained along the minor diameter. We connect some peculiarities of the 
experimental spectra with non-resolved characteristic lines of the wall material (Ti, Cr, Fe, Ni). 

1 The ORTEC detector was kindly presented to us by the EQUIPE TFR. 
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FIG. 14. X-ray spectra recorded along the chord 16 cm outside the liner centre for a stable regime (•-•) and for 
a regime with disruption at 0.5-0.6 s (o-o), averaged over several discharges. The symbols given are similar 
to those ofFig.ll. 
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FIG.15. Si(p)-detector signal along the diameter. 

The presence of such lines in the spectra prevents us from obtaining reliable values of Te, 
independent of Thomson scattering measurements. Nevertheless, a difference seems to appear 
between the two slopes during observation along the chords away from the centre. The X-ray 
measurements show a higher value of Te than the Thomson scattering measurements. 

The profile of the enhancement factor £ is given in Fig. 12, together with the profile of the 
bremsstrahlung intensity. The profiles seem to demonstrate an outward displacement of the 
plasma column. The displacement of the magnetic surface r = 35 cm is ~ 1 cm, according to the 
Hi pick-up-coil signals. 
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FIG. 16. Si(p)-detector signals for an 8-cm outside chord without (a) and with sawtooth oscillations (b) in 

similar regimes. 

E(keV) 

FIG. 17. Typical energy spectrum of charge-exchange atoms obtained in two discharges by the displacement 
of the atomic-analyser energy range (solid and open triangles). 

The impurity ion concentration and the value of Zeff can be determined from the factor £ 
by taking into account recomination according to Ref. [3]. On the assumption that oxygen is the 
dominant impurity, we obtain an oxygen density equal to (4 -7) X 1 0 n cm - 3 for the central 
region. Making the same assumption for iron, we get npe = (0.1-0.7) X 1011 cm -3. The large 
variation in the latter case is due to different recombination models. In both cases, Zeff ~ 1 in 
the central region. The Zeff profile is given in Fig. 13. 

Figure 14 shows the X-ray spectra obtained in a stable regime and in a regime with disruption 
(see Figs 3 and 4) for two successive time intervals, the later one of which preceded the disruption. 
The spectra were recorded along the chord 16 cm away from the centre. One can see a difference 
between these spectra for the second interval, whereas in the first interval there is no difference. 
The X-ray radiation intensity at low energy decreased before the disruption. 

•w^^^f0tt^i^rwtf¥tit^T^0^^y0tt^rj *I^^^T IWÎ W . 



IAEA-CN-35/A 1 13 

I -6 
I . A 
\-

A 

A 
A 

. 

N-v A 

N 

.2 

°,2 -J 
—down 

.2 .3 
r»(m) 

FIG. 18. Radial ion temperature profile obtained by scanning plasma column cross-section by atomic analyser. 

FIG.19. Time dependence of central ion temperature TJO) measured by the analyser (°—o) and calculated from 
thermonuclear neutron outflux and the hard-X-ray radiation intensity versus time. 

The sawtooth oscillations were detected by a Si(p) detector. The period of oscillations is 
equal to 8 ms at 0.2 s of the discharge and increases up to 13 ms in its stationary stage (Fig. 15). 
Scanning 8 cm away from the centre, we see that sawteeth are practically absent (Fig. 16a) or, if 
they exist, they have the same phase as in the centre of the column (Fig. 16b). In Fig. 16a, 
pronounced m = 1 oscillations are to be seen. We can say that the q = 1 surface has a radius of 
about or more than 8 cm, but less than 16 cm since the sawteeth are always inverted at this chord. 
The value of rs will decrease a little if the column is displaced. 

The existence of sawteeth, Thomson scattering and loop voltage measurements enable us to 
calculate Zeff for the centre of the column. The effective charge is equal to 1.9 at the 0.6 s (Fig.7). 
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FIG.20. Energy out flux to liner wall recorded by a thermocouple in stable regime. 

4.4. Neutral spectra, Neutron measurements, Ion temperature 

Fast-neutral spectra were studied by means of a five-channel atomic analyser located in the 
equatorial plane of the torus, in the direction of the plasma radius. These spectra were studied 
in the atomic energy range of 0 .7-7 keV. A typical atomic spectrum obtained during 30 ms in 
the stationary stage of the discharge is presented in Fig. 17. In accordance with the computer 
simulation of fast-neutral spectra, the ion temperature in the central region of plasma, Tj(0), was 
determined by the slope of atomic spectra in the energy range E ^ 3 keV. The values of Tj(0) 
were in the range of 0.6—0.8 keV. 

To obtain information on the radial ion temperature profile and on the influence of ions 
trapped in the magnetic ripple on the ion energy balance of the plasma, we scanned the plasma 
column cross-section by deflecting the atomic analyser. The radial distribution Tj(r) obtained 
in this manner is shown in Fig. 18. The asymmetry of the distribution due to the drift of the 
trapped ions is clearly seen in the lower part of the cross-section. The right-hand side of the figure 
corresponding to the top of the plasma column cross-section allows us to describe the ion 
temperature profile as Tj(r) = Ti(0) (1 - r 2 / a f j 1 5 . 

Independent information on the ion temperature can be obtained from neutron flux intensity 
measurements. In Fig. 19, the intensities of neutron SN and hard-X-ray radiations are given as 
functions of time. The solid curve on the Ti(t) graph corresponds to Ti calculated from the value 
of SN for Zeff = 1, ne(r) = ne(0) (1 - r2/aB) l s and Tj(r) as mentioned above. The circles correspond 
to the ion temperature measured by the analyser along the major radius. 

4.5. Power outflux to the liner wall. Spectroscopic measurements 

The energy outflux to the wall was measured by thermocouples located near the liner wall. 
In Fig.20, we report the measured value of the outflux per unit column length for a typical stable 
discharge. The outflux reached 0.45 kW/cm for the current plateau, i.e. almost 50% of the input 
power is carried outside to the chamber wall. 

The spectral line intensities were measured in the visible and UV regions. The D(j,CV 
(2271 A) and O V (2781 A) line radiances are given in Fig.21. 

5. ENERGY CONFINEMENT TIME 

The Te(r, t) and ne(r, t) data allow us to calculate the energy confinement time more accurately 
than was done in Ref. [4]. Figure 22 illustrates the energy confinement time T E and the poloidal 
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FIG. 21. Radiances of Dp, OV and C V spectral lines. 
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FIG.22. Energy confinement time TE(A) and poloidal ft (o) time for stable regimes. r E is given for discharge 
with deuterium gas injection (L). 

ft for stable discharges as functions of time. We see that T£ is about 40 ms. It is well known that 
the energy confinement time increases with the growing ne. For this reason, the experiments were 
performed with additional deuterium injection through a pulse valve. The mean electron density 
reached 8.5 X 1013 cm-3 after the injection (Fig. 10). So far, the plasma parameter profiles have 
not been measured in such discharges; we assume them to be similar to those without gas pulses. 
In this case, the energy confinement time increased to 60 ms after injection (Fig.22). 

We were also able to carry out a computer calculation of the value of T£ and of the other 
discharge parameters between the shots by using a simplified scheme. In Fig. 23 the computer 
display photograph is shown. 

6. EFFECTIVE IONIC CHARGE 

The values of Zeff were calculated from the X-ray spectra, from the existence of sawteeth, 
and by comparing calculated and measured resistivities. The results are given in Fig. 7. The low 
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FIG.23. Photograph of computer display (W is the power input per cm, other symbols are standard). 

value of Zeff is confirmed by a comparison of neutron and T\ measurements. The low impurity 
level and its constancy during the main part of the discharge are remarkable and show that 
impurities do not accumulate for at least 0.4 s. 

So far, we have not acquired complete understanding of the phenomena mentioned above. 
Some rough ideas can, however, be used for their explanation. In previous tokamak experiments, 
the value of Zeff decreased, as a rule, with increasing n e ; in the experiments under consideration, 
the central plasma density is rather high (ne(0) = 8X 1013 cm -3). Besides, it should be mentioned 
that we cannot exclude the possibility of impurity accumulation in the outer region of the 
plasma column. 

A possible value of the impurity influx due to wall sputtering by neutrals was assessed. The 
measured spectral composition of the neutral outflux was used in carrying out this estimate. The 
results of the calculation show the possibility of plasma contamination by wall materials up to 
nj/ne ~ 0.5—1% (Zeff = 3—4) during 0.5 s. The measured value of Zeff seems to demonstrate the 
existence of a process that diminishes the impurity influx towards the central region. Thermal 
impurity diffusion may be such a mechanism. 

7. COMPUTER SIMULATIONS 

The experimental results were compared with computer simulations [5]. In our model, 
we used an electron thermal conductivity of the form x e

 = XeS ( & L / 2 ) (2r /a iJ a (a = 1.5—2, xj?s 

is the pseudoclassical conductivity at a radius r = aiV2) [6] and an ion thermal conductivity of 
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FIG. 24. Comparison of computed (solid lines) and the experimental (circles and crosses) temperature values. 
Suggested form of current pulse is also given. 

neoclassical form. The development of an internal disruption [7] was also simulated in this 
model. The computed electron temperature in the centre, Te(0), is in good agreement with the 
measured value (Fig.24). The computed central ion temperature, Ti(0), is higher than the 
measured value. 

8. CONCLUSIONS 

A stable 0.4-MA discharge was investigated on T-10. The current plateau was ~ 0.3 s, the 
safety factor q(aiJ = 4, the loop voltage 2 V, the mean plasma density ne = 5 X 1013 cm -3 , 
increasing up to 8.5 X 1013 cm - 3 after cold-gas injection. The energy confinement time calculated 
with the experimental plasma parameter profiles for a typical regime is about 40 ms. This value 
is increased up to 60 ms after gas injection. The effective ion charge, Zeff is close to unity in the 
central region of the plasma column and does not increase substantially during the discharge. 
Thus, the impurity does not accumulate for, at least, 0.4 s. 

Runaway electrons do not play any significant role in the present-day stable T-10 discharges. 
The electron energy distribution is near-Maxwellian in the central region of the plasma column. 
However, a runaway regime was observed in some cases. 

As a whole, the plasma behaviour in T-10 obeys the empirical laws established in other 
tokamaks. In our opinion, the low value of Zeff (~ 1) is the most important feature. This fact 
can be attributed to the large size of the machine and to the comparatively high electron density. 
The ion temperature in the centre of the plasma column is about 0.6—0.8 keV during ~ 0.4 s. 
This value is in good agreement with the detected yield of thermonuclear neutrons, i.e. (1—4) X 109 

neutrons per pulse. 

REFERENCES 

[1] ALIKAEV, V.V., et al., Fizika Plazmy 1 (1975) 546. 
[2] TFR GROUP, Nucl. Fusion 16 (1976) 280. 
[3] S. VON GOELER, et al., Nucl. Fusion 15 (1975) 301. 
[4] BERLIZOV, A.B., et al., Zh. Ehksp. Teor. Fiz., Pis'ma 23 (1976) 502. 
[5] DNESTROVSKIJXu.N., LYSENKO, S.E., Kurchatov Institute Report IAE-2566 (1975). 
[6] ARTSIMOVICH, L.A., Nucl. Fusion 12 (1972) 215. 
[7] KADOMTSEV, B.B., Fizika Plazmy 1 (1975) 710. 





DISCUSSION 

ON PAPER IAEA-CN-35/A 1 

A. GIBSON: Are the low values of Zeff which you report also observed in discharges 
which terminate in disruption? What are typical values of Zeff and of the electron density 
immediately before disruption? 

V.S. STRELKOV: The electron density and other parameters of the discharge appeared 
to be unchanged immediately before disruption; we observed no difference between the 
macroscopic parameters of stable and unstable discharges before the disruption. 

G. von GIERKE: From the extended summary of this paper I notice that the confine
ment time was supposed to be 80 ms. Have you revised that figure in the meantime? 

V.S. STRELKOV: Yes, the rg for pulsed gas injection was given as 80 ms. The difference 
of 20 ms can be explained by the absence of radial temperature and density distributions and 
by the assumed parabolic distribution. Recent measurements of radial distributions indicate a 
sharper peaking; so the correct value for rg is 60 ms. 

G. LAMPIS: Does the electron density increase with the safety factor qL? A relation of 
this kind is found in Alcator. 

V.S. STRELKOV: We have done no experiment on Tokamak-10 which shows this to be 
the case. Experiments on other tokamaks suggest, I would think, that there is no such dependence 
if the discharge is stable. 
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Abstract 

EXPERIMENTAL RESULTS OF THE PLT TOKAMAK. 
A survey of experimental work in progress on the PLT tokamak is given. For a pulsed helium discharge, 

35 kG toroidal field strength, 40 cm plasma radius, 450 kA plasma current, the plasma parameters observed near 
the end of the discharge were: centre electron temperature =1.2 keV, centre ion temperature = 1.0 keV, 
effective ion charge = 3, centre electron density - 1.1 X 1014 electrons-cm-3, electron energy confinement time 
= 40 ms. Particle confinement time is not well known for pulsed-gas discharges, but was about 80 ms for similar 
cases without gas injection during the discharge. 

Experiments: The PLT device began an experimental break-in period in 
December 1975, was shut down in March, and resumed operation in June with 
added diagnostics. To assure a large margin against possible failures, 
operation has been limited to 70% maximum toroidal field strength and 50% 
maximum plasma current during this period. Because of these limits and 
the emphasis on the development and testing of the diagnostic system, no 
extensive parameter or scaling law studies have been pursued yet. 

The results of PLT operation, so far, have been from discharges of up 
to 600 kA plasma current of a duration up to 1 sec in a 35 kG toroidal 
field with tungsten rail-type limiters set at 40 cm radius in the 48.5 cm 
minor radius vacuum vessel. The background pressure has been about 
2 x10" Torr, H2 or He gases have been injected 0.2 sec before preioniza-
tion with a 100 kHz voltage across the ceramic gap; pulsed gas feed during 
the discharge has also been used. Horizontal correction and feedback-
controlled [1] vertical magnetic fields have been used to center the 
plasma in the limiter aperture. To help in reaching a proper equilibrium, 
the position and macroscopic behavior of the discharges were monitored in 
visible light by TV [2]; this TV and a motion picture camera [3] showed 
both a slow evolution of the equilibrium and rapid disruptions. With 

* Work supported by USERDA, Contract E(l l - l ) - 3 0 7 3 . 
Permanent address: Physics Department, University of Maryland, College Park, Maryland, USA. 

t Permanent address: Racah Institute of Physics, The Hebrew University, Jerusalem, Israel. 
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NOTES ON TABLE I 

During the quasi-steady discharge, the loop voltage dropped 
as low as -1.5 V. Assuming a parabolic density distribution q(0) ~ 1 , 
and V(r) ~ constant, the estimate for the central electron energy confine
ment time is T^eCO) = 30 msec, and the central ~Z - 7. These are not 
significantly different from the average values obtained from total power 
input and the profiles of electron temperature. Brief comments on the Table 
are below: 

(1) The values given correspond to a time of 0.9 sec, the time of 
maximum current in a pulse of about 1.0 sec duration. 

(5) The one-turn loop voltage given is corrected for inductive ef
fects (these are small at 0.9 sec, since the current is flat 
and the shape probably in a steady state) so that the product 
IV may be taken as the ohmic power input. 

(6) The linear-average electron density, n e , is measured with a 
2-mm microwave interferometer along a diameter in the plane of 
the torus. No profile of density was measured; a parabolic 
profile is assumed to calculate the peak values listed and 
also for obtaining energy confinement times and other parameters. 

(8) The electron temperatures are obtained from soft x-ray photon 
energy spectra. The values are perhaps slightly low because the 
raw data actually represent a weighted average along a chord but 
are assigned directly to the chord radius without Abel inversion. 
Mechanical interferences prevented measurement at radii larger 
than 25 cm; outside this radius profiles were assumed to drop 
linearly to zero at the limiter radius (40 cm). 

(10) The total electron energy, E e , is calculated from the measured 
T e profiles and the assumed parabolic density profile. 

(11) T E e - Ee/VI. 

(13) Spectroscopic estimates give the ratio of proton to electron con
centration to be n /n =0.4. 

P e 
(14) Ion temperature has not been directly measured; values of T^/Te 

are derived assuming classical electron-ion energy transfer, and 
ion particle containment time equal to or longer than electron 
energy confinement time. 

(18) The value of 3Q obtained from diamagnetic loop measurements is 
0.25, somewhat larger than that obtained from the T and n mea
surements. This value would lead to a correspondingly longer con
finement time. 

(20) To obtain values for the average effective ion charge from conduc
tance, corrections must be made for the effect of trapped electrons. 
This has been done using a modified Hinton and Rosenbluth formula
tion. 

(22) Some, at least, of the temperature profiles have a flat central 
region, where presumably q = 1. If so, central current density 
can be obtained directly from (in mks units) q = 2irBT/u0RJ . 
Then, assuming that the loop voltage is not a function of radius, 
values can be obtained for various other central parameters: power, 
density, energy confinement time, power transferred to ions, resis
tivity and effective ion charge. 
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discharge cleaning, the current level and pulse duration increased gradually 
as the stability of the discharge improved. Initial operation was charac
terized by short (typically 50-100 msec duration) disruptive discharges. 
Later the discharge current was maintained stably at 600 kA [q(a) = 3.5] 
for about 1 sec without large disruptions. 

PLT operation has shown that plasma current buildup occurs as readily 
in this large device as in smaller tokamaks and that the absence of a 
copper shell does not unduly complicate the operation of a large machine 
if a position feedback circuit is used. Data of typical discharges are 
given in Table I (for the initial running period), and also in Figs. 1, 
2, 3, 4 and 5 (after installation of Thomson scattering). 

The detailed description of the current buildup period [4] for large 
machines like PLT is complicated by the present lack of a direct measure
ment of the radial current distribution. A temporal and spatial current 
density distribution computed from current, voltage and Thomson scattering 
temperature, assuming Spitzer resistivity and constant 2 , suggests a 
slight skin effect at 30 msec for a current rise-time of 50 msec. This 
model omits probable significant MHD effects indicated by magnetic pickup 
loops, x-ray bursts, and high-speed movies. No definitive statement can 
be made at this time about the current penetration process. 

As was observed on ST, the further evolution of the discharge can pro
ceed along at least three routes [5], characterized by (1) strong m = 1 
activity, (2) m = 2 oscillations, and (3) weak MHD activity. In m = 1 
dominated discharges, the wave can be either a pure oscillation or ac-
companed by "sawteeth [6]." In cases with purely oscillating m = 1 in 
the interior, m = 2 oscillations with the same frequency can be observed 
on the Bg loops. Double frequency components can be seen along the central 
chord, possibly due to passage of the hot core across the line of sight 
twice per cycle. In the case of sawtooth-discharges, the node of the 
sawtooth occurs near radius 10 cm, which corresponds to the q = 1 surface 
calculated assuming uniform impurity concentration. In regimes dominated 
by m = 2, no m = 1 component is observed. However, "sawteeth" similar 
to mini-disruptions can occur. In quiescent discharges, the amplitude of 
MHD activity is reduced by at least an order of magnitude. 

The study of MHD behavior in m = 1 and m = 2 dominated discharges 
is now being vigorously pursued with: (a) a 2-20 channel x-ray wave de
tector; (b) second harmonic synchrotron emission indicating local electron 
temperature change [7]; (c) B„ loops; (d) eight chord microwave density 
interferometer [8,9]; and possibly (e) microwave scattering. Simultaneous 
observations with these techniques may allow 6Te, 6ne and 6Z to be 
resolved separately. The comparison of m = 1 sawteeth observed with 
soft x-rays_and synchrotron emission revealed that <$Te can dominate 
SnR and 6z , as previously observed with the x-ray filter method. 

It has been reported before [10] that strong MHD activity can affect the 
confinement, energy content and temperature of a discharge. Figure 1 shows 
a comparison of MHD fluctuation levels of m = 1 and m = 2 discharges 
and of a quiescent discharge discussed below. 

In this quiescent discharge the initial rise-time of the current was 
50 msec, the peak current 450 kA, the toroidal field 35 kG, the initial 
filling gas He and a second pulse of He. The essential discharge quantities 
are given in Figs 2, 3, 4 and 5, and explained in the captions. The agree
ment between the x-ray based temperature [11] and the Thomson scattering [12, 
13] based temperature was fairly good. The ion temperature was determined 
from charge exchange [14] and from Doppler broadening of impurity lines [15]. 
The density increase due to gas injection during the discharge was accompanied 
by an increase in energy confinement time, as observed before. The amount of 
gas was about as much as could be injected without causing a major disruption. 
The maximum values of some of the parameters of this discharge are: 
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Te(0) - 1200-1500 eV , 
Tj^O) = 1000 eV, 
TEe ~ 40 msec , 
Z - 3 , 

Z, a difficult quantity to determine, was obtained three ways with reason
able agreement (Fig. 5). The values of Z and of the electron temperature 
in this discharge are rather low. Temperatures up_ to 2.5 keV have been ob
served in other discharges, accompanied by high Z with lower density and 
roughly the same energy confinement time. 

Spectroscopic analysis of the plasma in the early phase of PLT operation 
showed oxygen and carbon impurities in quantities roughly comparable to 
that of hydrogen. More importantly, the influx rate of these elements in
creased rapidly during the discharge, both absolutely and relative to the 
hydrogen influx. In later operation, the influx rates of all three were 
constant during the quasi-steady discharge period, and approximately in 
the ratio 60:10:1 for H:0:C, respectively. Since the electron density re
mained roughly constant^, the plasma composition probably had the same re
lationship, implying Z - 3-6 and a proton/electron concentration ratio 
1/3-1/2. Most jrecently in He discharges the He:0 ratio has been -12:1, 
estimated from Z. Iron and tungsten have also been observed, but in 
quantities too small to affect significantly the electron concentration 
and probably having only minor effects on plasma resistivity or radiated 
power. The degree of ionization of iron impurities has been determined 
from Ka lines by curved crystal reflection x-ray spectroscopy [16] and 
simultaneously by vacuum UV spectroscopy [17] . The oxygen radiation during 
the steady phase does not exceed ~60 kW, a small fraction of the power input. 

The particle confinement time has been determined in discharges without 
gas injection during the discharge (Table I) by estimating spectroscopically 
the ionization rate. For the last-column discharge of Table I, a very pre
liminary evaluation of particle confinement gives Tp - 80-90 msec. The 
true value may be less, since the amount of recycling near the limiter has 
not yet been determined. For discharges with continuous gas injection 
during the pulse, this measurement has not yet been successful because the 
observation points are too near the injection point or the limiter. 

To determine the final deposition of the input power, the limiter temper
ature was continuously monitored to determine the amount of plasma energy 
deposited on the limiters [18]. For shot #64338 (Fig. 3) the total energy 
deposited at the limiters was approximately 35 kJ, or about 10% of the 
energy input. About two-thirds of the limiter energy went to the inner 
rail, consistent with the fact that the plasma equilibrium was purposely 
shifted inward by several centimeters. The rate of energy input to the 
inner rail was fairly constant during the discharge, with no surge at its 
termination. In a regular discharge most of the energy went to the wall, 
in contrast to runaway electron discharges where most of the energy was 
deposited on the limiter, concentrated in small spots. 

In some discharges there was an appreciable runaway electron component, 
producing fluxes of high-energy x-rays. In H2 and He discharges, a consi
derable neutron flux was observed originating from nuclear reaction pro
cesses induced by high-energy electrons impinging on the limiter material. 
The long-lived radionuclides observed in the limiter showed that 
W182(Y,n)W181, w186(y,n)185, and W183(y,p)Ta182 reactions had occurred 
[19], proving that the photo-dissociation process was the source of the 
neutron flux. 

The conditioning or "pulse cleaning" of the walls and limiters of PLT, 
or other tokamaks, is one of the more vexing problems. Spectroscopic mea
surements have shown [20] that pulse cleaning reduces the emission of ad
sorbed gases, hydrogen as well as oxygen, during the discharge, without 
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FIG.l. Three of the characteristic types of discharges commonly observed on PLT. Shovjn are the fluctuating components of the soft X-ray signal, representing line-
integrated emissivities. (a) "sawtooth" with the accompanying m = 1 oscillation; (b) an m = 2 oscillation; (cj a relatively quiescent discharge. In each case signals 
from two radial positions are presented. The total time in each figure is 2 ms. In (b) the amplitudes of center (top) and outer intensities, relative phase and frequency 
are shown. With geometric phase correction, a 180° phase shift is observed, in agreement with calculations of line integrals for mode structures with m = 2 symmetry. 
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FIG.3. Radial and temporal evolution of the X-ray temperature, the X-ray target density and several derived quantities for the discharge 
shown in Fig.2. (a) shows the electron temperature obtained from the slope of Abel-inverted X-ray spectra taken with the PLT pulse height 
analysis system. The temperature is in quite good agreement (10-20% higher) than the simultaneously recorded laser temperature. The 
X-ray target density, n\jZ, from extrapolation of X-ray spectra is shown in diagram (e). The target density does not increase substantially 
with time, although the electron density does, as is usually observed in tokamaks. The current density l'on(r) (diagram (b)) and the safety 
factor q(r) (diagram (d)j are obtained from the temperature profile, neglecting skin effect and assuming Z(r) = constant. In the center, the 
safety factor reaches and stays near q = 1 after t = 180 msec. The runaway parameter, i>D/vth> " very small for these high densities. The 
energy confinement time is the uncorrected TE (no radiative correction, no ion component), diagram (f). The increase in confinement is 
coupled to an increase in density as shown on ST, Alcator and Pulsator. The values at 400 msec are somewhat uncertain due to the 
inductive voltage correction. 
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ION TEMPEPATURE FROM CHARGE EXCHANGE AND OOPPLER BROADENING 
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FIG.4. Radial and temporal evolution of the ion temperature of a discharge equivalent to that of Figs 3 and 4 
derived (1) from charge-exchange spectrometer viewing the center of the plasma, and (2) from Doppler 
broadening of Cu , C IV, Cv , and Ovn impurity lines at the radii corresponding to these ionization states as 
determined by the electron temperature. Diagram (b) shows the radial ion temperature dependence at 200 msec. 

RESISTIUE Z, ENHANCEMENTS OUER HYOROGENIC BREMSSTRAHLUNG 
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FIG.5. Discusses evaluation of Z for the high-density helium discharge (Figs 2,3). Plotted is Z determined from 
resistivity and % = (yZ), the enhancement of the X-radiation over pure hydrogenic bremsstrahlung. The 
contribution of recombination radiation requires | > Z. The X-ray target density (Fig.3) changes very little; 
the density, however, increases significantly with time, indicating, as observed in other tokamaks, that the 
relative, and maybe even the absolute, impurity content decreases with increasing density. The factor-of-two 
uncertainties in Z imply, also, considerable uncertainties in the q-profiles, etc., of Fig.3. 
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necessarily changing the composition of the influx. The frequent disrup
tions observed during the early discharges may have been related to this 
influx rate, which increased during the discharge and caused shrinkage of 
the current channel and finally disruption. Stimulated emission of gas 
by electron bombardment of the walls showed a reduction of the desorption 
efficiency of hydrocarbons with cleaning time [21,22]. 

Summary: PLT has operated at toroidal fields up to 35 kG, plasma radius 
40 cm, plasma current 600 kA (q = 3.5), and discharge duration 1 sec. Dis
charges can be produced easily and then kept in toroidal equilibrium by 
feedback control. 

Skin effect and impurity accumulation seem to present no severe obstacles 
to the operation of large tokamaks. 

In general terms, the PLT discharges are qualitatively very similar to 
those of ST and TFR. After an initial startup phase of several milliseconds 
duration, the temperature climbs rapidly and the discharge enters a regime 
of evolving large-scale MHD turbulence. After several hundred milliseconds, 
the temperature is limited, apparently by MHD activity [q(0) - 1], and the 
discharge assumes a quasi-steady state which persists as long as does the 
current. The plasma composition is largely determined during the first 
40-50 msec, with low but rapidly rising temperature and rapid recycling 
rate. 

Particle and energy confinement times appear to be comparable (within 
factors 2-3), and much shorter than plasma duration. The confinement times 
determined for the center of the plasma are very close to the averages for 
the entire plasma. It has been possible to increase the plasma density by 
factors 2-3 by injecting additional hydrogen or helium during the quasi-
steady part of the discharge. The relative impurity concentration de
creases substantially during and after such slow second gas pulses. Power 
input and average temperature remain almost unaffected, thus resulting in 
an increase of confinement time with density. Electron energy confinement 
times up to 40 msec have been observed. 

Radiation losses, most due to 0 II - 0 VI ions near the outer periphery, con
stitute a small (15-25%) fraction of total power input. Iorf temperatures 
are comparable to (0.7-0.9 times) electron temperatures, as expected from 
classical equilibrium times. Plasma resistivity likewise appears to follow 
classically expected values for the observed temperature and composition. 

From energy confinement time, particle confinement time and radiation 
losses, it can be concluded that the main energy transport is most probably 
through the electron channel. 

MHD activity follows the same pattern as observed previously in the 
ST tokamak. 

Our thanks are due to the staff of the PPL Engineering Division for 
operating the power and the data acquisition systems, and to the technician 
crew who operated the tokamak. We also want to thank Drs M. B. Gottlieb, 
H. P. Furth and S. Yoshikawa for their scientific support and encouragement. 
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DISCUSSION 

ON PAPER IAEA-CN-35/A 2 

V.S. STRELKOV: From the figures you showed it appears that steady-state conditions are 
not attained in the PLT Tokamak and that the temperature and plasma density increase during 
the whole time of the discharge. Why do you not increase the duration of the pulses in order 
to achieve a steady state in the plasma? It seems that this would be technically feasible in PLT. 

W. STODIEK: Discharges of up to 1 s current flattop have been produced in PLT at a 
level of 600 kA, and in these cases the plasma parameters reached steady-state conditions over 
times of 0.5 s. In the particular discharge discussed here, however, the current increases with 
time and no true steady state is reached. The slow increase of current and density permits 
discharges at higher final density without disruptions. 

G. GRIEGER: I have the impression that the radial electron temperature distribution is 
much flatter in PLT than in the T—10. Could you comment on this? 

W. STODIEK: The electron temperature distribution is a little flatter in the PLT discharge 
described here than in the T— 10 discharge — always assuming that the accuracy of the measure
ments can be trusted to this extent. The difference is not great, however. 

R.J. TAYLOR: How does the impurity radiation change with electron density? 
W. STODIEK: The relative and possibly even the absolute impurity concentration 

decreases with increasing density. The overall impurity radiation losses are fairly independent 
of density. 

G. GRIEGER: Two years ago, at the Tokyo Conference, the maximum energy confinement 
time reported was 20 ms (for TFR). Now times of 40 ms and more have been quoted for both 
PLT and T—10. Do you attribute this to the increase in plasma radius as compared to earlier 
machines or to the higher densities which have also been achieved in the meantime? 

W. STODIEK: It is probably too early to compare the discharges obtained in previous, 
thoroughly investigated devices with the PLT results that are being obtained now. We do not 
think that the confinement limit has been reached yet in PLT, as it was in TFR or ST. 

F. KOECHLIN: Could you give us a few more details about the "skin effect" you 
mentioned at the beginning of your presentation? Is it observed as an effect on the electron 
density or the electron temperature profile, and how long does it last? 

W. STODIEK: Evidence of the "skin effect" has been seen only in the electron 
temperature profile so far. The information available at present is briefly described in our 
paper. 
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Abstract 

AN ENERGY BALANCE STUDY OF A TFR DISCHARGE. 
The energy balance has been evaluated for a typical 300-kA Ohmically heated deuterium plasma. The roles 

played by radiation, charge-exchange, internal disruptions and turbulence are studied. The ion balance shows 
that charge-exchange losses amount to 50—70% of the power transferred to the ions by the electrons and that the 
ion energy diffusion follows the neoclassical law within a factor of 2. As regards the electron balance, radiation 
losses represent 40—60% of the Ohmic power, the electron behaviour being strongly anomalous compared with 
the neoclassical energy diffusion law. Internal disruptions are the main cause of energy lifetime limitation at 
the centre of the discharge. 

INTRODUCTION 

The limitation to 20 ms of the energy confinement time in TFR for currents greater than 
200 kA [ 1 ] has given rise to a number of experiments to identify the processes responsible for 
such a limitation. This paper presents a radial analysis of the energy balance for a 300-kA 
Ohmically heated deuterium discharge. A study is made of the respective roles of radiation, 
charge-exchange, internal disruptions and turbulence. 

The experimental conditions are slightly different from those described in Ref. [1 ]. The gas 
is injected into the vacuum vessel in two steps: 

(1) A first pulse brings the filling pressure to 1.5 X 10~4 torr 100 ms before the current start. 
(2) During the current rise, a long gas pulse is used to reach, at the plateau, the highest 

electron density attainable without disrupting the discharge. Vacuum vessel conditioning is 
now achieved by discharge cleaning (Ip = 50 kA, Bx = 3 kG, 20 ms current pulses with a repetition 
rate of 0.2 Hz), rather than by bake-out. Such a conditioning has reduced the amount of oxygen 
in the plasma by 50%. The feedback control of the equilibrium fields has been improved by using 
independent circuits for the vertical and radial fields. 

1. CHARACTERISTICS OF THE PLASMA 

The diagnostics used in previous work [1—3] have been supplemented by: 
(a) An 8-channel, infra-red (X = 0.337 mm) interferometer; 
(b) Bolometers equipped with movable collimators to analyse the radial distribution of the 

radiation and neutral particle flux; 
(c) A D° or H° beam (2 to 25 keV) for attenuation measurements to determine the deuteron 

density nD+; and 
(d) A microwave (X = 2 mm) radiometer to measure the plasma turbulence spectra (co and k 

spectra). 

35 



36 EQUIPE TFR 

U- 2. 

0 TOO 200 300 400 t(ms) 

FIG.l. Time evolution of current I, voltage U, mean density n^ 
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FIG.2. Time evolution of electron temperature on the axis TJOj. 
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FIG.5. Power lost by radiation and neutral particles: integrated along the line of sight (curve 1); and power 
lost per unit volume (curve 2). 
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FIG.6. Experimental apparatus for microwave scattering (\0 ~ 2 mm; k0 = 28.5 cm 1; (ki~ k0)\\~0). 
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FIG. 7. Power scattered by density fluctuations as a function of their frequency during quasistationary phase of 
discharge (k\\ < 1,5 cm'1; kT = 3 cm'1; r ^ 15 cm; ke - 10 cm'1; FQ = source frequency.). 
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FIG.8. Spectra of the azimuthal and radial wave numbers of density fluctuatibns: 
(1) r = 15cm; k]i<1.5cm~1; kT«ke; BT = 40kG; / = 0.3 MHz. 
(2) Same conditions, but/= 0.6 MHz. 
(3) 0<r<5cm; k^<1.5cm~l; fc0«fcr; Br = 40 kG; / = 0.3 MHz. 
(4) Same conditions, butf= 0.6 MHz. 
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The measurements presented here concern the Ohmic heating phase of the discharge and have 
been performed at time t = 230 ms, just before neutral injection. Figures 1 and 2 show the time 
evolution of Ip, U, n^, Te(0). Figures 3 and 4 show the radial profiles of ne, Te, Tj, n0 , n(Mo30+). 
Typical values are: ne(0) = 7.1_X 1013 cm - 3 ; ne = 4.5 X 1013 cm - 3 ; Te(0) = 1.8 keV; Te = 
0.73 keV; Ti(0) = 0.95 keV; Tj = 0.53 keV; nD*(0) = 0.75 ne(0); n(Mo30+) = 1.2 X 1010 cm"3; 
Z eff=3; U= 1.96 V; Ip = 292 kA; B T = 5 3 . 6 k G ; q(0) = 0.79; q(a) = 3.75; rE = 17 ms; a = 20 cm. 

Figure 5 shows (curve 1) the power (photons and neutrals) emitted by the plasma along 
different chords, as measured by a bolometer, and (curve 2) the power density radial profile. 

Figure 6 represents the 2-mm microwave diffusion apparatus used for turbulence measurements. 
The frequency and wave vector spectra produced by density fluctuations can be seen in Figs 7 and 8. 
These fluctuations are present in every discharge. The frequency spectrum is asymmetric. The 
bump on the low-frequency side of F 0 (Fig.7) appears on the high-frequency side if a plasma region 
on the other side of the equatorial plane is observed: this asymmetry is interpreted as due to an 
azimuthal phase velocity of the density fluctuations, with the same direction as the electron 
diamagnetic drift. For F = 0.3 MHz, the k$ spectrum (Fig.8,curve 1), and the k r spectrum (Fig.8, 
curve 3) each have a maximum around 8 cm -1 , which corresponds to k j P j ~ 1. Furthermore, the 
amplitude of the turbulence in the region observed (Fig.6) increases from r/a = 0.2 to r/a = 0.7—0.9. 

In that region, non-collisional drift waves can exist; their theoretical phase velocity [4,5] 
would be 3 to 5 times smaller than has been measured. A rotation of the whole plasma, due to a 
negative electrostatic potential in the centre, i/?(r) Te(r)/5e [6,7] could explain this discrepancy. 

2. POWER BALANCE 

2.1. Ohmic heating power Pj2 

The current density profile is calculated assuming the electric field E and Zeff to be constant 
along a minor radius and the resistivity to be classical. As in all TFR discharges, this profile can 
be fitted with the graph of the expression j(r) = j(0)| 1 - r2/a2 | q ^ . It appears that 95% of the 
current flows within the cross-section bounded by q = 2 (r ~ 15 cm). With these assumptions, the 
electron energy lifetime 

/ 2 ne T e r d r 

0 
rEe(D = 

e r 

/ r?j2 rdr 

0 

does not vary by more than 25% over the whole minor radius; taking the experimental errors into 
account, one can write TEe(r) = const. 

2.2. Power lost by charge-exchange Pex 

This power is deduced from the neutral flux recorded by the analyser measuring the Tj 
radial profile [8]. The neutral flux is also calculated knowing the neutral atom density n0(r) 
from D« radial profile measurements and the ion density profile (nj(r) = 0.75 ne(r)). The power 
lost by charge-exchange is thus at most 70% of the power Pei transferred to the ions by the 
electrons, or about 9% of the Ohmic power: Pex 

= 0.7 Pe i = 0.09 Pft. 
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TABLE I. LOSSES, IN W/cm, DUE TO RADIATION OF THE LINES 
DETECTED IN THE 100-1300 A RANGE, TAKING THE 
DOUBLETS INTO ACCOUNT 

Ion Transition X Power lost 
(A) (W/cm) 

os+ 

o4+ 

Lya 

N4+ 

C2+ 

Fe14+ 

Fe l s + 

Mo12+ 

Mo13+ 

Mo30+ 

Mo31 + 

2s - 2p 

2s - 2 p 

Is - 2p 

2 s - 2 p 

2s - 2p 

3s — 3p 

3s — 3p 

4s — 4p 

4s — 4p 

3s — 3p 

3s — 3p 

1032 

630 

1216 

1238 

977 

284 

335 

341 

374 

117 

129 

1 0 0 - 150 

60 - 100 

1 - 1.5 

3 - 5 

2.5 - 5 

~ 1 

~ 1 . 5 

~ 1 

~ 1 . 5 

5 - 8 

7.5 - 12 

TABLE II. LOSSES FOR THE WHOLE DISCHARGE 

p . 

0.13 P n 

Electrons 

p 
r ray 

Bolometry 

0.63 P n 

U.v. spectro. 

0.4 P n + ? 

P 
econ 

0-24 P n 

Ions 

Pex 

0.7 Pei 

p. 
icon 

0.3 Pei 

2.3. Power radiated P r a y 

Bremsstrahlung radiation in the soft X-ray range and synchrotron radiation amount to only 
3 % o f P n . 

Line radiation measurements in the range 100—1300 A have been made along different 
chords [9,10]. Table I gives the losses associated with each observed transition, in W/cm (per 
unit length along the magnetic axis). The radial profiles have shown that all the lines, except those 
from Mo30+ and Mo31+, are emitted in a peripheral layer of the plasma, r > 15 cm. In that region 
the radiation losses, amounting to 20% of Pft> are essentially due to oxygen, and specially to the 
2s — 2p lines of 0 4 + and O s + [ 11 ]. With the assumption that all oxygen ions become fully stripped, 
line radiation of 0 6 + to 0 8 + is estimated to be 50% of the preceding losses. That is an upper 
bound, since all the oxygen observed at the edge does not penetrate to the centre of the plasma [9]. 
In the central region r < 10 cm, the losses are essentially due to molybdenum, two lines of which 
have been recorded. With the assumption of coronal equilibrium, this measurement can yield the 
Mo density, but is not sufficient for an estimate to be made of the total losses due to Mo. Losses 
due to line radiation have been calculated for iron [11]. The same calculation has been made 
for Mo, taking into account radiative recombination only, and considering the same transitions as 
for Fe (the wavelengths are from Ref. [12] or extrapolated). A comparison of this calculation 
with that made for Fe (with and without dielectronic recombination) shows that for T e between 
1 and 2 keV, a reasonable value of the power radiated by line emission is 3 — 5 X 10"26 n e nMo W/cm3. 
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Line radiation losses can be summarized as follows: 

1 5 < r < 2 0 c m : P(oxygen) = 20% P n (exp.) 
r < 1 5 c m : P(oxygen) < 10% P n (calc.) 
r < 1 0 c m : P(molybdenUm) =10%P J 2 (exp .+ calc.) 

10 < r < 15 cm: P(molybdenum) = ? 

Bolometric measurements1 made at several locations round the torus have shown that the 
detected flux (neutrals and photons) does not depend on the detector position in the toroidal 
direction. No flux measurement was made, however, in the vicinity of the limiter. The time 
evolution of the radial profile of emitted flux shows a good correlation between the flux emitted by 
the plasma core and the Mo signal. From this measurement it is inferred that Mo radiates about 
10% of P^ for r < 10 cm. It has also been noticed that injecting oxygen gas produces a decrease 
in the flux from the centre and in the Mo30+ line intensity, while Te does not change. This 
experiment shows that Mo in the centre is expelled by the oxygen influx. The losses for the 
whole discharge are summarized in Table II. 

2.4. Power lost by electron conduction and convection Pe COn 

The radial profile of Pe Con is deduced from the radial profiles of Pfi, Pei and P r a y , shown in 
Fig.9, by P e con = Pfi ~~ Pei ~~ Pray, and given in Fig. 10, for the average quasistationary state of the 
plasma ("average" means that, here, fluctuations due to internal relaxations are not taken into 
account). A comparison of Pe c o n with a neoclassical calculation using the ne and Te experimental 
profiles shows the experimental value P e con to be anomalous by a large factor (~ 100—150, Fig. 10). 

With the assumptions discussed in Ref.[13], a conduction coefficient K^^,, valid for the 
duration 8t of an internal disruption, can be determined. This coefficient is time-averaged 
( K ^ , = KA/l/ (5t/At), At being the relaxation period) and applied to all particles, which yields an 
upper bound of the flux of power lost by conduction across the magnetic surfaces (Fig. 11, curve 2). 
In Fig. 11, curve 3 gives the same power flux, assuming that only the particles with an energy 
greater than 4 keV are concerned with internal disruptions [13]. 

For r < r0 = 5 cm (r0 is the radius where the X-ray relaxation signal gets inverted), curve 2 
accounts for all the conduction losses. However, for r > r0, the experimental power flux (deduced 
from P c o n , curve 1, Fig. 11) becomes larger than that calculated with K ^ (curve 2). In the region 
r0 < r < 2 r0, the experimental uncertainty and the assumptions used in the calculation lead to an 
uncertainty of a factor of 2 on K ^ , . Moreover, the power flux is calculated using average values 
of VTe and Vne, while these gradients could vary by a factor of 2 over a sawtooth period. 
Consequently it is possible to explain the major part of the conduction losses up to r ~ 2 r0 by the 
internal disruptions. 

Having tried to estimate the power losses associated with internal disruptions, we must now 
evaluate the effect of the turbulences observed in the strong gradient zone (5 < r < 15 cm). 

The electron density fluctuations2 attain a maximum amplitude in the region r > 15 cm. 
By an absolute calibration of the microwave system, we obtain for r ~ 15 cm, 8 ~ 105° (0 = 0 is 
on the 1 /2 equatorial plane towards the exterior of the plasma, Fig.6) <| fl(r,t)|2 > = 
ne / S(k,co) dco d3 k = 2 .5-5 X 1021 cm -6 (Figs 7 and 8). 

If this turbulence results from the dissipative trapped electron mode (DTEM) [14], the 
anomalous heat transport coefficient can be calculated using the quasilinear theory: 

Ke = A(e£/T e)2 (ke P t h e ) 2 V t h e
2 /4 (^ft) - 1 (2 r/R)1 / 2 where A a 6 

1 Made in collaboration with V. Vershkov, Kurchatov Institute, Moscow. 
2 Made in collaboration with J. How, Flinders University, Australia. 
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FIG.11. Power flux lost by conduction and convection across the magnetic surface of radius r: (1 j experimental; 
(2) upper bound, from relaxations; (3j lower bound, from relaxations. 

(kw: 
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FIG.12. Power inside a volume limited by a radius r: (1) given by electrons to ions: JPej,- (2j lost by charge 
exchange: Pex; (3j lost by conduction and convection according to the neoclassical law: P; N O 
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We have neglected the reduction of the diffusion due to the radial variation of ky. Assuming 
e^/Te = n/ne gives Ke = 10 to 20 cm2 /s at r = 15 cm, and Ke - 100 - 200 cm2 /s at r = 10 cm where 
it is maximum. This result does not agree with the electron conduction coefficient deduced from 
the overall energy balance (after subtracting the effect of the internal disruptions) 
KeB = 2—3 X 103 cm2/s at r = 10 cm. Several remarks are necessary: 

(a) A complete exploration of the planes (kr, kg) and (r,0) was not possible. We cannot exclude 
the possibility that the density fluctuation is more important outside the explored range. 

(b) If the electron trapped mode fluctuation was 3 to 5 times larger on the equatorial plane 
(0 = 0) than at 9 = 105°, the coefficient Ke would approach the value of KeB. 

(c) On the other hand, if the observed turbulence were the result of flutelike modes 
(k|| « 1/qR), the magnitude of the transport coefficient could be estimated by 
K'e ~ <|n/ne |

2 > Ln2 Aco (Ln = n/Vn, Aco = spectrum width). This yields Ke ~ 103 cm2/s at 
r = 10 cm, the same order as Ke

B. 

2.5. Power lost by ion conduction and convection Pi con 

As in all TFR discharges, Ti(0) agrees with the scaling law proposed by Artsimovich [15], 
which is consistent with an ion energy balance dominated by an ion conductivity in the plateau 
regime. Taking the charge-exchange losses into account, one finds Ki = 2000 cm2/s. 

Figure 12 shows the Pei and Pex profiles, and the sum of the conduction and convection ion 
losses calculated according to the neoclassical theory, PiNC- The experimental Ki differs from the 
neoclassical value in the banana-plateau transition zone (Ki NC) by less than a factor of 2. Moreover, 
numerical simulations do reproduce the observed Tj profiles and T{(0) time evolution using Ki NC 
in the calculations. 

With neutral injection heating, Ti(0) increases [16], v?< 1 and the discrepancy between the 
experimental Ki NC increases to about a factor of 3. 

CONCLUSION 

This energy balance study of 300-kA Ohmically heated discharges has shown that in the 
banana-plateau transition zone the ions behave as predicted by the neoclassical theory, within a 
factor of 2. The sum of the radiation losses inside a volume limited by the q = 2 surface is about 
equal to the conduction losses. 

In the central region of the plasma, limited by the q = 1 surface, the energy confinement time 
is limited by internal disruptions. Between the q = 1 and q = 2 surfaces, the process limiting the 
energy lifetime is not clearly identified. 

The electron heat conduction coefficient derived from the energy balance is greater than that 
calculated from density fluctuation data. If, in the region that was not scanned (R > 98 cm), the 
density fluctuations were 3 to 5 times larger than in the scanned region (R < 98 cm), the 
dissipative trapped electron mode would explain the anomalous conductivity. 
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DISCUSSION 

ON PAPER IAEA-CN-35/A 3 

R.J. TAYLOR: Does the fractional impurity radiation increase with increasing electron 
density? 

P. LECOUSTEY: No, within the error bars the ratio remains essentially constant. 
F.G. WAELBROECK: You mentioned the limiter as the most probable source of the 

molybdenum observed in the discharge. If I remember correctly, independent measurements 
have indicated that the whole wall, including the stainless-steel liner, is coated with a molybdenum 
layer of approximately 50 A thickness. Have you excluded the possibility that the molybdenum 
ions might originate, in part at least, from this liner? 

P. LECOUSTEY: No. The radiated power plus charge-exchange power falling on the wall 
is significant, i.e. approximately 70% Pj2- Recent measurements with a carbon limiter showed 
that the brightness of the molybdenum lines remains the same. 
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Abstract 

CONFINEMENT AND NEUTRAL BEAM INJECTION STUDIES ON ORMAK 
Plasma confinement and neutral beam injection heating were investigated on the Oak Ridge Tokamak (Ormak) 

plasma with improved plasma parameters due to higher injection power (to 360 kW), discharge current (to 230 kA), 
and toroidal field (to 26 kG). When the injection power was raised to 360 kW with otherwise constant operational 
parameters, the central ion temperature increased roughly linearly from 0.7 to 1.8 keV. The scalings of ion tempera
ture with injection power and plasma density agree reasonably well with theoretical predictions based on neoclassical 
ion heat conduction and classical beam energy transfer. In contrast to ion confinement, electron confinement is 
anomalous. Systematic parametric scans yielded an empirical scaling of the gross energy confinement time, 
TE ~ ne [q(a)/Zeff]

1/2. Internal MHD modes, impurity radiation and anomalous electron heat conduction all play 
significant roles in the electron power flow and no one mechanism dominates for all discharge conditions. The 
electron thermal conductivity estimated from the radial electron power balance is about equal to the Kadomtsev-
Pogutse prediction for the dissipative trapped electron mode. Evidence for diffusive electron energy loss is provided 
by a detailed study of the propagation of heat pulses due to internal disruptions. Significant improvement of 
confinement with increasing density was accomplished by cold gas injection into established discharges. The 
observed rapid increase in the central density during gas puffing can be explained by including a density pinch in 
the particle transport. Combining neutral beam injection and gas puffing made it possible to reach densities 
beyond the limit attainable with Ohmic heating alone, and yielded ne(0) = 9 X 1013cm~3, Tj(0) = 1.3 keV, 
TE= 15 ms, j3p = 0.93, and 0T(O) = 1.2%. 

1. INTRODUCTION 

Recent experiments on ORMAK [1,2,3] have been directed towards increased 
understanding of ion and electron confinement and towards demonstrating 
substantial plasma heating with neutral beam injection. As a result of 
both neutral injection and increased plasma current, plasma parameters have 
been improved. The ranges of parameters covered in these experiments are 
listed in Table I. 

Figure 1 shows the current (I), loop voltage (V), and line-averaged 
electron density (h"e) as a function of time for typical discharges both 
with and without neutral beam injection. The horizontal position of the 
plasma column was held at 1.3 ± 0.3 cm inside the geometrical center by 
feedback control during the constant current phase (up to 60—70 ms). A 
single data point of each experimental sequence discussed in this paper 
usually represents information from 15—20 acceptable discharges, during 
which concerted efforts were made to measure the space- and time-dependent 

* Research sponsored by USERDA under contract with the Union Carbide Corporation. 
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TABLE I. ORMAK PARAMETER RANGES 

Major radius, R0 80 cm 

Minor radius, a 23 cm 

Toroidal field, BT 4-26 kG 

Discharge current, I 30—230 kA 

Neutral injection power, P ^ 0—360 kW 

Central electron density, ne(0) 1.5—10 x 1013 cm-3 

Line-averaged electron density, n 0.7—6.0 x 1013 cm-3 

Central electron temperature, Te(0) 0.3—2.2 keV 

Density-averaged electron temperature, <Te) 0.2—0.9 keV 

Central ion temperature, ̂ (0) 0.2-1.8 keV 

Density-averaged ion temperature, (T^) 0.1—1.0 keV 

plasma characteristics necessary to study confinement and heating aspects 
of the plasma. At about 30 ms after the discharge initiation (or at 
about 30 ms after start-up of neutral beam injection when it is applied) 
the discharge reaches a quasi-steady state. We mainly discuss plasma 
characteristics in this state, typically at 45 ms into the discharge. 
Figure 2 shows profiles of electron temperature [Te(r)] and density 
[ne(r)l measured by Thomson scattering and ion temperature [Ti(r)] based 
on charge-exchange analysis, for a typical discharge without neutral beam 
injection. 

In the sections below we first outline the behavior of impurities in 
ORMAK. We will then discuss ion energy confinement and neutral injection, 
electron energy confinement, and particle confinement. We conclude with a 
summary of the confinement and injection studies. 

2. IMPURITIES 

Although we lack precise measurements of the concentrations of 
impurities in various charge states, we can infer some features of their 
distributions from studies of characteristic lines, soft x-rays, and 
analyses of the plasma resistance. 

Iron and oxygen are the major impurities which have been identified 
spectroscopically in the vacuum ultraviolet range (A. ^ 20 A). The 
measured concentrations, n o x < 0.02 ne and nFe ̂  0.001 ne, are insuf
ficient to account for the apparent effective charge, Zeff, inferred from 
the plasma resistance. This comparison indicates that a part of the 
plasma resistance may be caused by heavy impurities, and indeed, several 
unidentified lines and narrow band continua observed in the spectrum could 
indicate the presence of W (from the limiter) or Au (from the liner). 
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FIG.l. Evolution of plasma parameters for typical discharges with and without injection. In each case the time 
dependences illustrated were obtained by averaging over the individual discharges of that experimental sequence. 
Sequence-averaged values for this same set of discharges without injection were used in developing Table II and 
Figs 2, 4 and 11. Similarly, those for the discharges with injection were used in developing Table II and Figs 4 
and 6. 

Impurity content is also inferred from the absolute intensity of soft 
x-ray emission. Time- and space-resolved measurements were made using an 
array of nine planar silicon (PIN) diode detectors which are collimated 
to view radial chords spaced at 2-cm intervals across a minor cross-section. 
The evaluation of Zeff(r) from this measurement is an uncertain procedure 
because the emission is dominated by recombination radiation and the 
analysis depends (by as much as a factor of 3) on the relative densities of 
the various impurities. Within this uncertainty, the absolute intensity of 
the soft x-ray continuum gives an estimate of Zeff which is consistent with 
the Zeff inferred from plasma resistance measurements. 

Assuming a uniform toroidal electric field, Zeff is also inferred in 
two ways from a combination of the measured Te(r) profile and the discharge 
resistance. In one procedure, Zeff(r) is derived from a current density 
profile. With certain assumptions the fluctuation mode structure in the 
soft x-ray signals [4] is used to infer the model rational radii, r!sx 

and r2sx, for q(r) = 1 and 2, respectively. We assume a current density 
of the form j (r) = j (0) [1 - (r/.a)a]P where the free parameters, j (0), 
a and 3, are used to satisfy the constraints, q(risx) = 1 and q(r2sx) = 2 
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FIG.4. Comparison of perpendicular charge-exchange data with the modeled ion energy distribution for no-
injection and 360-kW-injection cases. 

with proper total current. This current density with the usual small 
neoclassical resistivity correction (trapped-particle and even smaller 
bootstrap current effects) [5] yields a space-dependent effective 
charge, (Zeff)q. One such example is shown in Fig. 3 for a low-current 
discharge. The shaded area indicates the uncertainty due to the spatial 
resolution of the soft x-ray measurements. 

In the more conventional procedure, Zeff is assumed to be uniform 
in radius. The result of this approach is also shown in Fig. 3. The radii 
of the q=l and q=2 surfaces (r^ and r2^) calculated from the constant-
Zeff current profile may be compared with those (ri

sx and r2sx) derived 
from the soft x-ray measurements. In general, reasonable agreement for 
r^ and r2 is found, indicating that Ze£f(r) is roughly uniform. However, 
when the internal disruptions become stronger (typically at low current 
and/or low density, as in Fig. 3), the agreement tends to be poor; q(0) 
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FIG.5. Comparison between charge-exchange and neutron measurements of the central ion temperature. 

is predicted to be >1, yet the fluctuations associated with q(0) < 1 are 
seen. In these circumstances, a Zeff profile peaked off axis is more 
probable than the constant Zeff profile. 

Considering the accuracy of the measurements involved and the model 
dependence, determination of a specific Zeff profile is beyond the present 
capability. However, the results do appear to eliminate the possibility 
of an extreme central peaking of the Zeff profile. For consistency we 
shall use Zeff(r) values resulting from the constant Zeff model in the 
rest of the paper. Knowing Zeff(r), and assuming a single impurity species 
(Fe), we infer the ionization state, Z(r), based on a coronal equilibrium 
and the measured Te profile. The proton density, n^(r), is obtained from 
charge neutrality. The various quantities related to plasma energy such 
as gp and Tg are based on the ion energy content with ni(r) calculated 
in that fashion. Typically, the proton density is 45-60% of the electron 
density. 

3. ION CONFINEMENT AND NEUTRAL BEAM INJECTION 

We now discuss the interpretation of charge-exchange data to obtain 
ion temperatures, the energy flow with injection, and the scaling of 
measured temperatures with injection power level and with plasma density. 

An important requirement for ion confinement studies is the accurate 
determination of the ion temperature profile Ti(r). This is usually 
inferred from the "distribution function" derived from chordal measurements 
of the energy distribution of the charge-exchange neutrals escaping perpendi
cular to the magnetic field. Figure 4 shows distribution functions for both 
no injection and 360-kW H° injection cases. The slope Ol/Ti) is not 
constant with charge-exchange neutral energy primarily because of the chordal 
integration over temperature and density profiles and to a lesser extent 
because of the energy-dependent attenuation of the escaping charge-exchange 
neutrals. At low particle energies the charge-exchange flux is predomi
nantly from the plasma edge, and only the higher energies are sensitive 
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injection. 

to the central region. Typically, determination of the slope of energies 
E/Ti(0) ^ 6 is needed to obtain a central temperature within 10% accuracy. 
However, at these higher energies the charge-exchange distribution may be 
distorted by poor counting statistics and noise, by non-Maxwellian 
components of the ion distribution, and (with injection) by captured beam 
ions which have lost most of their initial energy. We obtain Ti(r) by 
minimizing the difference between the measurement and model calculation 
of charge-exchange fluxes utilizing data for energies up to ~3 Ti(0) (with 
injection) and for different radial chords. This procedure permits evalua
tions of the effect on the estimated temperature of statistics, parameter 
uncertainties, systematic errors, and non-Maxwellian components. For 
example, in Fig. 4 the injection data points above 7 keV ["4 T^(0)] 
probably reflect slowing down beam ions and a non-Maxwellian distortion [6] 
of the plasma ion distribution. 

Figure 5 shows the good agreement between the charge-exchange ion 
temperature and that inferred from the absolute neutron flux using indepen
dently determined values for nj)/ne and parabolic density and temperature 
profiles. Good agreement between these temperature estimates is usually 
obtained for ion temperatures from 500 to 1200 eV. In these cases, 120 kW 
of a 30 keV H° beam was injected into D+ plasmas to increase the ion tem
peratures. Agreement has also been obtained without injection between 
charge-exchange determination of the central ion temperature and that 
estimated from the Doppler width of the H^ (6563 A) line at large wavelengths 
(to 6 X) from the line center. 

Up to 360 kW of 30-keV H° beams have been injected tangentially into 
0RMAK from three 10-cm (grid diameter) ion sources. Typically, two of the 
sources inject in the same direction as the plasma current (coinjection) and 
the third is opposed (counterinjection). For these studies the plasma 
parameters were held approximately constant at I = 175 kA and BT = 25 kG. 
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TABLE II. EFFECTS OF INJECTION POWER ON PLASMA PARAMETERS 

I = 175 kA, B^ = 25 kG, n = 2.8 x 1013 cm"3 
I e 

PQH (kW) 480 ^ ^ 

P . (kW) 5 8 / (electrons) ^ 7 3 8 
e,i / / (electrons) 

P. . (kW) — 

P. . . (kW) — 
inj, I 

P. . (kW) — 

p 
OH 

P. 
i,e 

P. . . 

P. . irg,e 

T^O) 

Te(0) 

(T^ 

<Te> 

(kW) 

(kW) 

(kW) 

(kW) 

(keV) 

(keV) 

(keV) 

(keV) 

for r < a/2 ~ 

3 1 8 ^ 2 9 1 
27 S (electrons) 

— 

— 

0.65 

1.53 

0.37 

0.68 

11 cm 

• / -

58 
(ions) 

245 V 

Z"49^! 
^.107 / 

111/ 

1.83 

0.76 

1.03 

0.69 

Mos 
(electrons) 

T E (ms) 6.5 5.1 

T E e (ms) 5.6 3.5 

T E i (ms) 13 16 

Z e f f 7.9 10.2 

^ / n ^ 0.62 0.47 

v*.(min) 1.8 0.43 
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FIG. 7. Scaling of central ion temperature with injection power and comparisons with neoclassical calculations. 

Figure 1 compares TT , I and V for the no injection and 360-kW H° injection 
cases. The ion temperatures are measured between 40 and 50 ms,when the 
densities are approximately equal. Figures 2 and 6 compare the radial 
profiles of electron density and ion and electron temperatures for the two 
cases being considered, no injection and 360-kW H° injection, respectively. 

Table II also compares these two cases and shows the effect of the 
injection power on the ion and electron temperatures and power flows. The 
injected power transferred to the ions is almost three times the collisional 
heating by electrons without injection. The central and density-averaged 
ion temperatures essentially triple; and because the electron temperature 
does not increase, Ti > Te over most of the plasma radius. One-third of 
the injected power transferred to the ions is lost to the electrons by 
collisional cooling. Thus, the role of electrons is reversed, and the 
electrons become a major power loss for the ions and limit the ion tempera
ture obtained with injection heating. 

The density-averaged electron temperature <Te) remains unchanged 
although the total electron input power has increased by 75%. This 
implies a reduced electron energy confinement time, T£e- For the central 
half of the plasma the total electron input power has also increased 
(by 40%) but the central electron temperature has fallen by a factor of 2 
and Te(r) shows a tendency towards a hollow profile. This may indicate 
increased radiation loss from the center due to heavy impurities (see 
Section 4) possibly released by counterinjected ions on unconfined orbits. 
These hollow Te(r) profiles do not develop without counterinjection or 
if counterinjection is delayed until later in the discharge. Previously [3] 
similar deleterious effects with counterinjection were observed to improve 
rapidly with plasma current and may not be important at higher currents. 
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Figure 7 shows the scaling of ion temperature with injection power 
for approximately constant density, current and field. The two cases 
compared above are at the extremes of this plot. The measured central 
ion temperatures increase approximately linearly with injection power 
(£3.5 eV/kW) and are in reasonable agreement with those calculated from 
a 1-D transport code using neoclassical ion thermal conductivity [5] and 
classical beam-ion energy transfer [7]. For the highest Ti point in 
Fig. 7, u*i ~ 0.5. Experimental profiles for ne(r) and Te(r) were used in 
calculating the theoretical T^(0) values shown in Fig. 7. Uncertainties' 
in these profiles and in the values for n /n and Pin-j i calculated from 
them produce uncertainties that are not shown in the calculated T^(0) 
values. 

Figure 8 shows the scaling of central ion temperature with the line-
averaged electron density, with injection power and other plasma parame
ters held approximately constant. The error bars on the ion temperature 
are larger than in Fig. 7 because the charge-exchange data cover a smaller 
range of energies. The ion temperature without injection varies approxi
mately as TTg1^3. With injection, the decrease in ion temperature with 
increasing density is primarily due to the rough constancy of the ion 
energy confinement time and hence the same input power being shared among 
an increasing number of ions. Again, reasonable agreement is obtained 
between measured values for Ti(0) and those calculated from the l-D 
transport code . assuming neoclassical ion thermal conductivity. 

The points above n = 3.2 x 1013 cm-3 are obtained with delayed 
hydrogen gas puffing in addition to injection. With Ohmic heating alone, 
densities up to 4.5 x 1013 cm-3 can be obtained with gas puffing. Added 
injection power is necessary to reach the!.highest densities (Section 5) [8] 
Table III gives the electron and ion power flows and temperatures for the 
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TABLE III. POWER FLOWS AND OTHER PARAMETERS FOR 
INJECTION WITH GAS PUFFING 

I = 170 kA 

113 ~m-3 n = 5.9 x 101J cm" 
e 

BT = 25 kG 

n (0) = 9.1 x 1013 cm"3 

P. . = 245 kW 

Pi,e = ~ 2 4 k W { 124 kW 

P. . . = 148 kW ' ( i 0 n s ) } 
PQH = 425 kW 

P. . = 78 kW 
inj,e 
P + P. . - P. = 527 kW 

•*' ' (electrons) 

3. = 21 kW 1 ,- ,„. 
i,e I 67 kW 

?. . . = 46 kW / ( i 0 n S) 
inj, l 

for r < a/2 « 11 cm 

PQH = 262 kW 

P. . = 21 kW 
xnj,e 

P0H + Pin" ~ Pi e = 2 6 2 k W 

' (electrons) 

T.(0) =1.28 keV 

T (0) = 1.38 keV 
e 

<T.) = 0.92 keV 
l 

<T > = 0.81 keV 
^ e 

poloidal 

Tc = 13 ms 
Ee 

= 0.93 Tc = 15 ms E 

T„. =23 ms 
El 

highest density case (IT = 5.9 x 1013 cm - 3). The ion and electron tem
peratures are approximately the same (~1.3 keV) and T = 15 ms, Pp = 0.93, 
3 (0) = 1.2%, n (0)T = 1.3 x 1012 cm"3-sec (Section 5). Compared with 
the no injection base case at n" =• 2.8 x 1013 cm-3 listed in Table II, 
the total plasma energy content and £ have increased by a factor of 3. 

4. ELECTRON ENERGY CONFINEMENT 

In order to study the effects of each parameter on energy confinement 
in ORMAK, a series of detailed scaling experiments without injection 
heating was undertaken. In these experiments we: 

(1) changed independently each one of the three operational 
variables, I, B7 and IT ; and 

(2) varied both BT and I to maintain a constant safety factor 
[q(a) = 5] with a constant filling pressure (5 x 10_tf torr) . 
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FIG. 9. Empirical scaling of the gross energy confinemen t time in the scaling sequences. 

We found TR ~ ne[q(a)/Zeff] ' (as shown in Fig. 9), as well as 
<Te) ~ 12/3, Pp ~ ne/I

l+/3) and Zeff ~ I/n~e. As a result of this series 
and other measurements, we find that MHD instabilities, impurity radiation, 
and anomalous electron thermal conduction all play significant roles in 
the electron power balance and in some circumstances a single mechanism 
can be dominant. 

The T£ scaling [TE ~ /q(a)] suggests some correlation with MHD 
instabilities. Figure 10(a) shows that TE decreases significantly at 
low q(a) in the current and B7 scans. Figure 10(b) shows the ratio of 
sawtooth amplitude (related to internal disruptions) to the total soft 
x-ray intensity, indicating a trend which is opposite to that expected 
for the decrease of TE at low q(a). The largest power losses due to 
internal disruptions occur at intermediate q(a), and represent 20—30% of 
the Ohmic heating power into the region within q=l. However, this 
is a small portion of the plasma, and the power loss relative to total 
Ohmic heating power is only a few percent or less. Only in certain cir
cumstances (frequently with high power injection) do internal disruptions 
produce a significant power loss. In these cases strong internal dis
ruption processes are observed with increased mode rational radius for 
q=l. These disruptions may limit Te(0) but have little effect on <Te). 

The m=2 mode can be more relevant to overall confinement. Figure 10(c) 
shows the relative amplitude of the m=2 component in soft x-ray signals. 
The amplitude also follows closely the relative amplitude of the m=2 
oscillations of the poloidal field. We observe that its growth at low 
q(a) parallels the decrease in TE. In addition, the amplitude of this 
instability increases significantly as the density approaches the threshold 
of disruptive instability [Fig. 10(c)], and T^ is reduced. Under these 
circumstances, it is believed that the m=2 magnetic island occupies a 
significant portion of the plasma radius and enhances energy transport. 
However, when q(a) is fixed [as in the q(a) sequence and density scan], 
the m=2 oscillation amplitude increases with density in spite of the fact 
that TE increases with rising density (TE *« n„//Zeff ~ **J' * 5 ) • Therefore, 
MHD instabilities do not provide a complete, consistent explanation for 
the TE scaling. 

Measurements of power to the wall with thermocouples and a pyro-
electric detector show that a large fraction (60-75%) of the Ohmic heating 
power reaches the wall as a result of charge-exchange losses and impurity 
radiation. Calculations show that only a small portion of the measured 
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energy flux is due to charge-exchange neutrals. The impurity radiation 
losses are dominant in the outer portion of the discharge and appear to be 
an important energy loss channel over most of the plasma volume. In some 
cases impurity radiation may be dominant in its effects on overall energy 
transport. We observe "hollow" electron temperature profiles under some 
circumstances with counterinjected neutral beams (Section 3, Fig. 6) and 
even more pronounced hollow profiles without injection but with contaminated 
surfaces of the discharge chamber. The only way we have been able to 
reproduce these hollow Te(r) profiles in our 1-D transport simulations 
has been to include enough heavy impurities to cause substantial cooling 
near the center of the discharge. 
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An important energy loss channel for electrons is apparently an 
enhanced electron thermal conductivity. We evaluate an "experimental" 
thermal conductivity from 

Xe(r) -

POH^-PeiW PD(r) rad (r) 

9 P Te ( r ) 
4"2R r — ! o dr 

Ptf(r) 

where POHC1") i s the Ohmic heating power input integrated over the volume 
of the torus of minor radius r, and the four others are the integrated 
power losses due to electron-ion heat transfer, particle diffusion, radia
tion, and change in the stored energy. Other terms, such as possible 
convective energy transport associated with MHD modes, may sometimes be 
significant but are not taken into account in this calculation. The most 
uncertain term in this equation is the estimate of Prad(

r)- It i s based 
on Merts's calculation [9] for iron impurity. The total radiation, Prad(

a)> 
calculated for the case shown in Fig. 11 agreed with the wall power measure
ment. A rough correspondence was also obtained between the calculated 
radial power distribution and that inferred from measurement with the 
radially movable pyroelectric detector. Figure 11 illustrates the range 
°f Xe(r) for the case shown in Fig. 1; the upper bound corresponds to xe(r) 
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FIG.14. Comparison of data with the two simulation models (with and without the Ware pinch term) for density 
behavior during gas puffing with injection. The experimental data with gas puffing are for the same discharges 
described in Table III. 

without the radiation loss, and the lower bound to that with radiation 
included. Xe(r) i-s relatively constant over a wide radial range, and 
"Xe = a

2/4TE represents reasonably well the range of xe(
r)-

The value of xe i-s two orders of magnitude larger than the neo
classical thermal conductivity [5]. A candidate which produces such a high 
thermal conductivity is the dissipative trapped electron mode (DTEM) 
extended to present experimental regimes [10], where the finite Larmor 
radius effects and the curvature drift effects are important. Unlike the 
usual DTEM with kj_pi « 1 [11], this mode (k^pi «* 1) can be unstable with 
v » 1, where v is the ratio of effective electron collision frequency 
to bounce frequency. The enhanced thermal conductivity, however, is 
similar to that derived by Kadomtsev and Pogutse [11] for the former mode. 
The new mode may provide a good candidate for the fluctuations observed in 
ATC [12] and TFR [13]. The radial dependence as well as the magnitude of 
XDTEM(r) ^S similar to the experimental ones (Fig. 11). 
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The values of v have a broad minimum at the intermediate radii, and 
we take this minimum, (v ) . , as a pertinent measure of the collision-
lessness for a specific discharge. In the present experimental regime, 
0 ^ e ) m i n lies between 0.5 and 5. In Fig. 12, we plot "x as a function of 
(v*e)min in the current scan of our scaling experiments. The figure also 
shows XpTEM

 a t t h e radius of (v^ ) m i n . Both coefficients increase strongly 
at (v^eJmJn ^ !• A similar behavior is observed in the density scan. As 
the density increases, (v ) . increases so that the DTEM would become 
less significant. e m i n 

Evidence for a diffusive electron energy loss has been found by using 
the array of soft x-ray detectors to examine the propagation of heat pulses 
which are generated by internal disruptions [14]. If we assume that the 
final result of an internal disruption inside of the q=l surface is the 
deposition of a heat pulse at that radius, then (subject to some simplifying 
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assumptions) the heat pulse will propagate outward in a manner which can 
be described by a thermal conduction model. This model predicts that: 

(1) The time of the arrival of the peak should be proportional to r2. 
(2) The shape of the pulse should be proportional to t - 1 exp(—t / t ) , 

where t p = 3r
2/8x H p p.

 P 

(3) The amplitude of the peak should be proportional to 1/r. 

Figure 13 shows the r 2 dependence of the time for peak intensity and the 
rather good agreement of the experimental pulse shape with the predictions 
of the model. There is more scatter in the peak amplitude data, but since 
there is some uncertainty in converting the x-ray amplitude variations 
into temperature variations, the agreement is reasonable. Thus, we 
conclude that the propagation of heat pulses is apparently governed by a 
thermal conduction model. However, we find that the XHPP obtained from 
this analysis is 2.5 to 15 times larger than we obtain from x (r) or Y > 
as shown in Fig. 11. At present we have no satisfactory explanation for 
the discrepancy and thus cannot conclusively identify the pulse transport 
mechanism with that governing gross confinement. We are investigating 
the possibility that the discrepancy arises because of enhanced thermal 
conductivity in the tail of the electron distribution. This approach is 
suggested because the x-ray detectors are only sensitive to electrons 
with energies greater than 2—5 T e. 

5. PARTICLE TRANSPORT 

The empirical scalings show that it is of interest to operate a 
tokamak at high density. A well known method of increasing the density 
is to pulse in cold neutrals after establishing the discharge (gas 
puffing). Figure 14(a) illustrates iTe(t) with and without gas puffing. 
The final density is about three times higher with a gas puff. An 
intriguing feature of the gas puffing concerns the experimentally observed 
fast increase in the central density [Fig. 14(b)]. The conventional 
analysis of particle transport is based on the ionization of neutrals in 
the plasma being balanced by particle diffusion in a quasi-steady state. 
From the charge-exchange analysis, the central neutral density in ORMAK 
is estimated to be 2 x 10 2 1 cm_3/n"e under typical discharge conditions. 
When cold gas is injected into such a plasma, ionization near the plasma 
edge shields the plasma center from penetration of neutrals, resulting 
in no substantial increase in central neutral density. The evolution 
of the electron density calculated by the 1-D transport code with such 
a model is shown in Fig. 14(b), indicating a prolonged inverted density 
profile. However, no substantial inversion of the density gradient is 
observed in ORMAK (as shown by black points in Fig. 14) or in several other 
tokamaks [13,15]. This contradiction is resolved if there exists a 
density pinch effect balanced against enhanced particle diffusion. The 
density behavior calculated in the 1-D code using the Ware pinch [16] 
reproduces the measured density profiles, as shown in Fig. 14(c). Such 
a model also reproduces the Alcator density behavior [17] without inverted 
profiles up to ne(0) » 3 x 1011+ cm-3. The enhanced diffusion, which is 
one order of magnitude larger than that predicted by the neoclassical 
theory together with the Ware pinch in a quasi-steady state gives a 
somewhat peaked density profile, which is a feature found experimentally. 

With Ohmic heating alone, the density limit with gas puffing is » 1.6 
times the density limit found under steady filling conditions as shown in 
Fig. 15. Both limits scale as Bx/R0 [8] which is a measure of the central 
current density because q(0) ~ 1. The approximate constancy of loop 
voltage with a constant q(a) suggests that the maximum density is pro
portional to Ohmic heating power. These observations lead one to consider 
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a model in which the power transported from the interior to the edge 
prevents the current channel shrinkage which otherwise leads to disruptive 
instabilities. We might expect, then, that the combination of neutral 
beam injection (as an auxiliary power input) and gas puffing (to provide 
an adequate particle source) would increase the attainable density. In 
fact, in the gas puff experiment (Fig. 14) with modest (240 kW) injection, 
the current channel was broadened and the density was higher 
(n = 6 x 1013 cm - 3). This density is scalable (Fig. 15) with BT/RQ to 
the Alcator [17] and Pulsator [15] values, in spite of higher Z ff. The 
resultant Tp (15 ms) agrees with the prediction of the empirical scaling, 
an indication of significant improvement of overall confinement at high 
density (Section 4). 

6. SUMMARY 

Under the operating conditions generally obtained, the empirically 
derived scaling is Tp ~ n"e[q(a)/Zeff]

1/2. Our present understanding of 
transport can be summarized as follows: 

(1)Impurity radiation — dominant at the plasma edge and probably 
important over the bulk of the plasma. 

(2) Electron thermal conduction — anomalous and about equal to the 
Kadomstev-Pogutse prediction for the DTEM. 

(3) Particle diffusion — anomalous and about one order of magnitude 
larger than neoclassical but still much smaller than electron 
thermal conduction. 

(4) Ware pinch — in conjunction with (3), accounts for density 
profiles observed with gas puffing. 

(5) Bootstrap current — no evidence, but must be small. 
(6) Resistivity — probably mostly classical, but. we lack quantitative 

details of impurity concentrations. 
(7) Ion thermal conduction —neoclassical. 
(8) MHD instabilities — under certain conditions internal disruptions 

near the center and m=2 modes make significant contributions to 
plasma transport. 

Results (2) through (7) can be explained most consistently by fine 
scale turbulence that enhances the cross field elements in the transport 
coefficient matrix, but does not affect the parallel elements [10]. The 
modified dissipative trapped electron mode with kj_p. ~ 1 is a likely 
candidate. 

Neutral beam injection continues to produce improvements in plasma 
parameters. The ion temperature has reached 1.8 keV with Pinj = 360 kW at 
n = 2.8 x io13 cm-3. Under these conditions T. > T and the electron-
ion heat transfer is reversed. The increase in ion temperature is roughly 
linear with injection power, and no apparent saturation is observed. The 
scaling of ion temperature with both injection power and plasma density is 
in reasonable agreement with theoretical predictions based on neoclassical 
heat conduction and classical beam-ion energy transfer. Injection has also 
significantly increased the maximum attainable density. This increased 
density (n = 6 x 1013 cm-3) has led to improved plasma parameters." 
3p = 0.93,

e3T(0) = 1.2%, and ne(0)TE = 1.3 x 10
12 cm"3 sec. 
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Abstract 

HEATING BY INJECTION OF FAST NEUTRALS AND STUDY OF THE ION ENERGY BALANCE IN TFR. 
In TFR the fast neutrals are injected quasi-perpendicularly, i.e. at an angle of 80 with respect to the 

magnetic axis. With two injection lines, each consisting of five ion sources, the total power extracted reaches 
2 MW, and the power injected into TFR is of the order of 650 kW. The confinement of fast ions was studied from 
the spectrum of the charge-exchange neutrals and the neutron flux and seems to be classical. The injection 
efficiencies calculated by means of a numerical code are of the order of 20% for the ratio (PN, + PNB)/PE a n d 57% 
for the ratio (P^j + PNe)/PN> where PE , PJJ, P M a n d PNe a r e the extracted power, the power of injected neutrals, 
and the powers transferred to plasma ions and electrons, respectively. The central ion temperature increase is 
proportional to the power transmitted to the ions according to a law of the type ATj(r = 0) [eV] = 
20 PN1[kW]/n~7[1013 cm - 3 ] . In the experiments at low densities (ne = 3 X 1013 cm - 3) , the ion temperature doubles 
and reaches 1.9 keV in the centre. Two series of experiments were analysed in greater detail: the injection of a 
deuterium beam into a deuterium plasma and the injection of a hydrogen beam into a hydrogen plasma. During 
the injection of neutrals the impurity radiation is observed to grow. The increase of central density of molybdenum 
is more important than that of the electron density, at least for the discharges in deuterium. An investigation of 
the change of ion temperature as a function of the injected power and the temperature variation after beam turn-off 
yields information on the behaviour of the ions and the energy confinement time (TEJ = 10 ms). When all losses 
other than those through conduction are neglected, and uncorrected values are used for Ti, the coefficient of ion 
thermal conductivity can be determined at r = 12 cm. This coefficient is slightly anomalous (by a factor of 2 — 3) 
compared with the neoclassical value, and seems to be independent of the collision frequency, even in the 
collisionless regime which has been reached in these experiments. 

1. DESCRIPTION OF INJECTORS 

As shown in Fig. 1, each of the two injection lines comprises 5 ion sources situated at 0°, ± 9° 
and ± 18° with respect to the equatorial plane. The 5 beams are focused to the inlet port (surface 
area 110 cm2). The injection angle (10° with respect to the meridian plane) has been chosen as 
the best compromise between good confinement of fast particles and weak modifications of the 
TFR. The duopigatron-type sources [1] have an effective diameter of 7.5 cm; they are shielded 
against the stray magnetic fields. The power of neutrals is measured at the gate (4), the screen (6) 
and at a removable target placed inside the machine. 

The maximum extracted power is of the order of 2 MW for the 10 ion sources (total current 
52 A at 39 kV) and the injected neutral power reaches about 650 kW. 

2. FAST-PARTICLE CONFINEMENT AND HEATING EFFICIENCY 

The confinement of fast ions and the heating efficiency are discussed in Refs [2,3]; here a 
review is given of the main characteristics. The graph (Fig. 2) showing the fast-ion confinement 
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FIG.l. Plan view and side view of one injection line. (1) Source; (2) neutralizer; (3) target; (4) gate; 
(5), (6) molybdenum shields; (7) valve; (8) toroidal coil; (9) magnetic circuit; (10) vacuum chamber; 
(11) titanium pump; (12) toroidal coils; (13) shielding. 

diagram in the p, i9-plane (p = r/a, # = angle between initial velocity and magnetic field) defines 
four zones: In zone I the particles circle around the magnetic axis (passing particles); in zone II 
the particles are trapped and move in banana orbitals; in III the particles are lost because the drift 
surfaces intersect the limiter, and in zone IV the particles remain localized in the local mirrors 
produced by the modulation of the toroidal field: these particles escape rapidly out of the 
configuration [2]. The shaded zone represents the beam under TFR injection conditions. The 
particles ionized in the peripheral region are inside the loss disc and so are lost immediately [3]. 
In fact, the particles ionized in I and II can diffuse through collision into the loss disc when slowed 
down, so they are also lost. The probability of particle confinement has been calculated under the 
conditions of TFR by means of a numerical method of the Monte-Carlo type [2]. 
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Ip = 300KA 

E/^AOkeV 

FIG.2. Confinement diagram in the frame &,p(p= r/a, d = angle between the velocity vector and the magnetic 
field). I: passing particles; II: trapped particles; III: particles lost on the limiter; IV: localized particles. 
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FIG.3. Capture cross-section. (1) m/ne = 1, Ze f f = 1; (2) m/ne = 0.5, Z e f f = 4; (3) B i /n e = 0.2, Ze f f = 5.5. 
Values measured in TFR by attenuation of a fast neutral beam. 
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FIG.4. Energy spectrum of charge-exchange neutrals under the conditions of Table II. 

This method was also used to estimate the injection efficiency and the radial energy deposition. 
The injection efficiency is characterized by the two ratios p p and pu 

PNi + PNe PNi 
P p = - ^ — a n d P i = -

Usually p p = 0.16—0.24 and p[ - 0.08-0.12. The scattering losses into the loss disc are of the 
order of 30%. 

When the capture of fast neutrals through ionization on impurities [4] is taken into account, 
the capture cross-section can be written as follows [3]: 

nj <aie ve> 
oc ~ ocx — + + Zeff api 

Hereacx is the charge-exchange cross-section, aie and api are the ionization cross-sections by 
electrons and protons, respectively, and v is the velocity of the fast neutrals. Figure 3 shows this 
cross-section determined under various conditions, the points correspond to measurements in TFR 
using an attenuation method of a fast neutral beam. 

The high-energy spectrum (Fig.4) and the e-folding time (5—6 ms) obtained from the neutron 
flux and the time evolution of fast neutrals of given energy show that the fast ions behave classically. 
The high-energy spectrum (Fig.4) is in good agreement with the spectrum calculated through a 
Fokker-Planck code [5,3]. The jump observed at E/2 (Fig.4) can be explained by the beam 
composition, 60% at E and 40% at E/2. 
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FIG. 5. 7j (r = 0) as a function of time; conditions as in Table I. 
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FIG. 6. Radial distributions of Ty The dashed curves give the profiles when plasma attenuation is taken into 
account; conditions as in Table I. 
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FIG. 7. Evolution ofIp, loop voltage and linear density (nl) under the conditions of Table I. The mean density is 
given by n —nil50. 

3. EFFECT OF FAST NEUTRAL INJECTION ON THE MAIN PLASMA PARAMETERS 

The fast neutral injection increases mainly the ion temperature and a correct measurement 
of this quantity is very important. The ion temperature is obtained from analysis of the charge-
exchange neutral spectrum (in the range of 1.5 to 5 keV). Two effects may alter the measure
ments: the perturbation of the high-energy tail due to the fast ions and the attenuation, by the 
plasma itself, of the charge-exchange neutrals coming from the centre. Figure 4 shows that the 
distortion of the spectrum starts only at 7—8 keV, i.e. at 3 to 4 Tj, which is in agreement with 
Cordey's calculations [6]. In the zone analysed the distribution function is Maxwellian and it is 
certainly isotropic since the 90° scattering time at 5 keV (~ 3 ms) is shorter than the energy 
confinement time (~ 10 ms). Most of the charge-exchange neutrals coming from the centre are 
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FIGS. Radial distributions of Te before and during injection; conditions of Table I. 

FIG.9. Evolution of the density profile. Injection takes place between 205 and 245 ms; conditions of Table I. 



76 EQUIPE TFR 

TABLE I. H2 PLASMA CHARACTERISTICS 

Plasma D2: 200 kA; 50 kG. 
Beam D2 : PN = 455 kW, PNi =110 kW, PNe = 110 kW. 

electron density 

electron temperature 

Te(eV) 

corrected ion temperature 

T~(eV) 

loop voltage (V) 

|3p (nj = 0.6 ne) 

We + W| 

P n + PNi + PNe 

( n i = 0 . 6 n e ) 

Zeff 

before injection (t = 190 ms) 

4.5 X 10 1 3 ( l - r 2 /a 2 ) 0 - 9 7 

2000(l - r 2 /a 2 ) 3 - 9 

670 

950( l - r 2 /a 2 ) 1 - 1 

600 

1.95 

0.23 

11.2 ms 

3 

during injection (230 ms) 

5.2 X 10 1 3 ( l - r 2 /a 2 ) 0 - 9 3 

2250 (1-r2 /a2)3-9 

745 

1900( l - r 2 / a 2 ) ' - 3 

1150 

2.5 

0.38 

10 ms 

5.2 

10 20 30 PNjtkWVrTdO13) 

FIG.10. Variation of the central ion temperature AIT; (0) as a function of P^ (kW)/n(l 013 cm'3). 

re-ionized by the plasma since at e.g. 5 keV the mean free path is 13 cm at 6 X 1013 cm-3, then 
smaller than the plasma radius; the central ion temperatures calculated from the charge-exchange 
neutral analysis are underestimated. The correction depends essentially on the plasma density, 
the atom density and on their profiles [7] and may reach 10 to 40%. The dashed curves in 
Figs 6 and 11 represent the temperature distributions corrected under the assumption of a central 
atom density of 2 X 108 cm-3. 

Two experimental series are described: injection of a deuterium beam into a deuterium plasma 
and injection of a hydrogen beam into a hydrogen plasma. 

3.1. Injection of a deuterium beam into a deuterium plasma 

Figures 5 to 9 show the behaviour of the main plasma parameters in a discharge with high-
power injection (455 kW) and relatively low density (^3 X 1013 cm-3). The ion temperature 
doubles during injection and reaches 1.9 keV at the centre, with ATi/Ti — 1. The electron 
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FIG.ll. Ion temperature profiles under the conditions of Table II. The dashed curves give the T\-corrected values. 

temperature does not change significantly: ATe/Te < 10%. During injection one can observe an 
increase of the loop voltage and the impurity density (see Section 3.3). The plasma characteristics 
before and during injection are summarized in Table I. The energy confinement time is calculated 
with account of the injected beam power. 

The variation of the central ion temperature depends on the injected power and the plasma 
density; to characterize the conditions of injection and of the plasma one has chosen the parameter 
PNi/ne- Figure 10 shows the variation of ATi (r = 0) (values not corrected for opacity) as a function 
of this parameter, with PNi in kW and n^ in 1013 cm - 3 . In the various discharges the injected power 
varies from 150 to 560 kW, the plasma current from 200 to 400 kA, and the mean density from 
2.8 to 5 X 1013 cm - 3 . The dependence obtained is of the type 

ATi(eV) = 20 PN i (kW)/h7 

3.2. Injection of a hydrogen beam into a hydrogen plasma 

Figures 11 to 14 show the main characteristics of the plasma for a high-current (380 kA), 
high-density (n — 6 X 1013 cm - 3) discharge, with an injected power of 400 kW. The increase of ion 
temperature is weaker because of the higher density; the central density reaches 1.6 keV for the 
corrected value and ATi/Tj — 0.3. The loop voltage does not grow during injection and the density 
as a function of time is changed very little by the injection of neutrals; An/n < 5%. The electron 
temperature remains unchanged, and a more systematic measurement has shown that at high 
densities Te(0) decrease a little during injection; neTe(0) however, remains constant. 

Figure 15 also shows that in hydrogen, under the various conditions of plasma (Ip varies from 
300 to 400 kA, iT from 4.4 to 7.5 X 1013) and injection (PN varies from 100 to 600 kW) studied, 
the variation of the central ion temperature (without correction) is proportional to the ratio PNi/n~e-
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FIG.12. Current, loop voltage and nl as functions of time. Conditions as in Table II. 

3.3. Behaviour of the impurities during injection 

During neutral injection the whole radiation in the band of 1600—100 A is observed to 
increase. Figure 16 shows the intensities of the two lines O VI (X = 1031 A) and Mo XXXI 
(A = 117 A). The O VI line is emitted by a peripheral layer and the radial position of its maximum 
remains unchanged during the injection, a fact that indicates the weak influence of injection on Te. 
The Mo XXXI line is emitted in the central region; Figures 17 and 18 show the time variation of the 
Mo30+ ion density under the conditions given in Tables I and II. In the first case (D2) the Mo 
density is observed to grow (the coronal equilibrium is not displaced because of the constancy 
of Te), much more strongly than n^; in the second case (H2), however, the density ne grows 
faster than that of Mo 30+ ion. 
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TABLE II. D2 PLASMA CHARACTERISTICS 

Plasma H 2 : 360 kA, 60 kG. 
Beam H2 : PN = 400 kW, PN i = 118 kW, P N e = 122 kW. 

density 

electron temperature 

T 

corrected ion temperature 

Tic 

loop voltage 

h 
TE(nj = 0.6 ne) 

Zeff (derived from conductivity) 

before injection (240 ms) 

9.7 X 1013 ( l - r 2 /a 2 ) 0 - 6 3 

1800(l-r 2 /a 2) 2- 1 

800 

nood-^/a2)1-1 

730 

2.25 

0.23 

17.2 ms 

2.8 

during injection (282 ms) 

11.2 X 10 1 3 ( l - r 2 /a 2 ) 0 - 7 

unchanged 

1600(l- r 2 /a 2 )K : 2 s 

925 

2.29 

0.25 

14.6 ms 

2.4 

10* 

103 
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FIG.19. Variation of Kiexp as a function of the collision frequency. 
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FIG.20. Value of the local collision frequency with and without injection; conditions of Table I. The dashed 
curve marks the plateau-to-banana transition, e = r/R is the local aspect ratio. 

This different behaviour can be attributed to the fact that the wall sputtering yield is weaker 
by a factor of 2 to 3 with hydrogen than with deuterium. The increase of heavy impurities is due 
to the bombardment of the wall by the fast unconfined and uncaptured particles, and by the slow 
neutrals (some 100 eV, whose energy grows during injection) coming from the peripheral zone 
of the plasma. The contributions from these two sources is unknown. 

4. ENERGY BALANCE AND STUDY OF THE ION CONDUCTIVITY 

A simplified power balance can be estimated at r = 12 cm, when the losses due to charge 
exchange and convection are neglected. Inside the radius of 12 cm these losses will be < 0.3 Pei [3] 
(where Pei is the power transferred from electrons to ions). Hence one can deduce an experimental 
thermal ion conduction coefficient given by 

Ki exp 0" - 1 2 ) -
Pei + PNi 

4.45 X 10~1S neVTi 
(cm2-s ' , W,cm 3 ,eV) 

Taking the values measured for Tj and assuming xi[= 0.6 ne> we obtain the curve of Fig. 19 for 
Kiexp as a function of v; here v = R9/viTi, VJ is the thermal velocity and 
n = 2 X 107 V A ^ T i ^ / n e l n A y ^ Zeff [s,eV-cnT3] [8]. The value of Ki eXp seems to be independent 
of the collision frequency and lies between 5 X 103 and 104 cm2-s_1 . The ratio KieXp/Kineo 

(the neo-classical value [9]) is of the order of 1 for a collision factor v/e3n > 4, and may be of the 
order of 3 to 4 for vje3'2 < 1. Because of the inaccuracies of Tj, ni, VTj and of the source terms 
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FIG.22. Evolution of the charge-exchange signal at 5 keV (trace 3). The traces 1 and 2 show the current 
extracted for the two injection lines. 

?Ni» Pei, and the approximations made when neglecting the charge-exchange losses, it is difficult 
to say that the ion thermal conduction coefficient is anomalous by more than a factor of 2—3. 
The numerical simulation [7] also gives plausible results with a neo-classical value for Kj, still with 
uncertainties on the radial energy deposition and the neutral atom density. 

During neutral injection in the two experimental series described above (Sections 3.1 and 3.2) 
the ions come in a collisionless regime (Fig.20). The relative increase of temperature, ATi/Tj, 
during injection permits to obtain information on the ion energy confinement time scaling law 
with Ti [3,10]; in the simplest form 

ATi 

Ti 

PNi/Pei 

Ti 3 In 7 E ; 
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Figure 21 shows a dependence of the form ATj/Ti = (2/3) PNi/Pei> which leads us to the assumption 
that the ion energy confinement time is independent of TV This anomalous result could be 
explained by the predominant effect of internal disruptions on the electron and ion losses in the 
centre; we should have in that case r E e = rE i [ 11 ]. 

The weak variation of the electron temperature during injection is unexplained; it could be 
attributed to either an electron conductivity growing with Te or the fact that the beam energy is 
mainly transferred to the peripheral electrons, where the impurity radiation is important. The 
time variation of the ion temperature after beam turn-off, as characterized by e.g. the charge-
exchange signal at 5 keV (Fig.22), is a measure of the ion energy confinement time TE[ [3]. The 
value obtained for rgj (8—12 ms) is of the order of rg e in the series analysed. 

During injection the ion cyclotron noise and the low-frequency turbulence (100 to 600 kHz) 
[3] are amplified. The effect of these fluctuations on the energy balance is unknown, at present. 

5. CONCLUSIONS 

The quasi-perpendicular neutral injection at high-power level (> 600 kW) has shown that 

the ion temperature grows linearly with the injected power; 
the central temperature may reach 1.9 keV and Tj is higher than Te. Thus the ions are in a 
collisionless regime; 
injection proves to be an important diagnostic method of studying the ion behaviour, which seems 
to be slightly anomalous (for v/e3/2 < 1) in the sense that the ion thermal conduction coefficient 
is independent of v and Ti; 

Certain features are still to be elucidated, namely 
the weak effect on Te; 
the growth of the impurity influx in the case of injection of a deuterium beam into a deuterium 
plasma; 
the amplification of the cyclotron noise and the low-frequency turbulence. 
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Abstract 

FAST-NEUTRAL-BEAM INJECTION EXPERIMENTS IN T-l 1. 
Tangential injection of a fast hydrogen beam into deuterium plasma was studied on the T-l 1 tokamak 

(R0 = 70 cm, a = 15-23 cm) at low safety factors (q(a) ~ 2—3). Grossly stable discharges were obtained at values 
of q(a) as low as 2.2, with a plasma current of 100 kA and a mean electron density of 2 X 1013 cm -3. In these 
conditions, the ion energy confinement was found to remain nearly neoclassical, despite the enhanced electron 
heat losses. In the injection experiments with a trapped-beam power of 30-40 kW (as inferred from diamagnetic 
and plasma column shift measurements), an increase in the deuteron temperature, from 300 eV to 400 eV, was 
observed in reasonable agreement with the theoretical estimates. It is concluded that a decrease in q(a) down 
to 2.2 does not deteriorate the ion energy confinement in a tokamak and allows effective ion heating by neutral-
beam injection. 

1. INTRODUCTION 

At present, fast-neutral-beam injection is considered to be one of the most promising methods 
of plasma heating in tokamaks. Recent experiments [ 1 —4] with moderate injection power 
?N (PN ^ PoH) where POH is the Ohmic heating power) have shown that the main features of 
beam-plasma interaction could be described within the framework of the classical model. These 
experiments were performed at a rather high safety factor, q(a) J> 4. It is of interest to study 
this heating method at low q-values (q(a) ~ 2—3), which are thought to be representative for the 
next-generation tokamaks. 

In this paper, we describe experiments on injection of a fast hydrogen beam into deuterium 
plasma produced in the T-l 1 device at q(a) — 2.2. 

2. EXPERIMENTAL ARRANGEMENT 

The T-l 1 device is another version of the T-6 device [5] modified for injection experiments. 
The toroidal field system consists of 24 coils designed to produce a 15-kG field with a major radius 
of R0 = 70 cm. The minor radius of the discharge chamber is 23.5 cm. This size is determined 
by a 0.03-cm-thick molybdenum shield mounted on the inner surface of the copper shell (in our 
case, the copper shell is inside the vacuum chamber). The molybdenum shield consists of a number 
of truncated cylindrical sections with gaps on the inner circumference of the torus. Along the outer 
circumference, the shield sections are attached to the copper shell by means of molybdenum 
washers of 0.5 cm thickness and 3 cm radius which operate as a distributed toroidal limiter. The 
minor radius of the copper shell is 25 cm, its thickness 0.9 cm. The minor radius of the plasma 
column could be varied from 15 to 23.5 cm by a rail molybdenum limiter. 
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FIG.l. Schematic view of injector. (1) vacuum chamber, (2) beam-neutralizing cell, (3) ion source, 
(4) beam limiter, (5) beam monitor, (6) vacuum valve, (7) insulator, (8) tokamak port. 

FIG. 2. View of ion source: (1, 2) insulators, (3) anode, (4) discharge chamber, (5,8,9) cathode, (6) gas 
input, (7) magnetic shield, (10-12) ion-optical system. 
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FIG.3. Typical discharge behaviour at q(aj ~2.2 without (solid curves) and with injection (dotted curves): 
plasma current, U — loop voltage, u\ -.Bcjout ~ ^c. plasma column shift, A<£ — diamagnetic loop 

signal, /DO - charge-exchange deuterium flux at an energy of 2 keV. 

The vacuum chamber has a number of diagnostic ports and four rectangular ports, 8 cm X 24 cm, 
for neutral-beam injection. The axes of the latter lie in the equatorial torus plane, tangential to 
a circumference of radius ,R = 61 cm. 

The injector is connected to one of the injection ports by bellows; it is insulated electrically 
by an alumina tube. Having a separate pumping system, it can be isolated from the torus by a 
vacuum valve. A schematic drawing of the injector is shown in Fig. 1. The injector chamber, 
1.3 m3 in volume, contains an ion source, a neutralizing cell and a movable calorimetric monitor 
with a series of probes to measure the beam profile. The length of the injection line from the ion 
source to the tokamak chamber is 1.8 m. We used a magnetic-field-free ion source (Fig. 2) with 
a rectangular, 10 cm X 20 cm, discharge chamber. A low-voltage diffuse hydrogen discharge was 
initiated in the source allowing an ion current density up to 0.5 A-cm-2 with a non-uniformity 

less than 5% over 8 cm X 16 cm to be obtained. The ion beam was extracted and formed by a 
three-electrode 30-slit ion optical system with a slit size of 6 cm X 0.2 cm and a slit pitch of 0.4 cm. 
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FIG.4. Time behaviour of soft-X-ray emission (XJ and poloidal magnetic field oscillations (B^j without (a) 
and with injection (b). 

The geometry of the ion optical system makes it possible to obtain an ion beam with ± 2.5° divergence 
across the slits and ±0.5° divergence along the slits, with a current up to 10 A at an accelerating 
voltage VA. = 15 kV and up to 20 A at VA = 25 kV. The beam axis direction can be varied within 
± 2.5° in vertical and horizontal planes. The neutralizing cell is adjacent to the ion source. The 
gas flowing out of the source forms a hydrogen charge-exchange target with a thickness of 
~ 3 X 1015 cm - 2 intended to provide a neutralization efficiency of ~ 80% at an energy of 15 keV 
and of ~ 70% at an energy of 25 keV. The flow rate of H2 from the source is about 40 A equivalent. 
The neutralizer walls were made of steel for magnetic shielding. 

The beam power injected into the tokamak was determined by a calorimeter located inside 
the torus at a distance of 2.5 m from the ion source. In the absence of a toroidal magnetic field, 
the power measured by the calorimeter at VA = 20 kV was about 70% of the extracted power. 
In the presence of the toroidal field, this value dropped to 50%. The total injected neutral power 
at VA = 20 kV was about 140 kW. 
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FIG. 5. Short-time-scale behaviour of loop voltage (U), soft-X-ray emission (XJ and hard-X-ray emission (X^). 

3. EXPERIMENTAL RESULTS 

3.1. Experimental conditions 

The experiments were performed in the following parameter ranges: Ohmic heating current: 
Ip = 70-110 kA; toroidal magnetic field: B t = 10 kG; gas filling pressure: P0 = (1.5 - 4) X 10"4 

torr; plasma radius: a = 1 8 c m ; safety factor at the limiter: q(a) = 2.1—3.3. The duration of the 
discharge was about 60 ms. The gas was pulsed 10—15 ms before the beginning of the discharge. 
The duration of the neutral-beam pulse was about 16 ms. The beam was usually injected 27 ms 
after the initiation of the discharge. For all measurements, the ion source accelerating voltage 
was 20 kV, and the total ion current was about 14 A. We studied the hydrogen beam injection 
into a deuterium plasma, with the beam parallel to the plasma current. 

3.2. Main discharge parameters 

Figure 3 shows oscillograms of the discharge pulse at q(a) = 2.2 without (solid curves) and with 
injection (dotted curves). 

In the absence of injection, the discharge is characterized by the following parameters: the 
central chord-average electron density, ne — 2 X 1013 cm - 3 ; the central electron temperature 
determined from the soft-X-ray measurements by the foil technique, Te(0) = 600—700 eV; the 
central ion temperature measured by a neutral-particle analyser, T{(0) = 300 eV; the poloidal 
beta measured by a diamagnetic loop, j3p = 8 irpjjBj = 0.2 ± 0.05; the energy confinement time, 
r E — 2 ms. 

The neutral-beam injection produces an increase in /Jp, an additional outward shift of the 
plasma column, and an increase in the high-energy charge-exchange neutral emission. The electron 
density increase following the injection is typically not higher than 10%. 
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FIG. 6. Time behaviour of increases in transverse plasma energy (8 WJ, in total plasma energy (8W^=8W±+8 Wtf 

and in "directed" longitudinal energy (6W, = 6Wt- 8 WJ2) during injection. 

Figure 4 shows the time behaviour of the soft-X-ray radiation and the magnetic-field 
perturbations which were measured by a pick-up loop located between the molybdenum shield 
and the copper shell. In the absence of injection, the soft-X-ray signal increases in time up to 
the end of the discharge. The injection prevents the signal from increasing. Since Te(0) was found 
to be nearly the same in both cases, this fact can be interpreted as suppression of an impurity 
accumulation in the plasma centre during the injection. Such a phenomenon can be due to the 
change of the ion pressure gradient. The injection practically does not influence the magnetic-field 
perturbations. The peak MHD activity is observed in the initial and final stages of the discharge, 
as in standard tokamak operating regimes at high q-values. The last oscillation burst in the 
initial stage and the first burst in the final stage correspond to the m - 2 mode. 

Sawtooth oscillations with a period of 0.8 ms were observed in the soft-X-ray radiation 
during the current plateau. These oscillations are accompanied by bursts of hard X-ray radiation 
and by loop voltage oscillations (Typically, ~ 0.2 V in amplitude) (Fig.5). Simultaneously, ~ 3% 
oscillations in the average electron density were observed. These results suggest that the instability 
causing the sawtooth oscillations not only occupies the centre, but also the periphery of the 
plasma column. The injection leads to an increase of ~ 30% in the period of the oscillations and 
to some increase in their amplitude. Similar phenomena were observed in [6]. 
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FIG. 7. Development of ion temperature in time. 

° Parallel and perpendicular deuterium and hydrogen temperatures without injection. 
• Parallel and perpendicular deuterium temperatures with injection. 
1- Perpendicular hydrogen temperature with injection. 

3.3. Plasma energy with injection 

Let us, in greater detail, consider the behaviour of the plasma energy during the injection. 
The increase in transverse plasma energy, 5W^, due to injection can be calculated from the variation 
of the diamagnetic signal, 5W^ = 5j3p TrRoCIp/c)2. On the other hand, when the effect of the 
injection on the plasma loop inductance is neglected, it is possible to obtain the sum 5W|| + 8WJ2 
from the variation of the dipole component of the poloidal magnetic field: 5Wy + 8Wj/2 = 
5/3 A -TRO (Ip/c)2. Here 5W|| is the increase in the longitudinal plasma energy and )3^ =47r(p"|| +~P\L)/B2. 
Using these data, we find the increase in total plasma energy, 5W^ = 5W|| + 5W^, and that in 
"directed" longitudinal energy, 5W, = SWy - 5Wj/2, due to the ion beam. 

The time behaviour of these values is shown in Fig.6. We see that 5W^ increases almost 
linearly during the injection pulse, while 5Wj[ is retarded for some milliseconds and after that reaches 
rather rapidly a ~ 40% level of 5W^. The value of 5Wĵ  is estimated to be more than twice as 
large as the increase in the thermal plasma energy. This fact indicates a large contribution of 
non-thermal ions to 5W ,̂ which could be due to pitch angle scattering of the injected particles. 
We can consider the rise-time of 5W,,,, which is about 4 ms, to be a measure of the scattering time. 
Such a short scattering time can be explained by Coulomb collisions, on the assumption of Zeff 
~ 10, which does not contradict the scattering time inferred from the enhancement of plasma 
resistivity. The decay time of 5Wt after turning off the beam is also about 4 ms. The decay 
times of 5W2 and 5Wĵ  are ~ 8 and ~ 10 ms, respectively. Note that the value of 5Wj/8W|| is ~ 0.7 
at the end of the injection, indicating that the plasma energy increase is rather anisotropic (for 
the isotropic case, this ratio must be 2). 

The growth rate of 5W^ makes it possible to evaluate the power connected with the trapped 
and confined beam fraction. It is found to be 3 0 - 4 0 kW at the injected neutral power of 140 kW 
as measured in the test experiments. For the conditions under consideration, the theoretical 
calculations give a beam trapping factor of ~ 0.8 [7]. The trapping factor observed is by a factor 
of 3 smaller. Possible reasons for this discrepancy are: neglect of the vertical beam divergence 
and of the effect of high-Z impurities on the theoretical calculations, and a difference in beam 
transport efficiency in test and real experiments, due, in particular, to the presence of a poloidal 
magnetic field in the latter. 

3.4. Charge-exchange neutral spectra. 

We studied the charge-exchange neutral-particle emission both parallel (in direction of the 
trapped-ion beam) and perpendicular to the magnetic field. For this purpose, we used two neutral-

j i i . 
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FIG. 8. Spectra of charge-exchange neutrals at the end of injection pulse. 

particle analysers with electrostatic and magnetic separation. The ion temperature was deduced 
from measurements of the neutral flux versus the energy in the range of 800 to 2500 eV. 

Neutral-flux mass analysis in the absence of injection showed that the deuterium plasma 
contained about 10% protons which were apparently related to wall evolved hydrogen absorbed 
in previous experiments. 

Both the parallel and perpendicular temperatures of deuterium and hydrogen ions in the 
absence of injection were found to be equal to each other within the experimental accuracy and 
to reach about 300 eV. The time behaviour of these functions is shown in Fig.7 by the solid 
curve. The value of the ion energy confinement time was estimated to be ~ 10 ms. 

Figure 8 shows the energy spectra of charge-exchange neutrals measured at the end of the 
injection pulse (the data are normalized to those for an energy of 500 eV). The parallel and 
perpendicular deuterium spectra and the perpendicular hydrogen spectrum are close to a Maxwellian 
distribution in the energy range of up to 2.5 keV. At higher energies, a deformation of the 
Maxwellian distribution takes place. This deformation is extremely strong for the parallel hydrogen 
spectrum, making it impossible to fit a straight line to any part of the measured distribution function. 
The presence of high-energy tails in the hydrogen spectra seems to be due to slowed-down 
injected particles. A high-energy tail (up to 20 keV) was also observed in the parallel deuterium 
spectrum. The ratio of the fast deuterium flux to that of the hydrogen in the energy range of 
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10 to 20 keV was found to be about 0.1. This might be explained by the presence of 5-8% 
deuterium in the injected neutral beam, but this value seems to be somewhat higher than that 
expected for possible deuterium influx into the ion source. 

The dotted curves in Fig.7 show the increase in ion temperature due to injection. The rise 
in deuterium temperature is about 100 eV while that of hydrogen amounts to about 200 eV. 

4. DISCUSSION 

It is well known [3, 8] that the energy confinement time r E decreases with decreasing q(a) 
as soon as q(a) drops below 4—5. The value of r E — 2 ms obtained in our experiments at q(a) — 2.2 
is 7 times less than that given by the empirical formula r E = 4 X 10 - 8 a2 Bi and 1.5-2 times less 
than that given by the ORMAK simulation code (the computer simulations of the discharge 
considered were kindly performed for us by J.D. Callen, R.J. Colchin, J.A. Rome, and H.C. Howe). 
The plasma confinement should also deteriorate somewhat as a result of an instability appearing 
as a sawtooth soft-X-ray oscillation that occupies, in our case, both the centre and the periphery 
of the plasma column. As in most tokamak discharges, the energy losses are dominated by electron 
heat conduction because the Ohmic heating power is about 20 times higher than the calculated 
rate of electron-ion energy transfer (the latter is ~ 20 kW). 

The central ion temperature calculated from Artsimovich's formula is 200 eV. The measured 
value is about 300 eV. A reconciliation of these values can be obtained by taking into account, 
in Artsimovich's formula, effects of impurities and the observed portion of hydrogen in the 
deuterium plasma. If this is done, the ion energy confinement seems to remain essentially neoclassical 
at low q(a), in spite of an enhanced electron heat conduction. 

This conclusion is supported by the neutral-beam injection experiments. The observed ion 
temperature rise of ~ 100 eV at a measured beam power input of 30—40 kW is in reasonable agree
ment with theoretical estimates for this power input on the assumption of neoclassical ion 
heat transport. 

Thus, we can conclude that a tokamak can operate, in a grossly stable mode, at q(a) down 
to 2.2, without deterioration of the ion energy confinement and allowing effective ion heating by 
neutral-beam injection. 
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DISCUSSION 

ON PAPERS IAEA-CN-35/A 4 - 1 , A 4 - 2 , A 4 - 3 

A. GIBSON: You have described experiments in which the neutral injection power 
equals or exceeds the Ohmic input and in which the ion temperature is raised to about 2 keV 
with both parallel and perpendicular injection. I should be interested to know whether these 
experiments gave any indication of (i) impairment of energy confinement; (ii) an influx of 
impurities due to sputtering by hot plasma ions; or (iii) a difference between parallel and 
perpendicular injection. 

L.A. BERRY: No significant impairment of energy confinement has been observed, apart 
from the enhanced electron losses due to line radiation from the larger impurity concentrations 
which are observed in some cases. It is believed at present that the larger molybdenum densities 
which accompany deuterium injection into deuterium discharges are, in fact, due to sputtering 
associated with the hot plasma ions. There seem to be no significant differences between 
parallel and perpendicular neutral injection, provided the losses due to beam trapping and/or 
scattering into local mirrors in the toroidal field are taken into account. 

K. PAPADOPOULOS: Could you say whether the fact that the electron temperature 
remains constant during neutral injection is due to slow energy transfer rates or fast energy loss 
rates? 

L.A. BERRY: The observed electron energy behaviour with neutral injection is most 
likely associated with increased losses due to impurity line radiation. 

P.H. RUTHERFORD: Do you include contributions from toroidal field ripple in the 
neoclassical ion thermal conductivity of the background plasma? Would such losses not be 
significant at the highest ion temperatures achieved, so that the agreement between experiment and 
theory would be improved if allowance were made for them? 

L.A. BERRY: Losses due to toroidal field ripple are estimated to be negligible in ORMAK 
because the ripple is very slight; there are 56 toroidal field coils. It may be that the effect is more 
important in TFR. However, within the r = 12 cm region, the volume which is used for power 
balance calculations, the ripple is small and should not affect ion confinement. 

J.G. CORDEY: Was the slowing down of the fast ions found to be still classical at the higher 
injection powers now being used? 

L.A. BERRY: Not directly, but the D-D neutron production rate for deuterium injection 
into deuterium discharges has been measured. This rate is sensitive to the initial slowing-down 
time and is in reasonable agreement with our estimates. 

J.G. CORDEY: What is the ratio of the total ion energy density (fast ions + thermal ions) 
to the electron energy density in present experiments? 

L.A. BERRY: For T—11,1 calculate an ion-to-electron energy ratio of about one, an 
estimate based on the diamagnetic and plasma shift measurements. The calculations required 
for an estimate of this parameter have been done, but I do not have the results here. For the 
low-density discharges I would guess a ratio of about 0.5 to 1 for ORMAK. A similar value is 
probably also characteristic of TFR. 

R.S. PEASE: In discussing the T—10, Dr. Strelkov indicated a significant up-down asym
metry in the ion temperature observations. Were any similar effects seen or taken account of in 
the experiments on neutral injection ion heating? 

L.A. BERRY: These effects are not seen on ORMAK, where the field ripple is low. This 
is consistent with the assumption that mirror trapping and subsequent VB drift are responsible 
for the asymmetry. The effect has been observed on TFR, and has been taken into account 
in the French calculations. It is my understanding that the measurement has not been made on 
T - l l . 

95 





Session II 

INERTIAL CONFINEMENT I 



Chairman 

V.P. Smirnov 
Union of Soviet Socialist Republics 



IAEA-CN-3S/F1 

EXPERIMENTAL AND THEORETICAL WORK ON 
LASER INTERACTION AND LASER-DRIVEN 
IMPLOSION CARRIED OUT AT LIMEIL 

J. BARDES, A. BEKIARIAN, R. DAUTRAY, F. DELOBEAU, 
P. GUILLANEUX, C. PATOU, J.M. REISSE, J.P. WATTEAU 
Commissariat & l'energie atomique, 
Centre d'etudes de Limeil, France 

Abstract 

EXPERIMENTAL AND THEORETICAL WORK ON LASER INTERACTION AND LASER-DRIVEN IMPLOSION 
CARRIED OUT AT LIMEIL. 

The investigations, undertaken at the Centre d'etudes de Limeil, deal with the interaction of laser radiation 
with matter as dependent on wavelength, intensity and nature of target, on the one hand, and the implosion of 
matter induced by laser beams, on the other. In the course of this work, powerful neodymium glass lasers (in co
operation with the Marcoussis laboratory) and high-resolution diagnostics and numerical simulation codes were 
developed. 

1. LASERS AND DIAGNOSTICS 

We have two neodymium-glass lasers at our disposal, the C6 laser and the P 102 laser. 
The C6 laser [1,2] developed by the Compagnie Generate d'Electricite (CGE) (Marcoussis) 

was recently modified for better adaptation to the conditions of implosion experiments. It 
consists of four chains with, at the end of each, a rod amplifier, 90 mm in diameter, supplying 
a power of 100 GW, the modulation of intensity being limited to ± 4 db. Its characteristics are 
the following: energy 600 J; maximum power PM = 400 GW; pulse half-width 1.4 ns; rise-time 
from 0.1 to 0.8 P M : 450 ps; from 10"6 to 0.8 P M : 1.8 ns; power contrast 106. The rate of 
useful shots is about 300 per month. 

To achieve higher power and shorter rise time, particularly for micro-balloon implosion 
studies, we constructed the P102 laser with the industrial help of the CGE (Marcoussis) and 
Quantel [3]. As is shown in Fig. 1,it consists of the following: 

An oscillator unit comprising a mode-locked YAG oscillator, a pre-amplifier pulse selection 
device and a Michelson interferometer so that a pre-impulse is available for conditioning 
the target. After the oscillator unit a real-focus spatial filter set eliminates the high-frequency 
oscillations of the beam illumination. 

A first set of rod amplifiers B (diameters 32, 45 and 64 mm) and two RF Faraday rotators 
are used for protection against back amplification. Two apodizers provide for a good filling 
of rods, avoiding the creation of diffraction rings. After the spatial filtering at the end of 
the 64-mm amplifier the power is of the order of 100 GW, with an intensity modulation 
less than ± 2 db. 

A second set of four disc amplifiers D (diameters 80, 120 and 128 mm); the two amplifiers 
of 120 mm are used in double passage through a Faraday rotator. This set has a gain close 
to 10 and supplies, at the output, a power reaching the terawatt range, with intervals between 
shots of 45 min, imposed by the cooling of the disc amplifiers. At the outlet of the spatial 
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filter, a beam splitter permits feeding a rod amplifier (90 mm in diameter) which delivers a 
power of 250 to 300 GW, with a possible shot sequence of 10 min. The pulse characteristics 
are the following: shape approximately Gaussian with a half-width of 35 ps, power contrast 
50 db, power stability ± 20% for 90% of the shots. 

In the field of diagnostics we improved the spatial andv time resolutions of the photoelectric 
detectors, on the one hand, and we developed the necessary apparatus for X-ray observation, on 
the other. 

We have at our disposal an electronic streak camera, of TSN 503 type, equipped with an 
image converter tube externally coupled by optical fibres to a luminance intensifier. In the 
visible range its characteristics are the following: maximum sweep rate 200 ps -cm - 1 , photon 
gain 2000, spatial resolution 6 to 8 pairs of lines per mm, time resolution 10 ps at 5300 A. For 
X-ray detection in the range of 1 to 10 A, we developed a photocathode consisting of a beryllium 
foil of 20 jum coated by a gold film 500 to 3800 A thick. With this photocathode the time reso
lution is 50 ps for a wavelength of 8 A. We used also a better version of this camera, the model 
TSN 504 [4]. Its image converter tube of original conception contains in its interior, near the 
screen, an electron multiplier microchannel plate which suppresses the detrimental effects due 
to the external coupling of a luminance intensifier of high gain, which occur in the TSN 503 model. 
This other camera has a gain of 5000 which is well suited for replacing the photographic plate by 
a TV reading tube followed by an on-line treatment of the results which works effectively. 

To raise the resolution of time-integrated X-ray images we constructed a microscope [5, 6] 
consisting of two cylindrical glass mirrors coated with gold whose generatrices meet at an angle 
of 90°. It works in the energy range of 1 to 10 keV, its resolution in the object plane is 2 jirn at 
5keV. 
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2. INTERACTION BETWEEN RADIATION AND MATTER 

The interaction between laser radiation and matter is investigated at the wavelengths 0.53 jum, 
1.06 nm, and 10.6 fim using a single beam focused onto a plane target. 

At X = 1.06 fim, the experiments were made with the beam of a C6 laser chain focused by 
means of a lens of aperture f/1 onto a target of solid deuterium [7]. The illumination varied 
between 1013 and 1014 W c m - 2 . We observed the radiation at the laser frequency co0

 a s w e U a s 

that of 2 co0 and (3/2) OJ0, the X-ray and ion emissions from the target and its expansion by means 
of interferometry at 0.53 /nm. The emission at 2 co0 near the critical density permits an estimate 
of the diameter of the absorption zone leading to an identification of the nature of absorption 
mechanisms, and a study of the deformations of the critical surface; if one links this with the 
emission at (3/2) co0, an estimate of the density gradient is also possible. For fluxes below 
7 X 101 3W -cm - 2 the plasma expansion is plane, the reflection of laser radiation is specular, the 
intensity of the harmonic 2 co0 is a function of the square of the incident flux, and we detect 
neither fast ions nor a hard X-ray component. From 1013 to 7 X 1013 W -cm - 2 , the absorption 
decreases from 75 to 55%. These results, which are in good agreement with those obtained with 
a one-dimensional hydrodynamic method, seems to show that in the interaction only classical 
mechanisms are involved, such as resonance absorption favoured by the inclination of the incident 
radiation due to the large aperture of the focusing lens. On the other hand, for fluxes above 
7 X 1013 W -cm - 2 the laser radiation is backscattered and the harmonic (3/2) co0 is emitted as 
well as fast ions and hard X-rays, which leads us to the assumption that new absorption mechanisms 
are involved. By means of frequency conversion in a KDP crystal at the end of a C6 chain we made 
also similar experiments at 0.53 jum with a flux variation from 2 to 5 X 1013 W -cm - 2 . We found 
that the absorption was higher and reached about 90%. 

The experiments at X = 10.6 jum are made with a C0 2 laser (denoted by M3) which supplied 
10 J in 1.7 ns [8]. The beam coming from the last stage where the electrode gap is 70 mm is 
focused onto a plane target of solid deuterium by means of a lens of aperture f/3; the flux is 
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close to 101 3W -cm - 2 . The incident energy is absorbed to about 40%. An analysis of the ion 
emission spectrum proves the presence of fast ions of energies between 10 and 60 keV, which 
amount to a fraction of 10% of emitted ions, but carry 75% of the absorbed energy. These fast 
ions are accompanied by X-rays of energies up to 100 keV and the production of 104 neutrons. 
When the acceleration of these ions is assumed to be due to the ponderomotive force of the 
electric field near the resonance, a calculation taking into account the space-time variation of 
the laser pulse, can account for the experimental results and particularly the distribution function 
of the ions observed [9]. 

To obtain an intense X-ray emission and to estimate from the latter the energy transport, 
we also exposed planar aluminium targets of several fim thickness to a C6 laser beam, the flux 
densities ranging from 1.6 X 1013to 1.6 X 101 4W'cm - 2 . The importance of lateral heat con
duction was also evidenced by observations in front of the target: at maximum flux the diameter 
of the surface emitting X-rays is about 250 jum and exceeds the 150-/xm-diameter absorbing zone 
as deduced from the emission at 2 co0. 

Besides these experiments, we carried out theoretical studies of the interaction at high flux 
densities. First, we studied the case where the electron oscillation energy in the external electro
magnetic wave exceeds its thermal energy, and formulated a kinetic equation which is a generalization 
of the Lenard-Balescu equation to the case of a plasma placed in a time dependent electric field 
of arbitrary intensity [ 10]. Then we investigated the propagation of high-intensity waves in a 
plasma on the basis of the Maxwell and Lorentz equations, and, in particular, the non-linearities, 
induced by the current, the Lorentz force and the relativistic mass [11]. These non-linearities 
forced us to restrict ourselves to the study of particular solutions which we obtained for the case 
of waves of given phase velocity. The fact that we took ion mobility into account led us to limita
tions of the wave amplitude and the appearance of density minimum. Moreover, these high-
intensity waves can give rise to processes of parametric decay and the development of instabilities 
in the range between the classical critical density and the critical density modified by relativistic 
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effects [12]; for example, at 1.06 fim we obtained a growth rate of 1013 s * for a flux of 
5 X 1016W-cm"2. 

3. IMPLOSION 

The first implosion experiments were performed with the four beams of the C6 laser which 
lay in one plane and were focused on an empty aluminium cylinder. Observation along the axis 
enabled us, in these experiments, to see the shock wave leaving the inner part of the cylinder 
and arriving at the axis. The beam configuration was then modified so as to implode spherical 
targets along the four normals of the four faces of a tetrahedron [14]. Each beam is focused onto 
the target by an aspherical lens of aperture f/2 and the diameter of the focal zone is smaller than 
50 nm. In most cases, the laser works at a level varying between 400 and 500 J at the outlet of 
the 90-mm amplifiers, but only 125 to 160 J arrive at the target since each beam has to pass 
through a diaphragm and a saturable absorber in order to improve focusing and to obtain a power 
contrast of 106 that avoids an early destruction of the target. 

First of all we studied the focusing conditions which would result in a maximum absorption 
(Figs 2 and 3). For a given target of radius R, these conditions are characterized by the ratio 
d/R, d being the distance between the centre of focal volume and the target centre. We measured 
the variations of the ratio Ea/Ej of the absorbed and incident energies as a function of d/R, where 
Ea is derived from an energy balance as obtained by means of various diagnostic methods (diffused 
energy, ion energy, measurement of the shock wave in a residual atmosphere of helium of 10 mm Hg). 

When the beams are focused to the centre of the target (d/R = 0), they cover it only partially 
and locally create plasmas where they are refracted, which lowers the absorbed energy. Too strong 
a defocusing (d/R > 1) displays the same effect, the target is hit only by a fraction of each beam, 
for lens apertures of f/2 and 4 beams. This means that there will be an optimum of d/R close to 
3 (Fig. 2). These measurements were made with both full spheres of CH2 or DLi, and micro-
balloons. The absorbed energy grows from 10 to 45% as the target diameter is raised from 100 
to 300 urn. 

Having carefully studied the energy absorption conditions we continued our experimental 
programme by corona investigations. The photographs taken at 2 co0, the X-ray pictures from 
the two pinhole cameras arranged at different angles and the interferograms at 5300 A reveal a 
good isotropy of the illumination and the absorption. These investigations are being continued 
at present by interferometry at 2650 A. 

So far we have not observed X-ray emission from the core with a full sphere, even with 
DLi which is less opaque. This agrees with results of one-dimensional numerical calculations 
which predicted such an observation for an absorbed energy of 150 J in a DLi sphere 100 jum 
in diameter, which exceeds considerably the 30 J which are actually absorbed. 

For the preparation of these and future experiments and for their interpretation we developed 
a one-dimensional Lagrangian code (mentioned above) with one fluid, two temperatures and taking 
into account radiation absorption via bremsstrahlung. This permits us to define target structures 
matching the present and future possibilities of the C6 laser. On the other hand, we made compara
tive studies of implosions of full spheres and shells [ 15] of deuterium, for different laser pulse 
shapes (see compiled data in Table I). This study shows, in particular, that with pulse shapes less 
elaborate than in terms of a Nuckolls law, the energy densities at the target centre are higher for 
empty shells than for full spheres. Moreover, in the case of glass micro-balloons containing DT 
gas [16], the pre-heating of the gas by the X-rays from glass or suprathermal electrons can conside
rably modify the final characteristics of the implosion and may be the cause of the discrepancies 
between experimental and numerical results; for example, when the energy of pre-heating is equal 
to 25% of the absorbed energy, the density, the ion temperature and the number of neutrons are 
reduced by factors of 10, 2 and 100, respectively. 
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4 . CONCLUSIONS 

In the course of 1977, we shall work mainly with the PI02 chain to study, at high flux 
densities, the interaction at 0.53 (xm and 1.06 /xm as well as the energy transfer. Simultaneously, 
we intend to modify the structure of the C6 laser and, by means of 8 chains each terminated by 
a rod amplifier 90 mm in diameter, to reach a power of 1.6 TW with a pulse width of 100 to 500 ps. 
Then we plan a careful investigation of the basic effects taking place in the laser-driven plasmas. 

5. SUMMARY 

The Limeil Laboratory has at its disposal: a neodymium laser C6 (600 J, 0.4 TW, 1.4 ns, 
4 beams); a neodymium laser PI02 whose power is beyond the terawatt range, with a pulse 
width adjustable from 25 to 100 ps; and a C0 2 laser, M3 (10 J, 1.7 ns). 

As regards the diagnostic equipment we mention in particular a camera for the visible range 
(TSN S 04) of 10 ps resolution. For X-rays from 1 to 10 keV this camera is used with a photo-
cathode, resolution 50 ps. 

The investigations of the interaction between laser and matter performed with a plane target 
with a C6 beam permitted this interaction to be studied in two ranges of flux densities: below 
7 X 1013 W -cm - 2 , the 'classical' models of interacton account for the results; above this flux 
level, studies on the harmonic (3/2) co0, emission of fast ions and hard X-rays suggest that new 
interaction mechanisms take place. Investigations done with the M3 laser permitted the study 
of similar effects and putting up an energy balance (production of 104 neutrons). 

The implosion experiments were first made with empty cylinders and permitted a detailed 
study of the generation of a shock wave inside the cylinder and its focusing on the axis. At 
present these studies are made with spherical targets, the four C6 beams hitting it in a tetrahedral 
symmetry. The absorption of radiation and the implosion symmetry were studied. 

A one-dimensional Lagrangian Code was used to match lasers and targets. 
The C6 laser will soon be modified to reach 1.6 TW (with 8 beams). 
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DISCUSSION 
ON PAPER IAEA-CN-35/F 1 

M.G. HAINES: There are about five mechanisms for the production of fast ions. Can you 
say which is operative in your experiments? 

R. DAUTRAY: We cannot really tell what mechanism is responsible for the fast ions, but we 
try to fit the experimental results with a model based on ponderomotive-foi ce and space-charge 
effects. You might wish to consult Ref. [9] cited in our paper. 

C. YAMANAKA: What were the results of the compression experiments? Have you 
observed fast ions, and, if so, how did they change the compression? 

R. DAUTRAY: By de-focusing we obtained good compression symmetry and optimum 
absorbed energy. In the case of the CH2 and DLi spheres, we observed that the region which 
emits X-rays does not penetrate very far inside the target; no core emission was observed, 
presumably because of re-absorption by surrounding cold material. We did microballoon 
experiments, too. No fast ions were observed because we worked at low fluxes of the order of 
a few times 1013 W • c m - 2 . 
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Abstract 

LASER COMPRESSION STUDIES AT THE UNIVERSITY OF ROCHESTER. 
A report is given on experimental and theoretical results related to compression experiments performed on 

the University of Rochester's four-beam laser system. The experimental results show volume reduction on the 
order of 300 with compressed electron temperatures on the order of 1 keV, preheat fill by fast electrons, a density 
plateau in the vicinity of the critical surface, and compression efficiencies of a few per cent. The theoretical work 
focusses on the effect of absorption time history and of variation of the suprathermal electron distribution on the 
replication of these experiments. 

INTRODUCTION 

Over the past several years a number of experimental groups have 
reported on experiments in which glass microspheres have been compressed by 
laser illumination.[1,2] In many of these studies the principal emphasis 
has been on maximizing the neutron yield. In this paper, experiments are 
described where the emphasis has been placed on non-nuclear diagnostics. 
These experiments allow us to draw some conclusions concerning: (a) preheat 
of gas fill by fast electrons; (b) indications of a density plateau in the 
vicinity of the critical surface; (c)compressed electron temperatures; 
(d)relatively low pR values (<2.5xl0~3 g/cm ) in the compressed glass; and 
(e)direct evidence from the plasma expansion which is consistent with a hydro-
dynamic efficiency of several percent. 

A description is given of the calculations which have been carried out 
on a 1-D hydrodynamic code to simulate a number of the experimental observa
tions. In particular one finds that the compressions which are observed can 
be produced by either an appropriate choice of absorption time history or 
with proper inclusion of suprathermal electrons in addition to the thermal 
transport. 

The experiments were conducted with the Laboratory for Laser Energetics 
four-beam Ndrglass laser system using Ne-filled glass microspheres as 
targets. The principal measurements were: (a) spatially resolved x-ray line 
spectroscopy; (b) temporally and spatially resolved measurements of 2o) and 
3/2w radiation; (c) accurate temporal measurements of the incident laser 
pulse; and (d) 12y resolution x-ray pinhole photography. 

' Research supported by the Laser Fusion Feasibility Project at the University of Rochester. 
* Department of Mechanical and Aerospace Sciences. 

** Department of Mechanical and Aerospace Sciences and Institute of Optics. 

109 



110 GOLDMAN et al. 

Continuum, 10.5 A 
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FIG.l. Spatially resolved target images recorded in the following emissions: (a) twice the laser frequency; 
(b) the resonance lines ofNa+9 and Na+1° (from the glass); and (c) the continuum around 10.5 A. 

EXPERIMENTAL CONDITIONS 

The laser beams were all in the horizontal plane in two opposed lines. 
The focussing lenses were 20cm focal length f/2 aspheres. Measurements of 
far field patterns indicated 80 percent of the incident beam energy was 
focussed inside a 70ym diameter. The total incident power on the targets 
for the four beams ranged between .2-.6 terawatts. The incident laser pulse 
was generally a smooth single pulse with rise-times of approximately lOOpsec 
and FWHM of 200-400 picoseconds. Typical targets were 90ymin diameter with 
lum wall thickness. 

MEASUREMENTS 

The line emission from the hydrogen and helium-like ions of Si, Na 
and 0 were measured with a crystal spectrometer fitted with 14ym slits to 
image the source in one direction.[4] Figure 1 shows the spatial distribution 
of t^e followina emissions from the target: (a) 2w radiation; (b^ Na+9; 

(c) Na+1°, and continuum radiation in the spectral region around 10.5°. The 
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FIG.2. The relative abundance of the He-like species ofO, Ne, Na and Si plotted versus the ratio of temperature 
to ionization potential. Note that all the curves are quite peaked, showing that the species only exists in a narrow 
temperature region. 
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FIG.3. The radial distribution of three glass species as derived from an Abel inversion of data like Fig.l. Note 
that the Si radiation peaks near the critical surface whereas the Na lines are clearly inside the critical surface. 
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FIG.4. Oxygen lines from the glass shell for two cases. Both cases illustrate the clear broadening of the higher 
members of the series. Note in the upper case that an additional line is at present identified as the Ne-Ka line. 
The upper case was produced by a faster rise-time laser pulse than the lower. 

outer shoulders of the 2w distribution represents the position of the critical 
surface.[5] Note that the sodium lines are emitted from inside the critical 
surface. We make use of these spatial measurements by assuming that any ion 
species will only radiate in a relatively narrow temperature range. The 
basis of this assumption is shown by Figure 2,which shows the relative 
abundance of species of Si, Na, 0 vs. the ratio of temperature to ion -
ization potential. One sees that these curves are sharply peaked,indi
cating that each species only exists in the range of .2-.4 x ionization 
potential. 

A limited summary of these measurements is given in Figure 3, showing 
the deduced radial distribution of one silicon and two sodium species. 
These curves are the result+of an Abel inversion of data such as appears in 
Figure 1. Note that the Si is primarily radiating near the critical 
surface whereas the Na species representing lower temperatures came from 
regions inside the critical surface. 

From spatially integrated spectra such as the oxygen spectra shown in 
Figure 4 we may derive both temperature and density information. The 
temperature for silicon was deduced by comoanng 3 intensity ratios: 
(a)between resonance lines of Si + 1 3 and Si+12' [6];(b) between ls2-ls3p and 
Is -is2p lines of Si + 1 2 [6]; and (c) between ls2-ls2p resonance line of 
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S i + ^ and a nearby group of dielectronic sattelite lines. [7] The three 
measurements lead to a consistent value of .9 keV if we assume that the 
resonance lines are reduced by self-absorption by a factor of 3. The 
density was deduced from the Stark broadening of the last resolvable lines 
and also by comparing the ratio of the resonance line Is2-ls2p^p of Si+12 
to the triplet-singlet intercombination line Is2-ls-2p3p.[8] The latter 
ratio is only weakly dependent on temperature but sensitive to density 
through the quenching rate of the triplet state. This second method was 
only applicable to Si as the intercombination lines were not present for 
the lower Z species. The prediction of density from the intercombination 
lines was approximately lxlO^/cmS, which agrees with the spatial obser
vation. In these experiments it was not possible to resolve Stark broaden
ing of Si or Na lines beyond the broadening due to finite size of target. 
The spectra of the 0+? does show \/ery clear Stark broadening for the last 3 
lines of the Lyman series. Taking into account the correction for a 
correlated distribution,[9] the deduced electron density in the vicinity of 
the oxygen radiation is -vL-2xl021/cm3. Thus all the data at this point 
indicates a yery flat density distribution from the critical surface at 
900eV some 20microns inward to a region at approximately 150eV. One must 
emphasize, however, that the theories applied for the data reduction have 
been extended well beyond their domain of proven validity. Additional work 
on both experiment and theory is needed to confirm or disprove the present 
interpretation. 

PREHEAT OF CORE 

In experiments using Ne-filled microspheres, we have observed direct 
evidence of electron preheat of the gas. The evidence is from the appear
ance of the Ka lines of un-ionized Ne. An illustration of such an observa
tion is seen in Figure 4. This line is not to be confused with the resonance 
lines from the ion Ne+" which occur over 2 angstroms away. The Ka line 
can be due to either fast electron excitation or photo excitation from the 
strong resonance lines of Si ions. An analysis of the relative intensity 
of the K to the Si lines [10] indicates that the observed k^ is much too 
intense ctnd we are left with electron excitation as the mechanism for K 
shell ionization. Using the known excitation cross-sections [11] for K 
shell ionization by electrons, one can compute the density of fast electrons 
in the target or alternately the total number of fast electrons which 
traverse the target. This total number of approximately lxlO1' is only 
roughly consistent with computations (see later discussion) and approx
imately equal to the number of fast electrons needed to accelerate fast 
ions. [10] 

CONTINUUM RADIATION FROM Ne-FILLED MICR0BALL00NS 

The initial object of the neon experiments was to measure line in
tensities and profiles from the compressed neon core. In fact, for all 
single-pulse compressions no Ne lines from either Ne+° or Ne+9 were ob
served. Strong neon lines were observed in a target heated by two separate 
laser pulses separated by 2 nanoseconds.[12] In this latter case the neon 
was very likely heated directly by the second laser pulse at moderate 
density. We may conclude from these observations that for single-pulse 
illumination there is no mixing of the glass and the Ne. Examination of 
the spatially resolved spectra showed that most the Na line emission came 
from the uncompressed region whereas the continuous radiation peaked at the 
center. From these observations we deduce that the radiation from the 
compressed core is Bremsstrahlung continuum from the neon plasma. Using 
the pinhole camera images (see Figure 5) taken through different absorbing 
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FIG. 5. Microdensitometer traces of X-ray images of a compressed microballoon filled with 2 atmospheres of Ne. 
The left image was filtered by 50 pm of Be while the right had the same Be plus 7.5 pm of Al. Note that the 
ratio of the central peak to the wings increases with the use of Al, which strongly attenuates the Si line radiation. 
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FIG.6. Curves used to estimate the pR of glass at time of emission of central spot plotted as ratio of initial glass 
p0r0. We assumed a bremsstrahlung radiation of varying temperature emanating from tested Ne gas. 
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FIG. 7. (A) Calculated and (B) measured ion current traces for a 10 J absorbed case. The insert in diagram (B) 
shows mass spectrometer peaks taken on same shot. 

filters, one computes a temperature for the radiating plasma. The resultant 
temperature assignment is not unique since the Bremsstrahlung emission must 
traverse the glass before leaving the target. We have calculated the 
spectral distribution of the Bremsstrahlung radiation after traversing 
different values of pR for the compressed glass shell and how this modifies 
the relation between observed transmission through filters. Figure 6 shows 
the result for two filter combinations: (a) 5xl0"3cm Be and (b) 5xl0"3cm Be 
plus 7.5xl0"4cm Al. The absorption in the glass is due primarily to K-
shell absorption and is therefore only effective for temperatures less than 
a few hundred eV. Since only the cold pusher mode [13] leads to high pR 
for the glass, this is a reasonable assumption. The higher pR curves are 
terminated for lower temperature where the implied total radiation of the 
core became unrealistic. The broken line box represents the region of 
observed intensity ratios in these experiments. We may therefore conclude 
that the glass pR at maximum compression is less than 7 times the initial 
glass pR and is likely to be approximately 1 times. This is consistent 
with all the other evidence that we are operating in the "explosive mode" 
where the glass density never increases greatly. We also conclude that the 
compressed neon gas reached an electron temperature of approximately 900eV. 

POSSIBLE MEASUREMENT OF HYDRODYNAMIC EFFICIENCY 

The current distribution of the expanding plasma represents a 
history of the plasma in the compressed state. Calculations [14] using 
the SUPER code in our laboratory predict an ion current vs. time shown 
in Figure 7A. One notes that a large peak occurs at early times and a 
small peak much later. If one examines the calculations in more detail, 
one finds that the first peak is associated with the ablated material 
and the second peak with that fraction of the target which was compressed, 
and in fact the minimum is associated with the ablation surface. Thus 
one may attribute all the energy before the minimum to ablation and that 
after to compressed material. These types of ion traces have been 
observed on many implosions and a sample is shown in Figure 7B. The 
major uncertainty in the present measurements relate to the charge state 
of the late peak, ^lery preliminary measurements of the charge state 
indicate presence of ions of charge 1 and 2; however, the calculation 
predicts a large fraction of neutral atoms. If most of the gas is 
neutral, the measurement will underestimate the hydrodynamic efficiency. 
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FIG.8. Shock trajectory in a Ne-filledmicro balloon with 1 J absorbed in the first 20 ps and no suprathermal 
electrons. 

Both the predicted and measured hydro efficiency for this case was 
betweeen 1 and 2 percent. Additional measurements of this type are in 
progress and more definitive statements should be possible in the near 
future. 

THEORETICAL INTERPRETATION OF COMPRESSION EXPERIMENTS 

We have investigated some of these experimental results using the 
University of Rochester's 1-D hydrodynamic code with the inclusion of 
suprathermals and radiation transport. [15,16] Since considerable uncer
tainty exists in many sensitive details such as the absorbed energy, the 
number and energy of suprathermal electrons, and the flux limiting of 
thermal transport, we see no possibility of simulations without free 
parameters. We have therefore concentrated on the effects of two para
meters in the simulations: (a) the absorption time history, and(b) the 
distribution (e.g. number and energy) of the suprathermals. 

The x-ray pinhole photographs and the spectroscopic determinations 
were the principal information used for comparison with the simulation. 
The x-ray pinhole photograph of the implosion of neon-filled microballoons 
gave an estimate for compression of >300 (see Figure 5). The estimate 
may be a lower limit imposed by the resolution of the pinhole. In fact, the 
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FIG.9. Temperature-time history (averaged over the fill) of Ne-filled micro balloons: (A) 1 J absorbed in the 
first 20 ps, 2 J in the next 280 ps and no suprathermals; (Bj 3 J absorbed in a 250 ps FWHM gaussian with 
suprathermals (a = 6). 

views of the central spot in and out of the plane of illumination showed 
compressed regions to be somewhat cylindrical with a height of approx
imately 18um. This asymmetry leads one to conclude that the compression 
does not appreciably exceed 300. Assuming the asymmetry is not much 
greater than observed and that the compression is of the order of 300, the 
use of a 1-D spherical model for simulation seems appropriate. 

If one simulates the laser-plasma interaction with no suprathermals, 
classical flux limited thermal transport and an absorption time history 
following the incident radiation (at constant fractional absorption), the 
results predict compressions \/ery much larger than the estimated 300. This 
predicted compression can be reduced in two independent ways. The first 
requires that a larger fraction of the absorption occurs near the leading 
edge of the pulse. If one holds the total energy absorbed constant but 
increases the amount at the beginning, the calculated compression is re
duced. In particular, if 1 to 2 joules are absorbed in the first 10-20 
psec then compressions of 300 are predicted. For these parameters the 
glass shell disassembles rapidly creating a strong shock in the fill gas 
which converges to the center, reflects and then retards the inward motion 
of the glass. This is illustrated in Figure 8. Strong shock heating 
followed by compression leads to electron temperatures in the compressed 
gas of Te^lkeV even for as little as 2 to 4 joules of total energy ab
sorbed. At this time we have no means of experimentally measuring the 
temporal dependence of the absorbed energy, so there is no check on the 
reasonableness of this assumption. 

The second mode of reducing the calculated compression involves the 
inclusion of suprathermals in the simulation. The absorption model used 
calculated the inverse Bremsstrahlung up to the critical surface and then 
an amount equal to the assumed total absorbed energy less the collisional 
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absorption was deposited in a suprathermal Maxwellian electron distribu
tion. The suprathermal temperature was chosen to be aTe where Te is the 
thermal electron temperature at the critical surface. A typical result for 
2-3J absorbed energy would find ^50% of this energy deposited in the 
suprathermals. The suprathermals are then allowed to interact with the 
glass and the fill gas heating both. As an example, for a simulation 
involving an absorption of 3 joules and an a=6, the predicted compression 
is ^300. The resultant temperature in the compressed gas is 200-250eV as 
compared to the keV temperatures found with front loaded pulse simulations. 

15 In a typical simulation, about 10 fast electrons are created at the 
critical surface; however, for moderate choices of a and Te, a much smaller 
number actually penetrate to target gas. These numbers approximately 
agree with estimates of electrons needed to account for the Ka line 
measurements discussed above. Assuming higher values of either a or Te 
leads to more suprathermal electrons penetrating the gas. A representative 
calculation with suprathermals assumed 250psec FWHM gaussian absorbing 3 
joules. This simulation predicts reasonable compression but much lower 
compressed gas temperature, about 200-300eV, than the shock-heated cases 
discussed earlier. A comparison of the temperature history of the two 
cases is shown in Figure 9. Because of the peculiarity of the transmission 
properties of the pinhole camera foils used in the experiments, we cannot 
clearly distinguish between 200-300eV and 800-1000eV by examining trans
mission ratios. We cannot rule out the possibility that the Ne was not 
hotter than 300eV. However, the absence of lines from Ne+8 and Ne+9 would 
tend to argue against that interpretation. 

An ongoing program is being pursued to accurately simulate densito
meter scans of x-ray pinhole photographs on Kodak no-screen film. The 
direct comparison between simulation and experiment of optical density 
profiles provides a stringent test of the simulation procedure. The calculation 
requires proper treatment of x-ray emission, of transport in the plasma and 
through Be and Al filters, and of the film response. The experimental 
results, with a resolution of 12ym, show a ring of x-ray emission from the 
vicinity of the initial shell radius and a second region of emission near 
the center of the ring. Essentially all simulations show these general 
features. However, the task of obtaining agreement between calculated and 
measured optical densities has proven to be formidable. The use of the 
film response data obtained at our laboratory leads to considerable disagreement, 
with calculated optical densities being too high. A number of calibrations 
for Kodak no-screen film exist in the literature, and substantial variations 
exist between them. Using the most recently published data [17] in our 
computations leads to qualitative agreement in the simulation of filled 
microballoons. 
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DISCUSSION 

ON PAPER IAEA-CN-35/F2 

H.R. GRIEM: I should be interested to know how, in determining the density plateau, you 
allowed for opacity effects on the He-like resonance lines and the possible presence of forbidden 
Stark components near the intercombination lines. 

E.B. GOLDMAN: The opacity of each He-like resonance line was estimated by requiring that 
the ratio of its intensity to that of the nearby dielectronic satellites should yield the same 
temperature as that derived from the ratio of H-like and He-like resonance lines. If we identify 
the intercombination lines as a forbidden Stark component (they have very similar wavelengths), 
the derived density is much larger than that given by the Inglis-Teller limit method. 

S. WITKOWSKI: Does diffraction have a significant influence on the 2 to emission profile 
shown in Fig. 1 of your paper? 

E.B. GOLDMAN: Yes, a fairly large correction must be introduced for diffraction, and we 
have in fact included it. Thus the raw data do not reflect the true position. 

121 





IAEA-CN-35/F3 

RECENT DEVELOPMENTS IN UNDERSTANDING THE 
PHYSICS OF LASER-PRODUCED PLASMAS* 

B. BEZZERIDES, D.F. DuBOIS, D.W. FORSLUND, 
J.M. KINDEL, K. LEE, E.L. LINDMAN 
Los Alamos Scientific Laboratory, Theoretical Division, 
Los Alamos, New Mexico, 
United States of America 

Abstract 

RECENT DEVELOPMENTS IN UNDERSTANDING THE PHYSICS OF LASER-PRODUCED PLASMAS. 
The absorption of intense laser light by a plasma is known to produce a high-energy component of electrons. 

Even though the hot-electron pressure may be larger than the cold-background pressure, the background temperature 
can control the self-consistent profile modification. Since temperatures in high-intensity experiments seem to be 
similar for C0 2 and Nd glass lasers, the profile modification may be so severe for C0 2 that order-of-magnitude 
changes in density can occur over microns — leading to a softened electron spectrum. However, the resulting 
equilibrium of laser pressure balancing plasma pressure is unstable even when flow is properly taken into account. 
Recent results for self-generated magnetic fields including important kinetic effects are also briefly discussed. 

Introduct ion 

Some key plasma physics problems which influence our target designs 
are absorption and suprathermal electrons. We have continued to 
evaluate experiments to gain some insight into these issues and^in 
particular, note that recent experimental data at LASL suggest similar 
hot electron and fast ion energies at the same C02 (10 ^m) and Nd glass 
(1 urn) intensities [l]. Efforts to understand this data have led us 
into simulation regimes which heretofore have been relatively 
unexplored, namely, a regime where in the vicinity of the critical 
density, order of magnitude changes in density can occur within a few 
microns. The effect of these equilibria, which have the critical 
density in a sharp gradient where plasma pressure balances laser 
pressure with a low density supersonic flow on the laser side is to 
prevent stimulated Brillouin scatter from occurring and produce less 
hard electron spectra. Lastly, we briefly present recent results on 
self-generated magnetic fields. 

We would like to place in perspective the relevant issues governing 
predictions of hot electron spectra as to wavelength scaling to clarify 
our expectations for 1 fim and 10 /j.m. By now it is well-known 
experimentally that a suprathermal component of electrons is created by 
the laser interacting with the expanding plasma. This high energy 
component also appears to give a significant fraction of its energy to a 
high energy ion component. Recent experimental results seem to indicate 
a weak dependence of the electron and ion spectra on wavelength [l]. A 
fundamental theoretical problem then is to determine the energy spectrum 
of these hot electrons and how it depends on laser intensity and 
wavelength. An important process which must be included is the 
alteration of the low density hydrodynamic expansion of the plasma by 
the electromagnetic pressure of the incident .laser light. 

* Work supported under the auspices of the U.S. Energy Research and Development Administration. 
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There are three basic models for the hot electron energy which give 
rise to different scaling laws generally of the form (IL>\

2)6, where 1L 
is the incident laser intensity and A is the incident laser wavelength. 
The first is based on simulations of parametric instabilities in a 
homogeneous plasma and argues that the hot electron energy is the order 
of the oscillating energy in the incident laser field. This yields 6=1 
or TH(keV) = 1.9xl0~

16 IL (watts/cm
2)X2(Mm). The second is obtained by 

equating the power absorbed with the heat flow away from the absorption 
region assuming a "stochastically thick" heating region. This yields 
(5=2/3 or TH a (I LX

2) 2/ 3, and provides a lower limit on the hot electron 
temperature as we will see later. The third model is based on electron 
acceleration in the local plasma oscillations created by resonance 
absorption of the incident light. This "stochastically thin" model 
yields TH = eE0L or T„(keV) = 3xl0~

6 (IL(watts/cm
2))1/2L(Mm) where EQ is 

the size of the local electric field and L is its local scale length. 
If Lot* then 6=1/2 or TH a ( I L ^ )

l / 2 . If L is a constant, T„ would be 
independent of wavelength. 

The first model with TH a I ^ 2 m a v D e disregarded because of the 
lack of homogeneity in the actual laser plasma problem. The second 
model based on energy balance suffers primarily from the approximation 
of a "stochastically thick" heating region. For the case cf a hot 
electron component carrying all of the heat we have c<IL = /SnHmevj^/2 
where a is the fraction of the incident flux absorbed, vH is the hot 
electron "thermal" velocity, nH is the hot electron density and 0 is a 
flux limit factor. For a stochastically thick heating region in which 
electrons are heated by a number of small kicks, /3nH ~ .06n and vH is 
then determined by energy balance [2]. 

For a "stochastically thin" region, however, the hot electron 
energy is determined by the acceleration process so that the product 0nH 

rather than TH is determined by the energy balance rather than TH. The 
value of nH, and hence also /?, is determined by such parameters as the 
target thickness, for example. The "stochastically thin" model 
necessarily must give a higher electron energy than the "stochastically 
thick" model and along with it a lower hot electron density. 

In the process of resonance absorption,the incident laser fields 
resonantly couple a portion of their energy to local Langmuir 
oscillations in the plasma which are in turn damped out by particle 
heating. For sufficiently high powers the acceleration of the electrons 
occurs in a very localized region giving rise to the "stochastically 
thin" type of behavior. This local acceleration gives TH~eEQL which has 
been verified with an extensive number of particle simulations in one 
and two dimensions. The major problem then reduces to determining the 
scale length L. The importance of this model is cleara since 
experimental results also seem to indicate that a significant portion of 
the absorption is due to resonant absorption. 

Using IL=.06nvHTH/2a from the energy equation for "stochastically 
thick" heating, we have E2/8nnTH = I L/2nTHc = .03vH/c<x which is clearly 
small compared to unity. Comparing the laser pressure to the cold 
background pressure, more generallly we have 

E^/e™oTc=/?vHnHTH/acn0Tc 
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where n0 is the critical density at which w=w and Tc is the cold 
electron temperature. For a two temperature electron distribution, if 
nH<no *-ne ' o c a' pressure gradients are due to the cold electrons even if 
nHTH>n0Tc. Thus for nHTH>nQTc. E2/8nn0Tc can be much larger than 
originally anticipated so that the laser radiation pressure is 
non-negligible. We will see the consequence of this in a moment. The 
presence of a two temperature electron distribution significantly alters 
the implications of the energy balance equation. 

As mentioned in several earlier publications when E2/87rnT>l 
substantial steepening of the density profile near critical density can 
occur which will reduce the hot electron energy according to the 
resonance absorption formula abovet3,4^. For E2/8nnT>>l one essentially 
has a sharp interface between the incident laser radiation and the high 
density plasma. For all wavelengths such that E2/8nnT>1, the laser will 
penetrate to the same density given by n~E2/8rrT. independent of 
wavelength. Thus for a 300eV plasma, intensities the order of 1015 

watts/cm2 will penetrate to 1021 cm-3 density for both 1/j.m and 10//m 
wavelengths. Depending on the direction of polarization of the laser 
electric field, the effective scale length of this sharp density 
gradient can vary. There are several relevant scale lengths which can 
determine the gradient. First we have the free space reciprocal 
wavenumber Lw=c/«, then the electromagnetic skin depth at the upper 
density Ls=c/w . The Debye length at the critical density is L,d=ve/w 
and the Debye length at the upper density is L.|)=veA> • ^ n e ' a s t 

relevant scale length is the excursion distance of an electron in the 
laser field, L =eE /mw2. 

O O' 

From the resonance absorption formula for hot electron energy, for 
the observed hot electron energy of ~100keV at lO1^ watts/cm2, we infer 
a scale length of ~l//m which is consistent with the larger of the scale 
lengths above, for densities of 1021cm~3 and Tg = 300eV. The 
experimental measurement of the emitted hot electrons and the x-ray and 
the ion spectral data show at most only a weak dependence on laser power 
and wavelength [l]. If we take Ls for the scale length and use pressure 
balance E2=8nnT, we find that Ls~Ty

2/l[/2 so that TH scales as T^
/2 

independent of laser power and wavelength! Theoretically, however, it 
is mere plausible that Lw or Ld is the characteristic length which would 
give TuOfX. The apparent experimental dependence of the number of hot 
electrons on wavelength may be due to changes in a and /S in the energy 
balance expression. The calculated and inferred steep density gradients 
reduce the importance of inverse bremstrahlung and enhance the resonant 
absorption process so that the "stochastically thin" dependence is the 
most appropriate. 

Finally, we note that if energy balance results in nH>nQ, we would 
expect the sharp density gradient to be washed out by the expanding hot 
plasma because E2<8nnHTH. Because of the rapidly increased 
scale-length, however, resonance absorption would fall off so that fewer 
hot electrons would be created. The hot electrons would then 
col 1 isionally cool off and the laser then could reform the sharp density 
gradient. The time-averaged absorption coefficient would then be less 
than if the sharp gradient were maintained continuously. We would 
expect from this type of behavior then that the value of a would adjust 
i tself to keep nH<n0. 
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STABILITY A N D HEATING IN STEEP DENSITY PROFILES 

As a first step to understanding the steep gradient regime, we can 

begin by considering theoretical calculations and simulations for high 

laser intensity and low background temperature. We have studied the 

stability of the resulting self-consistent laser-produced flowing 

equilibrium to perturbations with a finite wavenumber perpendicular both 

to the density gradient and to the polarization vector. We find that 

the equilibrium is most unstable [5] to a mode with a density 

perturbation localized about the critical density but with transverse 

wavenumber k c/wQ < 1. That is, the critical density surface begins to 

wrinkle at very long wavelengths giving rise to stimulated scattered 

radiation with a scattered wavenumber in y of(k ±k )c/o> where k is 

the incident wavenumber perpendicular to the gradient. The growth rate 

appears to be proportional to the incident electric field amplitude 

including the effects of the change of the equilibrium with incident 

power. Typical eigenfunctions of the instability are shown in Fig. 

1(a),(b). We also find that the flow has a substantial effect on the 

instability. If an initial density profile like that shown in Fig. 

1(c) is chosen with no flow, we find much larger growth rates than in 

the actual equilibrium with flow. The eigenfunctions, nevertheless, are 

very similar in both cases. 

The nonlinear behavior of this instability process must be studied 

by the full particle-in-ce11 simulations. In Fig. 2(a) we have a 

nearly equilibrium sharp density profile initialized in a simulation box 

for the following initial parameters: vQ/c=.5, ve/c=.2, M i/m j=25, 

T /Tj=400. The light wave is normally incident on the density profile 

with polarization out of the plane of the simulation; i.e., there is an 

incident laser electric field only in the z-direction, where the 

inhomogeneous direction is in x and homogeneous-periodic direction is in 

y. Fig. 2(b) and 2(c) show the electric field amplitude of the 

incident and that of the k = 4c/w0 reflected lightwave. Figs. 3(a-c) 

show the density contours at three subsequent times. Clearly ripples 

are growing on the density "surface and they only stop growing when 

nonlinear effects (wave-breaking) smooth out the density protrusions. 

Saturation of the linear instability occurs when all of the incident 

light is scattered by the density ripples. Subsequently, the density 

ripplescan continue to grow secularly in time [6] until wave breaking 

occurs. At this point both the electrons and ions are heated 

comparably. 

X(c/«0) 

FIG.l. Typical eigenfunctions of(a) perturbed density and (bj electric field for v0/c = 0.15, Mi/me= 100 and 
cky/uo - 0.1, with (cj equilibrium density profile in units of critical density for reference. 
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FIG.2. For a two-dimensional PIC simulation, the following plots are shown: (a) initial density profile at 
t = 30 COJJ1; (b) the incident laser electric field amplitude; and (c) the most unstable ky = 0.8 co0/c scattered wave. 
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FIG.3. In (a), (b) and (c) electron density contours are given at three different times, 
density protrusions which are smoothed by the heating. 

Note the formation of 
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Next we consider essentially the same problem except that the laser 

is polarized in the plane of incidence, the x-y plane, and is incident 

at an angle of 23° to the density profile. The initial density profile 

is essentially the same as shown in Fig. 2(a) except that the upper 

density is slightly lower. Resonant absorption occurs in this steep 

profile leading to an absorption near 40%. The field structure and 

absorption are similar to what is obtained in less sharp density 

gradient simulations, except that there is less enhancement of E . 

Lastly for simulations in which the light polarization is at 45° to the 

plune of computation, we find absorption even in the case of normal 

incidence because of resonance absorption on the density ripples which 

form at the critical density surface. 

Summarizing, we find that the laser plasma sharp interface which 

develops for high laser intensity and low background temperature is 

unstable near the critical density. Because of the supersonic flow in 

the underdense region, stimulated Brillouin scatter does not occur. 

Furthermore, the hot electron spectra are softened by the presence of 

the sharp gradient. 

SELF-GENERATED MAGNETIC FIELDS 

Computer calculations and experiments suggest that megagauss D.C. 

magnetic fields are generated by the absorption of intense laser light 

in laser fusion plasmas [?]• The original work on this subject 

concentrated on thermo-electric sources for the magnetic field. Another 

mechanism stems from the momentum transferred to the plasma due to the 

absorption of the incident light. In the case of absorption due to 

linear conversion of light polarized in the plane of incidence the 

mechanism of absorption is co11isionless for laser fusion parameters. 

Therefore to understand the low frequency currents which are generated 

by the momentum transfer to the plasma one must employ a self-consistent 

col 1isionless kinetic theory to properly account for the electron 

particle stress resulting from the radiation field. Such a theory has 

been developed to describe the highly inhomogeneous distribution 

function in the region of the resonant fields [8]. This theory has been 

applied to the B-field generation problem to show that saturation of the 

growth of B occurs when the dx (T«y + T e™ y) = 0, where T
e is the 

electron stress tensor and T e m is the familiar electromagnetic stress 

tensor . 

In earlier calculations [9j of B only the "quiver" contribution to 

T e was included with the result that it was not clear how B = 0 was 

achieved. On the other hand the above condition is satisfied exactly by 

the steady-state high frequency fields E H . Thus saturation occurs for 

the growth of B simultaneous with the E H reaching their steady-state 

values at least to within a particle transit time l/v, where I is a 

measure of the spatial scale of the E H . Thus we should expect 

B/B = (V /ck L ) 2 / 3 w 0 when plasma wave convection out of the critical 

region is the dominant absorption mechanism. This scaling is confirmed 

by our simulation results. Therefore the timescale associated with the 

growth of B is essentially trivial once the growth rate of E H is known. 

The determination of the final steady-state value of B however requires 

the D.C. current generated in the plasma. Work is in progress to 

obtain the low frequency distribution function F L, giving <5JyL = -e / 
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dJv v F, . <5J , along with the beat current -e<nH "H^*. where nH is the 
high frequency density response and u^ is the oscillating velocity, 
gives the total current source for the magnetic field. The relationship 
between the D.C. current and the high frequency beat current at 2 uQ is 
also being analyzed. 
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DISCUSSION 

ON PAPER IAEA-CN-35/F 3 

E.J. VALEO: In the case of the rippling instability, why do you think the growth rate is 
reduced when the polarization vector is in the plane of incidence? 

J.M. KINDEL: For polarization in the plane of incidence with the steep gradient, the 
scattered wave is never purely electromagnetic; it is always strongly coupled to an electron 
plasma wave which is subject to Landau or non-linear damping. Because of this damping, 
therefore, we think the instability may be reduced or suppressed. However, we have not 
examined this question in detail and cannot yet answer with certainty. 
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Abstract 

COLLECTIVE PLASMA BEHAVIOUR IN LASER PLASMA EXPERIMENTS. 
A simple model for the absorption of intense laser light via the generation of electron plasma waves near 

the critical density is presented. The magnitude of the absorption, its polarization dependence and the heated 
electron distributions generated are in reasonable agreement with results from recent experiments in which discs 
are irradiated with intense Nd light. The simple model is extended to include realistic light beams focused on 
spherical plasmas. Calculations of how the absorption depends on focusing are presented and shown to agree 
with recent experiments in which glass balls are irradiated. It is also shown that the Brillouin instability can lead 
to a time-dependent reflectivity when the underdense plasma has a small mass and heat capacity, consistent with 
some recent observations. In addition, the 2CJ decay instability is found to be strongly limited by a local steepening 
of the density profile. Finally, the electron diffusion across self-generated magnetic fields is assessed. Even though 
the calculated diffusion rate is much greater than classical, the fields can still produce the strongly inhibited heat 
transport which has been observed. 

Experiments [1-12] have shown that there are many features of the 
absorption of intense laser light and the subsequent energy transport which 
are not well understood. These features include:(1) non-classical and 
polarization-dependent absorption; (2) the generation of very energetic 
electrons; (3) stimulated scattering; (4) fast ion production; and (5) in
hibited electron thermal conduction. It is our purpose to discuss each of 
these topics with particular reference to some recent experiments in which 
small C8H8discs were irradiated with intense Nd laser light [1]. 

I. Absorption 

The best evidence to date for the existence of collective plasma 
behavior in the interaction of high intensity light with plasmas is the value 
of the absorption coefficient. The absorption coefficient measured in the 
disc experiments [1] range from 20-50$ for Nd light in the intensity range of 
1015-1017W/cm2. Classical inverse bremsstrahlung has been shown to be too 
weak to account for these measurements [133. Much theoretical and computa
tional effort has been expended in trying to account for the enhanced absorp
tion. 

The region near the critical layer is considered to be the most 
effective absorber since Langmuir waves are readily generated there by 
several processes, including:(1) the parametric decay instability [14]; 
(2) the oscillating two-stream instability [15]; and (3) resonance absorption 
[16-19]. We have obtained some simple predictions for the light absorption 

* Research performed under the auspices of USERDA, Contract No. W-7405-Eng-48. 
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FIG.l. Absorption efficiency as a function of angle of incidence 6. The points are results of2-D particle 
simulations [18] of p-polarized light incident on a plasma slab. The dashed line is an estimate, based on this data, 
of net absorption efficiency for light incident with an equal mix of polarizations. The simulation results are for 
a plane wave with an intensity oflO16 W/cm2 (1.06 n light) incident on a plasma slab with an initial density 
profile varying linearly from 0 to 1.7 nct in a distance of 3 vacuum wavelengths. These results should only be 
considered as representative. 

due to these processes. Our predictions are based on two-dimensional compu-
ter simulations [18] of the absorption of plane waves incident onto an 
inhomogeneous, freely expanding plasma slab. The predicted absorption effic
iencies and their polarization dependence are In reasonable agreement with the 
values observed in the disc experiments. 

Some representative simulation results are shown in Big. 1, which is a 
plot of absorption efficiency versus angle of incidence. ft>r these results 
the plasma slab had an initially linear density profile with scale length 
k0L = 10 and an initial electron temperature of 4 keV. The incident light 
had an Intensity of 1016W/cm2 (1.06 u radiation) and was p-polarized, i.e. 
had its electric vector In the plane of incidence. Note that the fractional 
absorption computed in these short-term simulations (the points in Fig. 1) 
ranges from = 15$ at normal incidence to * 60$ at an angle of incidence of 
* 20°. 

These absorptions are consistent with those expected in the nonlinearly 
steepened density profiles which are self-consistently generated in the 
simulations by strong wave pressure gradients and electron acceleration 
near the critical density. An important effect of this strong local 
steepening is to reduce the efficiency of parametric instabilities and 
make resonance absorption effective over a rather broad range of angles. 
A few estimates will suffice to make these points clearer. The absorption 
efficiency due to parametric instabilities near the critical density in 
the steep profile is epi~ 2v»/«fe W* where v* is the effective damping 
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FIG.2. The fraction of incident laser light absorbed as a function of incident intensity / L in recent Parylene disc 
experiments described in detail in Ref.[l]. Crosses denote measurements (with estimated error bars) determined 
by optical energy balance using an array of photodiodes distributed in angle around the target augmented by 
calorimeters to measure the light reflected and transmitted through the lenses. Points denote measurements in 
which photodiodes are replaced by a box calorimeter enclosing the target. 

rate and a is the size of the region of plasma accessible to the insta
bility excitation. At high intensities [20] v* ~ .05 WQ , and £ is * few c/o)0 
in the nonlinearly steepened profile. Hence instability generation in the 
steep profile is expected to provide at most a rather modest absorption 
of order 10-20$, consistent with the simulation results for normally 
incident light. 

The absorption efficiency due to resonance absorption of p-polarized 
light can be estimated by computing the energy damped by the resonantly 
excited electron plasma waves. For a locally linear profile, the result is 
era ~k(T)|2/ir. Here x = G^L) 3^ sine, 6 is the angle of incidence, and<J>CO 
is the well-known resonance function which has a maximum value of - 1 at T = 
0.6. Of course, the details of both the resonance absorption and' the insta
bility generation depend on the actual shape of the nonlinear ly steepened 
profile and the fact that k^L ~ 1, but the qualitative features of the calcu
lated absorption are consistent with these staple estimates. 

In the simulations, the incident light is p-polarized. In experiments, 
generally only part of the incident light (« 1/2) has this polarization. The 
dashed line in Pig. 1 is our estimate, based on this simulation data, of the 
average absorption which results when one assumes an equal mix of polariza
tions for the incident light. Hence this estimate takes into account the 
fact that resonance absorption is only operative for one linear polarization. 
The resulting prediction is that the absorption via plasma wave generation 
is (1) polarization-dependent and (2) has an average efficiency of » 15-30$ 
as a function of angle of incidence. 

Both these results compare favorably with the data from the disc experi
ments [1], Since the light was focused with an f/1 lens, the angle of inci
dence averaged over energy on a plane target is - 15°. We then estimate from 
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FIG.3. Plot of heated electron temperature versus incident laser light intensity (1.06 fi light), as calculated in a 
series of 2-D computer simulations. The initial plasma conditions are generally the same as those for Fig.l. Multiple 
points at 1016 W/cm2 are from simulations in which angle of incidence of light varied from 0 to 45°. The points 
at other intensities are from simulations in which angle of incidence ranges from 11 to 30 . 

Fig. 1 about 25% net absorption due to plasma wave generation. This is in 
semi-quantitative agreement with the measured absorption efficiencies, which 
are shown in Pig. 2. Note that the measured efficiencies range from about 
20 to 50% in the intensity regime from 10 1 S- 1017 W/cm2. 

This absorption model predicts that the intensity of scattered light 
should depend on whether the ray under consideration was p or s-polarized. 
In the case of focused light with a fixed linear polarization incident onto 
a planar target, this translates into an azimuthal dependence for the 
scattered light intensity. The prediction based on the results in Fig. 1 
suggest a 1.5:1 intensity asymnetry should be observed near the lens half-
angle. The uncertainty in the data at small angles makes a comparison 
premature. However, at larger scattering angles (> ^,/k relative to the 
target normal) there is a systematically larger intensity for scattered 
light whose electric field vector is out of the plane of incidence. 

The principal point of these comparisons is simply that the observations 
are consistent with light absorption via the generation of electron plasma 
waves. Indeed, predictions for the efficiency and polarization-dependence 
of the absorption based on short-term computer simulations of a very simple 
model agree with this data within better than a factor of two. Of course, 
more quantitative calculations must include a number of complications, such 
as: (1) various mechanisms which lead to an additional rippling of the critical 
density surface [21]; (2) the effect of short-wavelength ion turbulence 
produced by subsidiary processes [22]; and (3) absorption mechanisms intro
duced by self-generated magnetic fields [23]. Comparisons of the data with 
calculations are discussed more extensively in Ref. [13]. 

II. Heated Electron Energies 

The computer simulations also provide a crude estimate for the heated 
electron energies versus intensity. Pig. 3 shows the heated electron energies 
as measured in a number of 2-D simulations using p-polarized light incident 
on a plasma slab. In these simulations the electron temperature was initially 
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FIG.4. Plot of local density scale length at critical density versus incident laser light intensity. The points are 
from simulations referred to in Fig.3. 

4 keV, and heated electrons were re-emitted with their original temperature 
at the boundary on the high density side. The different data points at 
1016 W/cm2 come from simulations in which the laser light has different angles 
of incidence. 

Measured x-ray spectra show a hard component. To calculate the spectrum 
observed in the disc experiments, the LASNEX simulations [1] (and simple 
estimates) show that a large fraction of the absorbed energy must be put into 
rather hot electrons. For example, the hot electron energy employed in these 
LASN^X calculations are - 10 keV for I = 1015 W/cm2 and * 40 keV for I = 1016 

W/cm . As is apparent from Pig. 3, such heated electron energies are approxi
mately what is expected from the collective absorption mechanisms we have 
discussed. 

It is instructive to give a simple estimate for the heated electron 
energy. Prom the cold wave breaking condition, the mean energy of the fast 
electrons produced by the resonantly excited waves is [16-19] 

<ee> z h mc2 £f-) Vk~L <J>(T) 

where v o s is the quiver velocity of an electron in the free-space value of the 
laser field and (J>(T) is the resonance function previously mentioned. For <j> (T ) 
~ 1 and taking l^L * 2 (locally steepened profile for I = 1016 W/cm2), <e> ~ 
35 keV. Note in particular that this prediction would be much larger if one 
neglected the nonlinear profile steepening which is self-consistently included 
in the particle simulations. 

It should be noted that the heated electron energy predicted by the wave-
breaking condition does not in general scale as VT. This follows since the 
local scale length L near the critical density surface is itself a function of 
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intensity, as shown by the results in Fig. 4. To predict the intensity 
dependence accurately appears to require the inclusion of warm plasma 
corrections, the swelling of the incident light in the lower density plateau, 
and the fact that k0L is of order one. 

Finally, we emphasize that relating the x-ray spectrum to heated 
distributions is rather indirect, depending not only on the heated electron 
spectra but also upon the space and energy dependent transport inhibition. 
LASNEX calculations show that different energy x-rays dominantly come from 
quite different regions of the plasma. Hence more detailed comparisons 
between calculations and experiment depend on an improved understanding of 
the heat transport (and the various mechanisms for its inhibition). This 
would enable, for example, the use of improved boundary conditions in the 
particle simulations, which is necessary for really quantitative comparisons. 

III. Absorption of Focused light Beams 

A comparison of calculations of absorption of focused beams in spheri
cally symmetric plasmas with the results of experiments on glass micro-
balloons [24] provides additional evidence for the large density gradient. In 
these calculations which include realistic radial intensity profiles, we 
show that the spherical target geometry and the light focusing also plays 
an important.role on the absorption and scattering. The model discussed here 
allows an analytic solution to the absorption of a focused beam in the limit in 
which the density scale length is much less than the radius of curvature. 

We assume that the laser light is axisymmetric and linearly polarized. 
The vacuum field is determined by two potential functions, \p and x> which 
satisfy 

.2 
< * • * ( ; ) -

(1) 

The radial electric field depends on x only, and the radial magnetic 
field depends, on ty. Consequently, the X mode is called "transverse magnetic" 
(TM) and is similar to p-polarization. The if mode is called "transverse 
electric" (TE) and is similar to s-polarization. 

The potential functions may be expanded in Legendre polynomals: 

(M.E 
•A(r) 

/cos<j> 
P*(cose) \sincD (2) 

Inside the plasma, the radial parts satisfy (assuming the dielectric function 
£ = e(r)): 

dr£ 

dr' 

-!§fe + 4-^) (rXA) = 0 

+ k2 ie *a+2)\ 
kVW 

<r\J>&) = 0 

(3) 

(4) 

Note that Bq. (3) (Eq. (4)) is similar to that for a p-polarized 
(s-polarized) plane wave incident on a planar plasma, with equivalent angle 
sine = Y£(i+l)/kr. Of course, this analogy holds only if this quantity is 
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FIG.5. Absorption versus target displacement from best focus. Solid curve is theory. Experimental points are 
from Ref.[24]. 

constant, implying that the plasma scale length, AR, Is much less than the 
critical radius, R , i.e. AR/RQ « 1, which is often well satisfied. 

In order to obtain analytical solutions, we assume a linear density 
gradient. Then the solutions to Eqs (3) and (4) are well laiown, and the 
fields may be calculated. In particular, we may calculate the energy 
absorbed by resonance absorption: 

PM=? 27T 
llJ (5) 

where P# is the power in each jl-mode. The function $ is a resonance function 
peaked at about x^ = .5> and T^ = (k R ) V 3 "V £(£+l)/kR . The power spectrum, 
P^, depends on lens f-number, beam shape, focusing (i.e. distance from geo
metrical focus to target center) and aberrations. There is a maximum in 
absorbed power when the preferred JlCtn = «5) matches the peak of the P# 
spectrum. 

We may also consider inverse bremsstrahlung in the same manner. It is a 
well-known result that, for a plane wave incident at an angle e0 on a planar 
plasma, the fractional absorption along a ray path up to the turning 
point is 

fib = if kAR (v/w) cos5 ec (6) 
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initial density profile (solid line) is k^L = 160. The laser is normally incident from the left. The dashed line 
shows the local density steepening at time C0(,t= 1280. 

where v/co is the jjiverse brernsstrahlung damping rate at the critical density. 
In order to go over to a focused beam, we make the substitution 6 = sin 
[V;> (£+l)/kRc]: 

fib (16/15) k£R (v/u)) 1 - 2 2 
irir c 

5/2 
(7) 

It is straightforward to also include in Eq. (7) other absorption mechanisms 
which are polarization-independent (for example, absorption due to parametric 
instabilities). 

The total energy absorbed by the plasma may be calculated by using 
Eqs (5) and (7). Fig. 5 shows an application of this theory to the Janus 
clamshell system. The axis is the distance away from the laser of the geo
metrical focus to the center of a 60 um glass microsphere. Note that the 
amplitude of the absorption is correctly calculated and that there is a 
maximum as predicted. For this range of laser intensities, we expect self-
steepening to occur; therefore we have utilized the absorption curve given 
in Fig. 1. We note that the agreement with experiments depends critically 
on this assumption of short gradient scale length (- 1 ym). The discrepancy 
in the location of the absorption maximum (~5um) may be due to asyirmetric 
expansion of the plasma. 

IV. 2 a) Instability pe 

Local steepening of the density profile also plays an important role in 
plasma heating at 1/4 n due to the two-plasmon decay instability. The 
primary effect of the steepening is to reduce the efficiency of this insta
bility [25]. Indeed, for high intensity light, it appears that this insta
bility is most interesting for diagnostic purposes [26] rather than as an 
efficient absorption mechanism. 
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FIG. 7. An example of the back-reflection due to the Brillouin instability versus time as computed with a 1-D code. 
Plasma conditions and light intensity are given in the text. The boundary conditions model contact with a 
reservoir of plasma at the initial temperature as detailed in Ref.[29]. 

The local steepening Is Illustrated in Jig. 6, which is a density 
profile from a 2-D computer simulation of the two-plasmon decay. The light 
is normally incident from the left with an Intensity of 1016 W/cm2 (Nd light). 
The electrons have an initial temperature of 1 key", and heated electrons are 
re-emitted with this temperature at the high density boundary. Once the 
decay waves build up, the light absorption is typically up to 20$ with fixed 
ions. However, when ion motion is included, the localized pressure of the 
plasma waves then steepen the profile (the dashed line). This steepening 
strongly restricts the region over which the instability occurs, decreasing 
the absorption to a few percent. 

V. Induced Reflectivity 

One potentially dangerous problem which could degrade fusion target 
performance is the occurrence of stimulated scattering instabilities [27], 
particularly Brillouin scattering [28-9]. More quantitative calculations of 
the absorption must also include an improved understanding of the role of 
stimulated scattering in the plasma with density less than critical. Here 
we will examine the role of Brillouin scattering in the recent experiments 
with discs. 

Several features of the data indicate that stimulated scattering, 
particularly via the Brillouin instability, is playing some role in these 
experiments. For example, stimulated sidescattering preferentially scatters 
light out of the plane of polarization and so also leads to a polarization 
dependence to the scattered light. Hence this scattering can account for the 
large asymmetry with respect to the plane of polarization observed in the 
light scattered at large angles. However, the light scattered into such 
angles is a small fraction of the incident energy. 

In the disc experiments the intensity is increased by reducing the 
diameter of the target spot. Hence the size of the underdense plasma decreases 
as the intensity increases. For the experiments with I > 10 1 6 W/cm2, the 
underdense plasma is then rather small. For example, hydrodynamic calculations 
with the LASNEX code indicate that the density scale lengths are ~ 10-30 jjm. 
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FIGS. Time dependence of the reflection back through the focusing lens measured in several experiments with 
different intensities. The solid line denotes the incident pulse and the dashed -line denotes the reflected pulse. 
These pulses are not plotted on the same intensity scale. 

Because of the small mass and heat capacity of the underdense plasma, 
the stimulated reflectivity of high intensity light can rapidly self-limit 
when account is taken of the momentum and energy deposition into the plasma 
via the electrostatic waves [29]. One very simple example of this effect is 
shown in Big. 7. This is a plot of back-reflection via the Brillouin insta
bility vs. time as computed with a 1-D hybrid code (fluid electrons and 
particle ions). In this example, 1.06 u radiation with an intensity of 1016 

W/cm2 is incident on a 13.5 vim-slab of initially uniform plasma with a density 
n = 1/3 r^p and with an electron temperature of 1 keV. The net amount of 
plasma is motivated by IASNEX simulations of how much plasma is in the under-
dense region when the laser pulse reaches high intensity in the experiments 
with I ~ 1016 W/cm2. Note that the stimulated reflectivity turns off in a 
time of <• 20 ps. This is in agreement with estimates of how long it takes 
for the reflecting light to push the underdense plasma back, modifying its 
size and gradients enough to turn off the large reflection. Although this 
model is one-dimensional, clearly a similar behavior is expected for side-
scattered light. 

As shown in Pig. 8, the back reflection in the experiments with I > 
1016 W/cm2 is time-dependent [1] (at least inmost of the shots). Note 
that a sizeable reflectivity persists f or s 20 ps, consistent with the simple 
model. The largest uncertainty in these calculations is just how much 
relatively cold plasma (ee * 1 keV) exists in the underdense plasma when the 
light pulse reaches a high intensity. This depends on both the transport and 
the form of the heated distributions, both of which are poorly known in detail. 

Alternative explanations for a time-dependent reflectivity can be con
structed. For example, Brillouin scatter can be small if the entire under-
dense plasma is at an extremely high temperature. The time-dependence could 
then be due to a break-up of the critical surface on a hydrodynamic time 
scale, reflecting light into a larger solid angle. An improved understanding 
of the role of induced scattering awaits future experiments with more exten
sive regions of underdense plasma in which the temperatures and gradients are 
better characterized. 
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VI. Energy Transport [30] 

Finally there is evidence that the electron energy transport is sig
nificantly inhibited in recent experiments. High-energy or "fast" ions have 
been observed [1-12] in the irradiation of both spherical and-disc solid 
targets. These ions can contain 50$ or more of the absorbed energy. Addition
ally, photographs of x-ray emission from planar targets show the radius of the 
emitting region to be comparable to that of the focal spot. Neither of these 
observations can be explained in hydrodynamic simulations if the electron 
heat transport is modelled either by the classical or by the flux*-limited 
expressions. This result is illustrated in Pig. 9,where comparisons of radial 
x-ray profiles are made between experimental data and hydrodynamic calcu
lations both with and without radial transport inhibition. The details of the 
reference calculation, which includes inhibition, are discussect in Reference 
[1]. 

One mechanism which can account for the apparent reduction in heat 
transport is the generation of magnetic fields. A considerable variety of 
physical mechanisms for the production of laser-generated d.c. magnetic fields 
has been examined in the past several years [31-32]. Most of these mechanisms 
are capable of yielding megagauss level fields, for parameteris typical of 
current experiments with high power laisers. Hence one is lead, .to the very 
real possibility that several independent field generation mecnahisms will 
be occurring simultaneously, in a given laser-plasma experiment, and that 
each may yield fields on the order of 106 gauss. 

In order to get an estimate for the cross-field heat flow in such a 
complicated situation, we model the total magnetic field as having the form 

Btot = <B(x)> + 6B(x) (8) 



144 VALEO et al. 

where <B(x)> is an average background field and 5B(x) represents static 
fluctuations having a variety of geometries and spatial scales. We consider 
three different processes leading to cross-field diffusion of electrons in 
such a field configuration:(1) resonant scattering from magnetic field fluctu
ations; (2) field-line wandering, resulting in diffusion of electrons across 
<B>; and (3) neoclassical diffusion due to bounce motions of electrons trapped 
in local maxima of SB. In all three cases, we find that the cross-field heat 
flow is roughly intermediate between the classical rate for a magnetized 
plasma and the "Bchm" rate. Furthermore, these rates indicate a cross-field 
heat flow that is much slower than the classical value for a magnetic-field-
free plasma. 

A quasi-linear treatment of resonant electron scattering by magnetic 
field fluctuations gives an effective 90 scattering frequency v « <(6B)2>/<B>. 
The scattering is primarily from Fourier components 5Bk having k« v" » Q > 
where P-0 = e<B>/mec. Thus for parameters typical of experiments with °high-
power Nd-glass lasers, B's with scales of several m will be most important 
for the resonant scattering process. The corresponding cross-field diffusion 
coefficient is 

DJ. = v PL = < vt / jy (<(<SB)2>7<B>2) (9) 

where v^ is the electron thermal velocity, and pr its gyroradius in <B>. 
This rate can be nearly comparable to the "Boftrr rate Dg = (v£ /l6 QQ ) 3 since 
<(<SB)2> may not be very much smaller than <B>2 in the situations of interest. 

The second mechanism for cross-fieId transport is field line wandering. 
In this case the electron remains tied to the field line, but the exact or 
total field line wanders sideways relative to <B> because of field fluctua
tions. This process, which is familiar from the theory of cosmic ray propa
gation, yields a diffusion coefficient 

Vy = v„ L A C <(6B)
2> <B>2 (10) 

Here v.. is the electron velocity parallel to B, L A C is the autocorrelation 
length of the field fluctuations, and we have again used the random phase 
approximation to describe the SB's in our quasilinear treatment. Long wave
length SB's are most effective in producing cross field diffusion by field 
line wandering. 

The third diffusion process considered here is an analogue of neoclass
ical diffusion in tokamaks. For this example we take <B> to have cylindrical 
or toroidal symmetry. The local maxima of SB act as miniature magnetic mirrors, 
making electrons execute bounce motions if they are trapped. The drifts during 
each orbit produce a radial excursion of sizej |Ar| <*PL (SB/ <B>)^ . The 
fraction of trapped electrons is F = (SB/SB )^ and their effective collision 
frequency is veff = (<B>/6B). Thus the neoclassical cross-field diffusion 
coefficient is 

DNE0=lAr|2^effP 

(11) 
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Here vpT
2 is the classical diffusion coefficient, and m is the mode number 

describing the azimuthal variation of <5B. Numerically, % B Q represents 
diffusion that is faster than classical, if the fluctuations SB have 
rapid azimuthal variations, and if |<5B| is not too much smaller than <B>. 

In summary, each of the three diffusion mechanisms considered here 
yields"rates.intermediate between classical and Bohm values. Using the 
"worst-case" rates given by Bohm diffusion, one finds that heat flux is still 
significantly impeded below its free-streaming value, if the fields have 
magnitudes in the megagauss range. 

Summary 

Clearly the correlations between calculations and observations are 
increasing. Characteristic effects both calculated and observed include 
(1) nonclassical and polarization-dependent absorption, (2) the generation 
of very energetic electrons, (3) time-dependent back reflection, (4) three-
halves harmonic emission, and (5) inhibited electron heat conduction. 
Although our understanding of these many different effects is far from 
complete, it is noteworthy that rather simple models provide a semi
quantitative explanation for many of these effects. 

To briefly reiterate, we have presented a simple model for the absorp
tion of intense laser light via the generation of electron plasma waves near 
the critical density. The magnitude of the absorption, its polarization 
dependence, and the heated electron distributions were shown to be in 
reasonable agreement with some recent experiments. The simple model for light 
absorption was extended to include realistic light beams focused onto 
spherical plasmas. Calculations of the dependence of the absorption on 
focusing agreed with seme recent experiments in which glass balls were 
irradiated. It was also shown that the Brillouin instability can lead to 
a time-dependent back reflection of intense laser light, consistent with 
some recent observations, and that the 2 ^ decay instability is strongly 
limited by a local steepening of the density profile. Lastly, the electron 
diffusion rate across self -generated magnetic fields was assessed. Although 
the calculated diffusion rates are much greater than classical, it was found 
that megagauss fields can still produce the strongly inhibited heat conduction 
which has been observed. 
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Abstract 

THERMONUCLEAR FUSION PLASMA PRODUCED BY LASER COUPLING AND IMPLOSION. 
A very important problem of present laser fusion research is to achieve fundamental understanding of 

(i) laser-plasma coupling due to various interactions, and of (ii) the implosion process taking place in pellet 
targets. High-power laser systems of various wave-lengths have been constructed for this purpose. A glass laser 
system consisting of four beams, "Gekko IV", using a new phosphate glass (LHG-5), has been constructed. The 
output energy is 1 kJ in one nanosecond and 300 J in 100 picoseconds. The focusable size of each beam is 
50 /im in diameter. An E-beam-controlled C0 2 laser system, "Lekko I", can deliver 500 J in one nanosecond. 
A multiband multiline oscillator is tested to increase energy extraction. The saturation energy of the laser 
increases by about 60%. The PFN capacitor bank is successfully employed in the main pumping discharge with 
perfect loading. As far as laser-plasma coupling is concerned, the importance of resonance absorption, its relation 
to self-generated magnetic fields and the high-energy ion jet stream, the self-modulation of the density profile, 
and the influence of density scale length on the parametric instability related to Brillouin backscattering are 
investigated. With the help of l-|Um and 10-/nm lasers a scaling law can be established for the interaction processes. 
A model for the generation of fast-ion jet streams is examined. The neutron yield in the plasma focus is enhanced 
by about a factor of two by strong absorption of the CO2 laser beam. As to the implosion experiment, various targets 
with multi-layers have been studied and the radiation energy flow was measured. Enhanced light transmission 
is found (Ausaka effect). The compression of the deuterium-filled micro-balloon is estimated as up to 1:100. 
The neutron yield is about 10s. 

1. INTRODUCTION 

In Osaka, we are studying inertial-confinement fusion. There are two main laser projects: 
one is the Gekko project, which uses high-power glass laser systems [ 1 ], and the other is the 
Lekko project involving E-beam C02 laser systems [2]. Besides these large projects relating to 
fusion research, we have several basic plasma research schemes: experiments on interaction 
between laser light and plasma, and the REB (i?elativistic Electron 5eam) experiment concerned 
with auxiliary plasma heating. Use of different types of lasers provides us with an opportunity 
for direct comparison of laser-plasma couplings in different wave-length, pulse duration and power 
ranges. 
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A very important aspect of current laser fusion research is to achieve a fundamental 
understanding of 

(1) the coupling of laser light and plasma in terms of various non-linear phenomena and 
instabilities; 

(2) the compression process in the target plasma due to implosion; and 
(3) design and fabrication of the optimum pellet structure. 

For these experiments to be performed, methods of computer simulation, fine diagnostics using 
computer aids and the development of high-power lasers are of crucial importance. 

2. COUPLING EXPERIMENT 

Laser-plasma interaction has been investigated extensively by using laser intensities ranging 
up to 1016 W- cm - 2 for glass lasers and 1014 W- cm - 2 for C0 2 lasers. Increasing the laser intensity, 
we successively observe the appearance of various absorption processes with different laser 
intensity thresholds. 

(1) Gekko experiment (glass laser) 

Above a laser intensity of 1013 W- cm -2, the electrons of the deuterium plasma begin to 
display two components in their velocity distribution [3], owing to the parametric decay 
instability. The occurrence of this instability is confirmed by the observation of the satellite 
spectral structure [4] in Brillouin-backscattered light in the red wing of SHG light. The isotopic 
shift of the satellite between D plasma and H plasma can be explained by the parametric-resonance 
relation. At this power level, specular reflectivity starts decreasing, and fast ions begin to appear. 

If we use longer laser pulses or the front focusing condition on the target surface, the 
threshold laser intensity for induced backscattering is reduced. This is due to the formation of 
large-density scale lengths with raised induced emission. 
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FIG.l. Computer simulation results of self-phase modulation of laser light in plasma. 
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FIG.2. Spectral broadening ofbackscattered light by self-phase modulation of deuterium plasma. Backscatter 
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FIG. 3. Ion energy distribution of laser-produced beryllium plasma. 

Above a laser intensity of 1014 W-cm~2, the backscattered laser light begins to display 
spectral broadening [5], which is attributed to temporal density modulation induced by the 
ponderomotive force of the swelling light field in the turning region during resonance absorption. 
The density modulation, the swelling light field and the spectral broadening have been simulated 
by a 1D code [6]. The computed data indicate a behaviour similar to that revealed by experiments. 
The results are shown in Fig. 1. The corresponding experimental results in deuterium plasma are 
given in Fig. 2. As is well known, linear conversion of the E field occurs in the case of oblique 
incidence. The beam-target back-focusing conditions require the introduction of oblique 
incidence by lens collimation. As density modulation is introduced, a high-energy-ion jet stream 
of 50—100 keV is observed at a vertical angle of 10°—20° to the normal of the Be target, 
accompanied by a strong magnetic field. At a laser intensity above 1014 W- cm -2, the fraction of 
fast ions is 30 to 50%. The energy carried by these fast ions is about 70% of the total kinetic 
energy. The experimental data are shown in Fig. 3. The fast ions can be suppressed by using a 
laser beam with a weak pre-pulse or by using the front focusing condition. When a nanosecond 
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FIG.4. Schematic explanation of the production of a superthermal ion stream, (a) high-energy-ion jet stream 
in narrow cone, (b) flow of ions in a broad angle. 

TABLE I. RELATION BETWEEN IRRADIATION CONDITION AND PLASMA HEATING 

POSITION POSITION 

ION ENERGY 

DECAY I N S T A B I L I T Y RESONANCE ABSORPTION 

EI < Eo 

SPREAD A E I 

COMPRESSION EFFICIENCY ,_ 
OF MAIN BODY 0 

AE2 

?2 

REMARKS 
INDUCED BACKSCATTERIMG SUPER-THERMAL ION 

CORONA REGION SELF-PHASE MODULATION 

pulse is used, the fast ions are also reduced to an amount of energy as small as 20% of the total 
energy. Since dB/dt is proportional to VT X Vn, the magnitude of the magnetic field depends 
on the spatial distribution of the electron temperature T and the density n. If the configuration 
of VT and Vn is given by (a) of Fig.4, the B field and the ambipolar E field drive the plasma 
towards the centre line by an E X B drift [6]. In this case, a high-energy-ion jet stream may be 
induced in a narrow-angle cone. In case (b) of Fig.4, the ions will be emitted in a broad angle 
from the target. The latter situation is observed by laser irradiation with a pre-pulse or by front 
focusing, which produces a broad corona region in front of the target. 

In Table I, these irradiation conditions are summarized. 

(2) Lekko experiment (C02 laser) 

An E-beam-controlled C0 2 laser is used. In the case of a wave-length of 10.6 /am, there 
are also three distinct stages of interaction, according to the laser intensity. The first stage is 
the decrease of reflectivity from 59% to 18% in the case of a polyethylene target at a laser 
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plasma. 

intensity of 1010 W- cm - 2 of a long pulse. The ion velocity begins to display a spread at the 
maximum of reflection. The experimental data are shown in Fig.5. This threshold laser intensity 
of 1010W-cm -2 corresponds to that of the parametric decay instability. The second stage is the 
onset of backscattered light (eliminating specular reflection). The threshold laser intensity is 
2 X 1010W-cirT2 for a long pulse (70 ns) and 3 X 10 n W" cm -2 for a short pulse (4 ns). This is 
due to the convective nature of stimulated Brillouin scattering. The corresponding data are 
given in Fig.6. The spectrum of backscattered light is shown in Fig.7 which is measured by an 
IR vidicon using a pyroelectric image tube. At a laser intensity of less than 1012 W c m " 2 , a blue 
shift is observed, with two humps indicated by assows A and B. Shift B corresponds quite well 
to the Doppler shift of plasma expansion (2 X 107 cnrs - 1 ) . Hump A fits to Brillouin back-
scattering, corresponding to an acoustic frequency of 1.8 X 1010 Hz, an ion sound speed of 
9 X 106 cn r s - 1 , which shifts to red from the blue-shifted hump B. Above a laser intensity of 
1012 W-cm-2, other components indicated by C appear symmetrically on both sides of hump B. 
For the long laser pulse, the general features are similar to the short-pulse case, but only one 
component C on the red side is observed. The third stage is marked by the spectral spread shown 
by C, which is due to the self-phase modulation of laser light caused by the non-linear refractive 
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index of the plasma. The resonance absorption induces strong swelling of the laser field near 
the turning point, where the ponderomotive force repels the plasma. The frequency shift [5] 
due to this process is given by 

Aco = - k 0 
3F(t) 

3t ln\ J nc 

(50 
(X) 

dX 
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CO2 LASER IRRADIATION BEFORE, AT AND AFTER FOCUS PINCH 
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FIG.9. Neutron yield and current behaviour of focus plasma irradiated by C02 laser. 

Here In l = 2(e0/fi)^
2 m/e2 kT e(l + Tj/zTe) is the laser intensity where the electron quivering 

energy is comparable to the mean thermal energy of the plasma. The frequency shift to red is 
2.5 X 1 0 1 0 H z ( 8 0 A ) a t X = 10.6 jum, n 0 = 1(T2, x = 100 jum, kTe= 300 eV and I0= 1012W-cnT2. 
This estimate agrees well with the experimental data. For the long-pulse case, there is no C 
hump on the blue side. This can be explained by the asymmetric pulse form, which shows a fast 
rise of 1 ns and a slow drop of 70 ns. This behaviour corresponds strictly to that reported 
previously for the glass laser case [5]. In this stage, a self-magnetic field is detected up to a few 
megagauss. The ion beam is ejected in a cone with a vertical angle of 30°. The B field has a 
positive correlation with the ion beam intensity. 

(3) Interaction with plasma focus 

As a target, we use the plasma focus, which is produced by the Mather-type 50-kV, 50-kJ, 
and 1.25-MA machine Shyuden. The focus is 1 cm in length, and 2 mm in diameter. The neutron 
yield from the deuterium plasma is 109 per shot in 80 ns, detected by dysprosium foils. The laser 
is a double-discharge TEA C0 2 laser of 6 modules in series, Eikko, which can deliver 80 J in 70 ns. 

The interaction experiment is designed to induce a turbulent state in the plasma focus by laser 
irradiation. The well known characteristics of a plasma focus are shown in Fig.8. The instability 
threshold is given by Pc cc V1-5, where Pc is the critical pressure and V is the applied voltage. 
Irradiation by laser light is applied to a weak focus state showing no instability. Figure 9 shows 
the introduction of the instability and the increase of the neutron yield by the laser. The resultant 
neutron spectrum is shown in Fig. 10. To summarize: when a C0 2 70-ns 70-J laser pulse is applied 
to a focus pinch plasma of 120-ns duration and an energy of 300 J, an instability is induced that 
enhances the neutron yield up to twice the value of the yield of the plasma focus. 
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FIG.12. Schlieren photograph of blast wave in solid and air by 30-ps SHG laser pulse. 

3. COMPRESSION EXPERIMENT 

The achievement of compression sufficient to initiate thermonuclear burn in a laser-driven 
implosion requires the ablation and compression processes to maintain spherical symmetry. 
Several kinds of experiment are performed to provide information on the ablated plasma and 
on the compressed matter. One is a physical simulation using multi-layer-foil targets; another is 
a spherical-compression experiment with various micro-balloon targets; the shock structure is also 
studied. 

To obtain strong spherical compression, the structure of the pellet and the pulse shape of 
the laser beam are very important. A nickel- and gold-tamped glass micro-balloon pressurized by 
deuterium gas is tested. We consider a solid-deuterium micro-pellet coated by heavy metal. 
Figure 11 shows a nickel-coated glass micro-balloon with a nickel-layer diameter and thickness 
of 100 nm and 1 jum, respectively. For these experiments, energy analysers (protons and ions), 
a multi-channel X-ray spectrometer using a Bragg crystal, an X-ray microscope, an X-ray pinhole 
camera, and an X-ray streak camera were prepared. A special phosphor-SIT camera system 
was developed to improve the detectable X-ray level. The sensitivity of this system is 500 to 
2000 times larger than that of an X-ray film. A simultaneous measurement method involving 
interferometer, Schlieren and shadowgraph has also been developed. The whole diagnostic 
apparatus, the target chamber and the laser system are commanded by an OKITAC 50/40 
computer system. 

(1) Shock wave in solid target 

To study the behaviour of a shock wave in a solid target and the energy delivered to the 
compressed matter and the ablated plasma, a laser-irradiated transparent solid-slab target, Lucite, 
is photographed by 30-ps second-harmonic glass laser light. The shock wave and the blast wave 
into the solid and the environmental gas are driven by the main glass laser beam. One of the 
schlieren photographs of the blast wave is shown in Fig. 12. Above a laser intensity of 5 X 1013 W- cm-2, 

Target Air 



156 YAMANAKA et al. 

100 0 100 200 
rs(jJm) 

FIG. 13. Time history of blast wave. 
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the blast wave in the gas is accompanied by a second shock. This bow shock is driven by a fast-ion 
stream, as the threshold of the bow shock coincides with that of the appearance of the fast ions. 
The time history of the blast waves is shown in Fig. 13. The solid and broken lines represent shock 
and sound waves in gas and solid matter, respectively. We can estimate the quantities of energy 
delivered to the matter: they amount to 10 and 20% of the incident laser energy, respectively. 

(2) Effect of multi-layer target 

To simulate the effects in a multi-layer shell target, we use a metal-coated polyethylene film. 
A glass laser beam (200 ps, 8J, focal diameter 40 /xm) irradiates either side of a double-layer film. 
The spatial profile of the incident laser has a concentric ring structure. The specular reflection 
and the laser light transmitted by the plasma are nearly-Gaussian profiles which indicates that there 
is no filamentation path in the plasma. 

In the case of the 4-^m polyethelene film coated with nickel of a thickness of 1 —3 ixm, 
when the laser beam irradiates the polyethylene side, the transmitted laser intensity is almost 
constant; its fraction is less than 1% of the incidence at a laser intensity range of 1014 to 
101S W- cm - 2 . But when the laser beam comes from the nickel side, the transmittance has a 
maximum value of about 50% at 4 X 1014 W- cm - 2 and the specular reflectivity becomes minimum, 
i.e. less than 1% as is shown in Figs 14 and 15, respectively. 

This effect is also confirmed by experiments using simple high-Z metal foils of a few jum 
thickness, such as Al, Ni and Au. In the case of the 2.5 jum thick Ni foil, the transmittance of the 
laser light rises up to 50% at a laser intensity of 4 X 1014 W- cm - 2 and then keeps this level at 
larger laser intensities, without decreasing to low level again, as does the Ni-polyethylene multi
layer target. If a 6 jum thick Al foil is used the transmittance is about 5% at a laser intensity of 
4.8 X 1014 W-cnT2. 3 Mm thick Au foil shows a transmittance of 30% or more, at 5.5 X 1014 Wcm"2 . 
If there is a precursor laser pulse to the main pulse, the 1 -pm-Ni, 4-jum-polyethylene, multi-layer 
target shows a transmittance as small as that of the polyethylene target. These experimental 
results clearly demonstrate enhanced transmission of laser light in a high-Z layer and lower 
transmission in low-Z material. We call this the "Ausaka effect". This effect may be related to 
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the transport of light through high-Z plasma caused by super-fast electrons. The low-Z plasma 
displays a strong stopping function for the transport of matter. But at present we do not understand 
well the mechanism of this enhanced transmission of laser light: 

The expansion velocity of the plasma is measured by a shadowgraphic method using the 
second-harmonic light of mode-locked laser light and a streak camera. The power dependence 
of the expansion velocity of the plasma at a density of 1019 cm - 3 is shown in Fig. 16, where VA 

and VB are the velocity towards the laser side and towards the rear side of the target, respectively. 
VA is always higher than VB . Both expansion velocities are higher for nickel-coated targets than 
for a polyethylene target without any coating. Both expansion velocities are higher for the double-
layer target irradiated from the nickel side than for that irradiated from polyethylene side. 

As is shown in Fig. 17, the expansion velocity of the plasma along the target surface irradiated 
on the polyethylene side with a nickel'back has a higher value than for any other configuration. 
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FIG.20. Difference in driving force due to surface irradiated by C02 laser. 
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_. Compressed core 

Glass microbaltoon on thin film 

FIG. 21. X-ray pinhole photograph of pellet irradiation with glass micro-balloon backed-up by thin film. 
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This is caused by the small thermal conductivity in the normal direction of the target, in the case 
of high-Z plasma. 

The time of flight of ions measured on both sides of the target is shown in Fig.l 8. The ion 
current generally consists of two components: a fast component in the form of a spike and a slow 
component represented by a plasma hump. Figure 19 shows the time of flight of ions using 
double- and single-layer films irradiated at the metal surface. These two components overlap at 
a laser intensity of 4 X 1014 W"cm-2, where the light transmission is maximum. But at higher 
laser intensities, the fast component due to metal grows large enough to run away through the 
polyethylene plasma, which causes decrease of transmission in the double-layer case. With a single 
metal layer, the transmission keeps its high level, owing to free expansion. At lower intensity and 
no light transmission, only the fast component in the spikes is observed in the Ni film, and no 
signal is detected in the double-layer case. From these results, we can state that the high trans
mission of laser light is due to the decrease of the electron density below the cut-off by the 
expansion of the plasma hump at a velocity of 108 em's"1 during laser irradiation. 

In Fig.20, the velocity of an accelerated target with double layers by the irradiation of 
a C0 2 laser beam (80 ns) is shown. There is a distinct difference in the driving force according 
to the choice of irradiated surfaces. The result corresponds to that of the glass laser case. 

(3) Micro-spherical-pellet illumination 

Spherical-compression experiments have been investigated by two-beam glass laser system 
Gekko II. The maximum output energy of each beam is 200—40 J in 3—0.1 ns. The laser beam 
is focused onto the glass and nickel-coated glass micro-balloon through an aspheric lends whose 
focal length is 10 cm, F / l . l . The diameter of the micro-balloon is about 100 /zm. The thicknesses 
of the glass wall and the nickel coating are 1 —2 jum and 1—0.5 /xm, respectively. For the one-beam 
irradiation experiments, a glass micro-balloon with a back-up plate is used. The volume compression 
ratio is estimated to be about 100 at 80 J in 3 ns, as is shown in Fig.21. From the deuterium 
plasma, the neutron yield is about 10s. 

4. SUMMARY 

In the authors' work on laser fusion, the following results are of interest: 

(1) The coupling of laser light and plasma has been investigated by using a l-;um glass laser 
and a 10-jum C0 2 laser. Various non-linear effects, parametric instability, resonance absorption 
and modulational instability were introduced successively by increasing the power of both 
lasers. 

(2) Spectroscopy of backscattered light indicated several features of these non-linear couplings 
in plasma. 

(3) A model for the generation of a fast-ion jet stream was examined. A correlation of the 
spontaneous magnetic field and the fast ions was observed. 

(4) A plasma focus was used as a target plasma of a cut-off density for the C0 2 laser. Strong 
absorption and enhancement of neutron yield were measured. 

(5) The compression of a target by laser implosion was investigated. A multi-layer target 
showed several interesting features of the coupling between radiation and matter. Enhanced 
transmission is found (Ausaka effect). 

(6) Laser irradiation to a glass micro-balloon produced a volume compression of about 100. 
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DISCUSSION 

ON PAPER IAEA-CN-35/F 5 

S. WITKOWSKI: You indicated that specular reflection drops to 1% with increasing 
intensity. Did you also measure the diffusely scattered light and try to determine how much 
this contributes to total reflected light? 

C. YAMANAKA: We checked the size of the specular reflection beam by measuring the 
reflected beam pattern, using vidicon. We then inserted a diode of a size large enough to detect 
the reflection. Judging by the sensitivity we conclude that most of the reflected light was 
measured. 

H. CONRADS: Was a change in resistivity of the plasma focus apparent through a change 
in the discharge current, for example when you focused the laser radiation onto the plasma 
focus? 

C. YAMANAKA: Yes, we observed high-frequency modulation in the discharge current, 
due to the turbulent state induced by the C0 2 laser irradiation. This means that there was in 
fact a change in resistivity in the high-frequency mode. 
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Abstract 

PARTICLE BEAM FUSION RESEARCH. 
A review of Sandia Laboratories' programme to investigate the feasibility of achieving inertiai confinement 

fusion using pulsed power technology to produce focused electron and ion beams is presented. Recent results 
are discussed, including beam focusing, target interaction studies and accelerator development. 

INTRODUCTION 

The Sandia Particle-Beam-Fusion Program has two goals: (1) to demonstrate scientific 
feasibility of inertial-confinement fusion using intense electron or ion beams, and (2) to deter
mine if this method of ignition can be used in an economically practical fusion reactor. The 
underlying technical basis of this program is a rapidly evolving pulsed power capability which is 
now permitting us to generate 1012W beams1 and is projected to reach approximately 1013W 
later this year.2 The methods being investigated for concentrating this power onto targets a few 
millimeters in diameter (typically DT-filled metal shells3) are to employ either self-focused 
single4 or dual5 electron beams. In addition, recent theoretical6'7 and experimental8'9'10studies 
indicate that the self-magnetic insulation characteristics of high aspect ratio diodes may make it 
possible to generate ion currents comparable to the electron current. It has been proposed to 
utilize this feature of enhanced ion flow in high current diodes by reversing the polarity of a 
double-diode configuration and geometrically focusing the resultant intense ion beams onto a 
target.6 '1 ' 

These methods of beam concentration require that the resultant explosion occur within 
the diode of the accelerator. Survivability of the diode components will require the use of hollow 
electrodes, the injection of a plasma anode, and probably will also necessitate frequent resurfac
ing or replacement of solid electrode surface layers exposed to the resultant soft x-ray flux.'2 

In order to succeed in the projected final application, one would have to capitalize on the inher
ent simplicity and efficiency of pulsed particle accelerators and employ high repetition rates with 
large numbers of small diameter "combustion" chambers.13 

* Work supported by USERDA. 
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Hydra 
Proto I 
Proto II 
EBFA 

Peak 
Power 
(W) 
8 x lO^W 
2 x 1012W 
8 x 1012W 
4 0 x 1012W 

Pulse 
Duration 
(ns) 
80 
24 
24 
24 

Year 
of 
Operation 
1972 
1975 
1977 
1979 

These physics and engineering issues TABLE 1. Accelerator Parameters 
are being addressed at Sandia Labs in a series (Double-Beam Operation) 

of scaling tests which are planned to reach 
power levels of approximately 1014W 
(thought to be needed, for breakeven) by the 
early 1980's. Specific steps in this program are 
outlined in Table 1. Some of the recent re
sults of this program are discussed below. 

POWER CONCENTRATION 

Our first objective in the application of pulsed power to fusion ignition is to concentrate 
energy in time and space at maximum levels of efficiency. This is to be accomplished through a 
series of high-voltage energy transfer stages which culminate in electromagnetic waves converg
ing within a liquid or solid dielectric. As the energy converges in space, the electric field in the 
dielectric medium of the final transmission line increases so that the most severe problems occur 
close to the output point or load. Since the limiting power flux in such a dielectric is proportion
al to (breakdown strength)2 x (dielectric constant)1 n , it is necessary to maximize the allowable 
electric fields. Our approach is to limit either breakdown initiatory processes through use of short 
pulse durations or to provide external means to prevent the breakdown initiation entirely. The 
weakest link in the power flow chain is the interface between the solid insulator and the vacuum 
in the diode region. Several methods for treating this problem are being considered14 and one 
approach is to prevent interface breakdown. Breakdown at this surface is generally thought to 
result from an avalanche process stemming from intitial electron emission from the cathode-
insulator junction. It has been shown that the self-magnetic field of the beam in a low impedance 
diode can be sufficiently large to deflect electrons away from the insulator surface, thus pre
venting the onset of breakdown.15 '16 The implication of this increase in breakdown strength 
would be to allow a reduction in the inductance which is typically introduced at the insulator. 
The amount of the reduction will depend on the insulator and surface properties, but if the 
concept scales favorably, then the limiting stage in power concentration will become the vacuum 
region and particle flow in the diode itself. If an electric field of 1 MV/cm can be sustained across 
an insulator at a diode radius of one meter, then a 30-60 ns pulse with a rise time of 10 ns can 
deliver a peak current of 25-50 MA to two diodes. With an accelerating potential of 4-2 MV, this 
would give approximately 100 TW. At the insulator, the power flux would be approximately 
2 x 101 °W/cm2, and a further increase in power flux of approximately four orders of magnitude 
would still be needed. 

This further concentration of power is to be accomplished through beam focusing, and if 
the beam is emitted near the insulator, then a further radius convergence factor of ~ 100 is 
required. Two methods, as mentioned above, are being considered for this last stage of power 
concentration: use of electron or ion beams. 

Electron-beam focusing in diodes has been studied extensively using analytical,6'17 parti
cle simulation,7 and fluid18 methods, and these studies have resulted in the following model of 
the steady flow: After an initial cathode "turn on" and pinch phase in which plasmas are formed 
at both electrode surfaces, electrons originating near the edge of the cathode are accelerated 
toward the anode (Region a, Figure 1); they turn due to the beam self-magnetic field in a region 
of higher ion density near the anode (Region b); they then turn back toward the anode in a 
region where the electrostatic field dominates (Region c); and repeat this process several times 
until they reach the axis region. The ion current is space charge limited but can be comparable to 
the electron current since the ions travel a distance small compared to the electrons.6 Similar 
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19cm 

Figure 1. Electron and ion trajectories for a 1.5 MV 

diode; l e = 340 kA, l j = 225 kA (Ref. 19). 

* EQUIPOTENTIAL / ^ / / / C A T H O D E ; / / / / ) 

ANODE 

behavior is predicted" using a two-dimensional fluid code which includes self-consistent emission 
of ions and electrons (see Figure 2). The important features depicted by the fluid stream lines 
shown here are the almost radial nature of the flow which is along equipotentials and the rather 
high angles of incidence near the axis. The focused beam is found to have a sizable transverse 
temperature, and this behavior is thought to be responsible for the high degree of uniformity 
which has been observed in single-beam irradiation of spherical targets.4 It should also be noted 
that beam temperature can limit the final degree of beam compression. 

With only a thin layer of anode plas
ma as shown in Figure 1, the ion flow is 
necessary to achieve electron focusing, but 
this ion current represents a loss of energy. 
Various methods to suppress the net ion cur
rent and still achieve electron focusing have 
been proposed, including use of a high Z an
ode plasma,1 9 restricting the radial extent of 
the anode plasma,2 ° and forcing the ions to 
reflex through a hollow cathode located be
tween two anodes. Particle simulations of this 
"reflexing ion" concept indicate that, for a 3 
MV diode with R/D = 24, the electron current 
is 75% of the total as compared with 25% 
without ion suppression.21 As mentioned 
earlier, another approach being considered is 
to assure an adequate ion supply and to geo
metrically focus the resulting ion beam. After 
the ions pass through a screen cathode, they 
propagate as a neutralized, and thus, force-
free beam. (See Figure 3.) Since roughly an 
order of magnitude increase in voltage is per
missible when ions are used instead of elec
trons,22 this approach would markedly relax 
power flow requirements. Similar benefits 
should also accrue from a modification of the 
electron deposition characteristics to effec
tively shorten their stopping distance. 

Recent experimental studies of elec
tron focusing have involved the use of Proto 
I. Focusing experiments with a low density 
(10 1 2 /cm 3 ) plasma preinjected into hollow 
cathodes of outer diameters up to 56 cm have 
given efficient focusing but with final focal di
ameters of approximately 3 cm.1 It has been 
suggested that a higher plasma density is re
quired near the axis for the space charge neu
tralization needed for tighter focusing and a 
plasma gun source which generates plasma 
densities of 101 5 /cm3 has been prepared. On 
the other hand, with small diameter (2 cm) 
cathodes, the initial energy density due to 
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Figure 2. Fluid code solutions for v = 750 kV, 
R/D = 10; shown are f luid streamlines, integrated 
current density, and ratio of the squares of the aver
age particle velocity components. 

EQUIPOTENTIALS 

ANODE 

Figure 3. Computer simulation of 20 MV spherical 

diode. 
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electron deposition in a solid anode is suffi
cient to rapidly produce the needed anode 
plasma. Current densities of approximately 
106 amps/cm2 have been achieved 'in this 
manner and have been used in 2-beam irradia
tions of a .62-cm-thick copper target. (See 
Figure 4.) Comparison of crater size with pre
dictions using a 2-D hydro code indicates that 
~ 8 kJ at a power level of ~ .4 x 1012 W was 
absorbed at the focal volume with a total 
beam power of .8 x 1012 W. 

In recent ion experiments on Hydra, up to 40 kA of ions have been produced at 800 kV 
out of a total diode current of 200 kA. Plasma ion sources were REB-bombarded metals, thin 
plastics, and preinjected plasmas. The! ion-beam generation efficiency of 20% was in agreement 
with theory19 and is expected to improve on higher voltage generators. The major problem in the 
use of ion beams from such diodes is to achieve suitable foci by utilizing appropriately con
figured electrodes. Aiming errors due to non-radial electric fields, magnetic fields, and foil or 
grid cathode scattering are expected to limit focusing accuracy and are under study. 

Figure 4a. Proto I diode configuration; voltage and 

current seen by each cathode. 

Figure 4b. Witness plates showing damage craters re

sulting from single and double beam irradiation. Inset 

shows enlargement crater photo. 
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1 
2 
3 
4 
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16 
30 
50 

300 

Mat'l 
Au 
Au 
Au 
CH 

DT MASS 

S, TW/g 
22.2 
12.0 

7.1 
18.5 

1 

BEAM-TARGET INTERACTION AND PELLET DESIGN 

Target design studies have concentrated both on the short-term goal of defining targets to 
produce measureable neutrons at Hydra or Proto I power levels and on the longer range goal of 
minimizing the breakeven power flow requirements. Both of these goals, in a sense, can be de
scribed as minimizing the required current and have emphasized means of enhancing energy 
deposition or methods of increasing the allowable voltage. By relying on the "hot gas" behavior 
of tightly focused electron beams,23 we have postulated that enhanced deposition should be 
obtainable in targets which are thin compared to the electron range.24 If such targets are used 
with the exploding pusher mode, then higher 
fuel temperatures can be reached at low 
power levels. Although not suitable for igni
tion experiments, such targets should prove 
useful in the early neutron production stud
ies. (Figure 5).2 4

 10s 

In order to lower the current levels 
necessary for breakeven, shaped voltage z 
pulses2 s»26are being studied, with a goal of <r 
obtaining parameters which can be generated jj> 
as described in the previous section. Another z 

method for the use of higher voltage electron 
beams is to rely on electro-magnetic enhance- 104 

ment of the deposit ion in a low mass target.5 ° '1 D ™ASS 1 10M3 

Target exper iments have thus far been Figure 5. Neutron yields from targets made with 
limited t o Hydra and have emphasized the use shells of thickness T. The rate of electron energy de-
of four-frame double-pulse holographic inter- position is 0.2 TW in all cases, 
ferometry and flash x-ray shadography to determine explosion and implosion symmetry and ve
locities. Exploding pusher behavior is being investigated using empty thin-walled cylindrical shells 
(See Figure 6) and this diagnostic tool will be employed in a similar geometry to investigate the 
fuel-pusher interface stability quest ion. Results of these experiments have provided confirmation 
of enhanced deposi t ion.2 7 By comparison of ablation velocity data with results of hydrodynamic 
calculations, it was possible to determine the energy density in the absorption region. These 
measurements have shown power densities of 1-2 x 1012 W/g for shells of one range in thickness, 
increasing to 8 x 1012 W/g for targets one-thirtieth of a range in thickness. Maximum ablation 
velocities observed were 3.5 x 106 cm/s, which indicates an order of magnitude increase in ab
sorption power density over that expected from a cold beam making a single pass through the 
material. The uniformity of the resultant explosion tends to indicate that the beam self-magnetic 
field after penetration into the pellet material may not be the cause of the enhanced absorption 
since this might have resulted in large asymmetries. It is also unlikely that the beam current dens
ity could have been an order of magnitude higher than thought because this also would have lead 
to nonuniformity. These results suggest a stagnation of the beam by its self-magnetic field out
side of the target or a combination of effects due to the field both inside and outside the target 
material. Clearly, this discovery has significant impact on near-term experiments and could, in 
fact, lead to a redefinition of the optimum targets and electron-beam accelerator voltage for 
breakeven experiments. 

Neutron experiments have begun, using D-T- filled thin shells with gated scintillator-
photomultipliers for neutron time-of-origin measurements and activation counters for total yield. 
These experiments have yielded ~ 2 x yo1 n/shot. The neutron output has been tentatively iden-
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Figure 6. Holograms showing response of a cylindrical shell (wall thickness 350 /im) to single beam i rradiation. 
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tified with target disassembly, release of gas into the diode, and ion acceleration. Since this beam-
target source of neutrons characteristically occurs at the end of the power pulse, it should be 
possible to distinguish those neutrons produced by compressional heating through correlation 
with the measured implosion time. For instance, we expect that for a 3-mm-dia, 30-/um-thick Au 
shell, the implosion time should occur at 85 ns after the onset of the power pulse, whereas beam-
target neutrons are not expected until 35 ns later. Experiments of this kind are planned for the 
near future. 

FUTURE PLANS AND CONCLUSION 
In order to earn/ out high quality time resolved neutron production and implosion experi

ments, we estimate that > 101 3 W must be absorbed by the target. Such an experiment will 
require development of the "Electron-Beam-Fusion Accelerator" (EBFA) which is to operate at 
a peak power of 4 x 10 ' 3 W and is to begin assembly in 1978 and final testing in 1979. A proto
type of this device (Proto II) is currently under construction, and is planned to begin operation 
later this year. Proto II, which has parameters of 1.5 MV, 6 MA, and 24 ns pulse duration, is 
based on the development of low-jitter multi-channel water switching.2 8 This accelerator will be 
used in critical power flow studies in order to define the final design of the EBFA diode, and it 
will also be used in 1977 in target studies at power levels nearly one order of magnitude higher 
than available today. 

We are following two closely related paths toward the goal of a practical fusion ignition 
source: the self-magnetic focusing of electron beams and the geometric focusing of charge 
neutralized ion beams. Intense ion beams appear to be obtainable from low impedance diodes 
and have generally superior deposition characteristics when compared with electrons. Whether or 
not such beams can be focused will determine their ultimate value. Electron beams have been 
focused to a few millimeters and have demonstrated that good symmetry and enhanced deposi
tion can be achieved at power levels below 1012 W. Their successful application will probably 
require complex target concepts and will hinge upon achieving improved power flow in di
electrics and scalable methods for deposition modification. 
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Abstract 

DEMONSTRATION OF THE POSSIBILITY OF USING ELECTRON BEAMS FOR HEATING THERMONUCLEAR 
TARGETS. 

Exposure of gold and platinum foils to high-current electron beams indicated an energy input of up to 700 eV 
per atom; this exceeds by an order of magnitude the theoretical calculation of classical losses by the Monte-Carlo 
method for conditions where the foil thickness is considerably less than the depth of electron penetration into 
the material. The anomalously high energy input has made it possible to model a double-sheath target in which the 
first sheath (of Z » 1 material) slows the electrons down and transmits them by electrical conductivity to the 
surface layer of a second inner sheath of polyethylene. In this way, polyethylene velocities of (6—8) X 106 cnrs"1 

are attained and neutron yields of up to 3 X 106 are achieved from a conical target, corresponding to a 1000-fold 
compression of plasma and plasma heating up to T ~ 1 keV. 

1. HEATING OF THIN FOILS WITH A HIGH-CURRENT ELECTRON BEAM 

In a study of foil acceleration by an electron beam focused in the diode on the 'Tr i ton" 
device, [1,2] it was found that the energy input into the foil was weakly dependent on the 
thickness d, even when d <<C r0 (r0 being the classical range of electrons in the substance of the 
foil). The beam current in the experiments described was 120 kA, the electron energy — 500 keV, 
the pulse length at half height — 30 ns, and the current density — 2 MA-cm -2 . The vacuum-tight 
gold or platinum foil studied, from 50 to 30 nm thick, covered an opening (0 3 mm) in the massive 
anode. A diagram of the experiment is shown in Fig. 1. 

During heating, the foil burst, and the gold plasma escaped into a ballistic calorimeter located 
behind the anode. The calorimeter was cylindrical with a movable end, which was displaced by 
the pressure of the plasma and closed a dual electric probe. It was found that the calorimeter 
walls did not evaporate under the influence of the beam which had passed through the foil, and 
the pressure in the calorimeter was determined solely by the energy content of the gold plasma. 

The energy absorbed by the foil was found from the relation 

2MV0 

e = S(7eff - l ) t 2
e f f *™ ( 1 ) 
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where V0 is the calorimeter volume, M and S are the mass and area of the piston, 7e f f is the specific 
heat ratio, teff is the effective time of the pressure, and £p p is the distance between the piston and 
the probe. 

The energy estimated from a typical oscillogram, shown in Fig.2a, was 600 J or 50% of the 
total beam energy. This is more than ten times the energy obtained from the Monte-Carlo 
calculation allowing for the angular spread of the velocities in focused beams. 

Heating of the foil, was also determined from the plasma expansion velocity, measured with 
light flux recorders (streak camera, PM, PEC) and dual electric probes. The plasma luminescence 
was studied during flight past the slit or its collision with an aluminium foil barrier. In the case 
of thin foils, luminescence behind the barrier could be observed, after the latter was broken by the 
plasma flux. The arrival of the plasma causing the electrodes to close was recorded with electric 
probes. To eliminate the indeterminacy of the light measurements, due to an unknown distribution 
of the luminescence of the expanding plasma, a polyethylene foil of thickness d(cH2)n

 = 10—60 /im 
was placed at a distance of 1 mm from the anode foil in the majority of experiments. Most of the 
experiments were carried out with d(CH2)n

 = 10 a n d 30 nm. Typical oscillograms of the probe 
and light signals are shown in Fig.2. The velocity of gold reaches 7.5 X 10s for dAu = 10 jum and 
d(CH2)n

 = 30 Mm, and (5.5-6.0) X 10s cm-s - 1 for dAu = 5 /im and d(cH2)n
 = 30 Mm. In a free 

expansion of gold, the velocity increases to (1.2-1.6) X 106 cm-s - 1 and is weakly dependent on 
the foil thickness. 

FIG.l. Diagram of experiment: 1 - polyethylene cathode of accelerator; 2 - anode plate; 3 - gold foil; 
4 - polyethylene foil; 5 - removable foil barrier; 6 - movable piston of ballistic calorimeter; 7 - recording PM; 
8 • dual electric probe. 

To establish the relationship between the velocity and the energy introduced into the foil, 
these experiments were modelled numerically in the framework of a system of one-dimensional 
non-stationary equations of gas dynamics allowing for radiant heat conduction. For experiments 
with 10 Mm Au and 30 jum (CH2)n, separated by a distance of 1 mm, a dependence was obtained 
for the velocities of gold and polyethylene foils on the energy introduced into the gold foil 
(Fig.3). Comparison with the experiment leads to the conclusion that the energy absorbed is 300 J. 

The discrepancy between the measured energy and the losses in binary collisions calculated 
by the Monte-Carlo method (4.6% of the beam energy for dAu = 10 Mm) may be explained by an 
increase in the effective residence time of electrons in the foil plasma owing to the action of the 
intrinsic electric and magnetic fields of the beam. In a high-current diode, the electrons are pulled 
toward the anode, forming a cloud of relativistic electrons [3]. The magnetic field of the diode 
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FIG. 2. Typical oscillograms of probe and Ugh t signals: a - signal from ballistic calorimeter; b - 1-fis markings; 
c - signal from electric probe (d^u = 10 (xm, ^(CH2)n

 = 30 lun); d - signal from PM (d^u =10 nm, d(cH2)n
 = 30 ixm); 

e - signal from PM (d^u = 5 ym, d(CH2)n
 = 30 A"" A' / - signal from PM of freely expanding plasma (dAu =10 /Jim); 

g - 0.5-fis markings. 
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FIG.3. Calculated dependence of the velocities of gold and polyethylene foils on theienergy introduced into the 
gold foil. 
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penetrates into the plasma of the bursting foil, since, as follows from numerical modelling, at the 
instant of the main energy input the plasma has the parameters T = 20 eV, Zeff = 5, and expands 
to d = 0.5 — 1 mm. The thickness of the skin layer turns out to be comparable to d. 

When they penetrate into the plasma, the electrons are either reflected into the acceleration 
gap toward the cathode, or they pass through the foil, or remain stuck in it. The reflected electrons 
are returned to the foil by the electric and magnetic fields of the diode. The electric field of the 
diode is absent from the foil plasma. Therefore, the transfer of relativistic electrons may be due to 
diffusion during elastic scatterings, and also to magnetic drift. The latter may be represented as 
follows: 

7mc2 IA 
^ - J - I V H I - C — , IA = 17000 07 
eH2 21 

In our experiments, the diode current was 4—5 times greater than IA- Thus, the residence time of 
electrons in the foil plasma and hence the losses should increase by one order of magnitude. This, 
in our view, accounts for the effect observed. The role of the electric field behind the anode 
foil [4] is apparently insignificant. This is indicated by the fact that the foil heating is independent 
of the gas pressure in the drift gap. 

The observed effect of an anomalously high absorption of beam energy in thin foils ensures 
an energy input up to 800 eV per atom of gold and makes it possible to model the heating of 
thermonuclear targets. 

2. ESCAPE OF THERMONUCLEAR NEUTRONS FROM A SHEATH-COMPRESSED PLASMA 

In connection with the development of the technology of production of super-powerful 
light pulses from lasers and relativistic electron beams (REB), studies are being made of methods 
of initiating a thermonuclear reaction by compressing a DT mixture with a sheath accelerated to 
high velocity. The heat losses from the plasma due to electron heat conduction and bremsstrahlung 
prevent heating during compression. For the chosen temperature T, the losses are minimal for a 
certain value of the product of plasma density by its size: 

I Z2 n a r (cm"2) » 1021 T3/2 keV (2) 

where Za is the effective charge of ions of density n a . When this condition is fulfilled, the plasma 
can be heated up to a chosen temperature by compressing it with a sheath moving at a velocity of 

V ( c m - s _ 1 ) > 3 X 10 6T(keV) (3) 

It was shown in the preceding section that, thanks to the action of the intrinsic magnetic and 
electric fields of the beam, in the diodes of high-current REB accelerators, an energy input into 
thin anode foils at a level of 1 keV per atom can be achieved. Experiment and calculations have 
shown that, under these conditions, radiant heat conduction removes from a gold foil 5 jum thick, 
in the form of heat 30—50% of the energy left by the beam in the foil. In experiments where 
the cavity behind the anode foil was closed off with a polyethylene film 10 /mi thick, one-half 
of the heat flux was expended in heating the inner surface and acceleration of this film. In 
accordance with the calculation, velocities of (5 -7 ) X 106 cm-s - 1 were recorded. 
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FIG. 4. Diagram of thermonuclear target: 1 - Au or Pt coating, 5 \xm; 2 - (CH2)n coating, 10 ym; 3 - steel; 
4 - lead. 

FIGS. Oscillograms of signals from two scintillation detectors: a - signal from detector located at a distance of 
1 mfrom the target; b - signal from detector located at a distance of 1.6 m from the target; c - 50 ns markings. 
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FIG. 6. Calculated r-t diagram of the process during a 600-J energy input into the gold foil and corresponding 
signal from the distant neutron sensor (1.6 m from the target). 

These results prompted us to set up experiments on compression of deuterium plasma. At 
such "piston" velocities, one could expect to reach a temperature of 1-2 keV and an appreciable 
neutron yield. The length of the heat pulse r obtained from the calculations was 10-20 ns. To 
obtain an efficient utilization of the heat, the envelope radius should be greater than 3 Vr, which, 
for our conditions, is 2 mm. 

According to the calculations and measurements, the energy of the "Triton" REB device 
was sufficient to accelerate the polyethylene.foil (thickness 10 jum, diameter 2 mm) to an energy 
of 25-35 J. Therefore, the foil, which was a portion of a spherical surface with a radius of 2 mm, 
was driven into a cone, with an apex angle of 60°, stamped out of lead. In our view, this adequately 
simulates spherical compression, as long as the lead withstands the pressure of the compressed 
plasma. A diagram of the experiment is shown in Fig.4. To achieve a temperature of 1.5-2 keV, 
it is necessary to compress the plasma approximately 1000-fold. The piston energy is sufficient 
for heating 3 X 1016 deuterium atoms, corresponding to an initial density of 1019 cm-3. This 
is 1 /10 of the requirement according to relation (1) for a 1000-fold compression. We, therefore, 
added 7-10 percent of argon to the deuterium. 

The neutrons were recorded by using an activation silver counter and proportional helium 
counter. 

The neutron yield strongly depended on the initial pressure of deuterium and on the compo
sition of the mixture. The maximum yield was (1-3) X 106 neutrons per pulse and corresponded 
to a pressure of 150 torr at 7% argon. This was in agreement with the results of one-dimensional 
numerical modelling. The walls of the cone were considered in the calculations by introducing a 
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correction factor into the thermal conductivity coefficient. The losses due to heating of the 
lateral walls in the space between the foils were considered by artificially reducing the specific 
heat ratio for polyethylene (7 = 1.2). The stability of the measured neutron yield, despite the 
strong dependence of < Va> on T, may be explained by an expansion of the tip of the cone. This 
expansion was observed experimentally and corresponded to a 1000-fold compression and to a 
pressure of (3—5) X 107 atm. 

Figure 5 shows oscillograms of signals from two scintillation detectors located at distances of 
1 and 1.6 m from the target. The reference pulse simultaneously fed to the oscillographs was the 
signal from a photodiode recording the bremsstrahlung from the target (positive signal). To 
suppress the X-ray radiation, the scintillation neutron detectors were placed in lead casings 11 cm 
thick. The signal delay time on the second detector relative to the first is 25 ns, which corresponds 
to a thermonuclear neutron energy of (2.4 ± 0.5) MeV. Knowing the neutron energy, one can 
determine the instant of neutron generation, which is denoted by an arrow on the oscillogram. 
In this experiment, the neutrons were generated 37 ns after the appearance of X-ray radiation, 
when the voltage on the diode dropped appreciably. The calculation with a 1-kJ energy input 
corresponds to these oscillograms. 

Figure 6 shows the calculated r-t diagram of the process for a 600-J energy input into the gold 
foil. The signal given below, obtained from a distant neutron detector, corresponds to this 
calculation. In this experiment, the neutrons appeared in 20—25 ns, at the end of the pulse of 
X-ray bremsstrahlung. 

In conclusion, we thank E.K. Zavojskij for the discussions and advice in the course of the 
work, and B.V. Alekseev, E.I. Baranchikov, V.P. Bochin, S.P. Zagorodnikov, V.I. Ivanov, 
L.I. Urutskoev, E.I. Tsygankov, and G.I. Shatalov for the numerical studies and assistance in the 
experiment at various stages of the work. 
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Abstract 

TRANSFER AND FOCUSING OF HIGH-CURRENT RELATIVISTIC ELECTRON BEAMS ONTO A TARGET. 
The paper describes experimental work on methods of transporting electron beam energy onto target 

surfaces. With radial injection of the beam in the equatorial plane of a magnetic trap with oppositely directed 
fields, up to 30—40% of the beam energy hits the target, provided the aspect ratio is R/r = 10 (R* is the trap 
radius and r the target radius). The operation of the magnetic insulation lines is studied in conditions where the 
length of the front propagating along the line is comparable with the line length. The measured wave velocity 
proved to be close to the theoretical value. The authors also report on focusing of beams in a diode with a pin-type 
cathode and in lines with magnetic self-insulation. 

Studies conducted in the Soviet Union on initiating pulsed thermonuclear reactions in 
sheath-targets usind relativistic electron beams (REB) [ 1 ] have a two-fold purpose: a study of the 
physics of the processes occurring in targets and possibilities of transferring the energy of high-
current REBs to its surface. Work on the first problem developed after substantial success had been 
achieved in focusing high-current beams in the diodes of existing accelerators [1—4]. Their further 
evolution is closely tied to the search for effective methods of focusing more powerful beams to 
obtain energy currents ^>1013 W-cm~2 . Research in recent years on focusing high-current beams 
in diodes shows that beams with energies up to 10 kJ are effectively focused in the anode on a 
spot of several millimeters, with current densities up to 10—30 MA-cm -2 [2]. Although at the 
present time there exists no well-defined interpretation of phenomena in high-current diodes, the 
presence of well-focused beams has made it possible, owing to the high current density and power, 
to conduct experiments on accelerating thin foils to velocities of <10 7 cm- s"1, compressing and 
heating deuterium plasma in a multi-sheath target to thermonuclear temperatures [5,6]. The 
search for means of increasing power and energy in focused REB must be continued. 

Recently, the transfer problem has acquired great significance; this problem can be solved 
by exploding targets with an energy release of more than 107 —108 J [7]. This level of energy 
release is of interest for pulsed thermonuclear reactors. 

Research is being conducted, at present, in the I.V. Kurchatov Atomic Energy Institute to 
investigate possibilities of creating a pulsed thermonuclear reactor based on REB; this work 
involves the creation of a multimodel system using vacuum lines for transferring energy and an 
acute-angled external magnetic field for transferring electron beams to the target [7]. A field 
of this configuration can be used at the same time for accumulating a "cloud" of relativistic 
protons around the target for purposes of irradiating them. This alternative solution of the problem 
of target irradiation, instead of focusing beams directly on it, may prove to be highly promising. 
Experiments are described below which were conducted recently on high-current electron 
accelerators "Ural", "MS" and others and which were directed at investigating possiblities of 
transferring and focusing high-current REB, as well as effective transmission of electromagnetic 
energy using vacuum lines at considerable distances. 
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1. INJECTION AND TRANSPORT OF A DISK RELATIVISTIC ELECTRON BEAM INTO AN 
ACUTE-ANGLED MAGNETIC TRAP 

Experiments in simulating radial transport and accumulation of an electron cloud are being 
conducted on the high-current accelerator "Ural" adapted for generating and injecting a disk 
beam with an energy of approximately 500 J (electron energy 200—300 keV, beam current 
approximately 50 kA, pulse duration 60—70 ns) into a magnetic trap with acute-angled field 
geometry through its equatorial slit [7, 8]. 

A diagram of the experiments is shown in Fig. 1. A plexiglas cup 80 mm in diameter (1) is 
inserted into the high-voltage diode cathode holder of the accelerator; this cup has a circular 
slit in the equatorial plane of the magnetic trap (3) 10 mm in diameter which is sealed with 
aluminium foil 12—15 microns thick connected to the housing of the unit with a copper foil 
strip which served as the anode of the accelerator gap. Cathode 2 was a stainless-steel ring with 
an opening of 86 to 92 mm in diameter and a thickness of from 0.5 to several millimeters. A 
cathode with a tapered edge was used in a number of the experiments. The disk beam was 
injected through the anode foil in which a hole was burned 1.5 to 4 mm wide, depending on 
the experimental conditions, in particular, on the strength of the trap magnetic field in the region 
of the beam injection. A photograph of a cup after the experiment is shown in Fig.2. A pulsed 
magnetic field (current period 10 jus) of acute-angled geometry (3) was created using two copper 
screws (4) with countercurrents in them. The distance between the screws was 20 or 40 mm. 

FIG.l. Experimental arrangement. 
1 - plexiglas cup; '2 - cathode; 3 — equatorial plane; 4 — two copper screws. 
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FIG.2. Plexiglas cup with circular slit for radial injection of a disk electron beam. The point where the beam 
has burned through is clearly visible on the anode coil. Width of burn-through location 1.5-4 mm. 

FIGS. Geometry of magnetic field. 
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50 ns 
FIG.4. Typical oscillograms of current (a), voltage (bj, X-ray radiation sensor signal (c). 

The maximum field strength in the trap slit and plugs at the instant of beam injection, with 
L = 40 mm, was 13 kOe and 6 kOe respectively. The sizes and configuration of the screws in 
the magnetic field are shown in Fig.3. 

We conducted experiments on transferring energy with an electron beam to a target located at 
the centre of the magnetic trap with residual air pressure in cup (1) from 4 X 10"4 torr to several 
torr. 

The energy of the beam in the diode was determined from the voltage and current oscillograms, 
with a correction for the inductive component of the voltage. Typical voltage and current 
oscillograms in the diode and the 7-ray radiation detector signal are shown in Fig.4. For ordinary-
conditions, the energy of the beam determined by this method was 470-480 J. 

Along with this, the energy of the electron beam behind the anode foil was determined with 
various forms of thin-walled graphite calorimeters. A photograph, of the calorimeter which consists 
of two graphite disks 50 mm in diameter located in a plane with the two trap plugs is shown in 
Fig.5. The calorimeters were protected by radiators of thin aluminium foil (10 jum) to preclude 
heat radiation in case of local overheating of them. Calorimetric measurements showed that the 
beam is injected in a symmetrical manner with less than 10% scattering. The total energy released 
at the calorimeters in the absence of a target in the trap centre for a magnetic field in the slit of 
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FIG.5. Disk graphite calorimeter: 1 - graphite disks; 2 - radiators (lQ-ym aluminium foil); 3 - thermocouples. 

FIG. 6. Photograph of beam trail in X-rays. 
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FIG. 7. Diagram of experiment: 1 - cathode support; 2 — inner vacuum line tube; 3 - outer vacuum line tube; 
4 — cathode; 5 — anode; 6 - capacitive divider; 7 - shunt. 

H ^ = 13 kOe (L = 40 mm) and a pressure of 4 X 10~4 ton, was 415-420 J under ordinary 
conditions. Calculation shows that the energy loss by an electron beam in one pass to the anode 
foil is, on the average, almost 5%, allowing for energy spectra. Comparison of calorimeter readings 
with the total energy of the electron beam in the diode indicates the absence of multiple (>5 -10) 
passes of most of the electrons through the anode foil. When the pressure in the cup is reduced 
to 1 torr, the total energy determined from the calorimeter reading drops no more than 10-15%. 

The distribution of the heat released at these calorimeters was also studied in this work in 
the absence of a target in the trap centre, depending on the position of the beam injection plane. 
In these experiments,to fix the injection plane more specifically, the electron beam was collimated 
by a circular slit 1 mm wide which was formed between two stainless-steel cylinders 100 /xm 
thick which were slipped on the top (1), and a circular cathode 0.5 mm thick was used. Results of 
experiments show that when the injection plane (plane of the collimator) is shifted out of the 
equatorial plane of the trap, the readings of the "far" calorimeter (calorimeter from which the 
collimator was moved) dropped, and when shifted 2 mm showed 40—50% of the readings of 
the other calorimeter, and, when shifted 3 mm, they showed 30-35%. These results, in actuality, 
did not depend on the pressure in the cup when it was changed from 5 X 10 - 4 to 1 torr. The 
total energy recorded by the calorimeters or a collimated electron beam was nearly 50% of the 
total beam energy determined from the voltage and current oscillograms; this recorded energy 
depended little on the position of the injection plane within the limits of the collimator shift 
(up to 3 mm). Let us note that the medium Larmor radius for electrons passing through the anode 
foil in the region of the trap slit magnetic field ( H ^ « 13 kOe) was ^O.S mm: this precluded 
direct incidence of electrons on the far calorimeter when the collimator was shifted more than 
1.3 mm. Consequently, it can be assumed that when the collimator is shifted 2 mm or more, 
the readings of the far calorimeter are due to the incidence of electrons on it which have been 
"captured", i.e. which have passed through the central region of the trap. If it is assumed that 
the captured electrons completely forget the prehistory of their movement during non-symmetrical 
injection, it can be assumed that the quantity of captured electrons incident on both collimators 
should be the same. By using experimental data on the distribution of heat released at the 
calorimeters, it can be found that, when the injection plane is shifted 2 mm, the part of the energy 
carried by the captured electrons is approximately 60% of the total energy released at the 
calorimeters, and in the case of a 3 mm shift, this fraction drops to 50%. Estimates show that 
the fraction of captured electrons during injection of an uncollimated beam in the equatorial 
plane using a cathode 1 mm thick will be,at least, 60—70%. 
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Fig.8. Oscillograms of voltage (Uj, current at the shunt (1^), current in the Faraday cylinder (IF), X-ray radiation 
(R*fy) with a lateral line surface: (a) 0.7 m from the beginning of the line; (b) from the end of the line and on 
the anode (c). 

The energy transmitted to the target located in the centre of the magnetic trap was deter
mined from measurements of matter sublimation and heating of the various test pieces irradiated 
by a flow of relativistic electrons. The heating of the pieces was measured using a thermocouple, 
and sublimation by the decrease in mass following the experiment. It should, however, be kept 
in mind that the energy determined from thermodynamic sublimation is low without considering 
ionization of vaporized matter. There is also another source of errors associated with splitting off 
of microparticles carrying electron irradiation of the targets; this source of error plays a significant 
role at energy current densities greater than 1010 W • cm-2 and results in overestimation of the 
energy determined from mass loss [9]. To establish the energy released at the targets more reliably, 
the measurements were taken using various test bodies made of graphite, aluminium, copper and 
lead (globules 4, 6, 8 mm in diameter and cylinders 8 mm in diameter and 6 mm long) considering 
available data on kinetic sublimation and data on the splitting off of microparticles. The medium 
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FIG.9. Oscillograms of voltage (U), current at the shunt (Ish) and current in the Faraday cylinder (I¥). The 
initial segment (20 cm) of the interchannel electrode line is covered with aquadag. 

energy current density on the surface of the test pieces in the centre of the trap in our experiments 
did not exceed (2 -3 ) X 109 W-cm -2 and therefore corrections associated with the splitting off 
effect of microparticles did not exceed 20-30%. The results of measurements show that, in the 
case of low residual air pressure (>10~3 torr), for a magnetic trap with L = 40 mm and H ^ = 13 kOe 
no less than 30% of the initial energy confined in the beam was released at the targets with a surface 
area of 2 cm2 (globule diameter 8 mm). When the pressure is increased to several torrs, the 
fraction of energy released at the targets of these dimensions increases to 35%. When the magnetic 
field is halved ( H ^ = 6.5 kOe) a small increase in energy released at the trap is observed (10-15%). 

The nature of beam propagation in the trap and the degree of homogeneity of target irradiation 
were determined in these experiments. The beam trail in X-ray beams was photographed with a 
camera obscura to establish the propagation nature of the disk electron beam in the trap. Photo
graphs from various regions of the trap made with a tantalum converter (cylindrical or conical) 
with approximately 1 torr pressure in the cup are shown in Fig.6. It can be seen from the photo
graphs that the beam preserves its disk shape in passing 20 mm radially into the trap. Finally, 
non-uniform luminescence of the lead globule 8 mm in diameter suspended on a fine wire in the 
centre of the trap is clearly visible in the last frame of Fig.6 (pressure P = 4 torr). With low 
pressure (P < 10"3 torr), the nature of beam propagation is different. X-ray luminescence of 
the surfaces of test pieces inside the trap is essentially more uniform than at high pressures; this 
indicates "scattering" of the beam. The radiation symmetry and high level of energy transfer 
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FIG. 10. Effectiveness of charge (Q) and energy (e) transfer from the acceleration gap d. 

effectiveness to the target in a case of scattering of the beam which has entered the trap can be 
explained by the fact that the magnetic field used is a good trap for relativistic electrons; the 
equatorial slit of this trap is blocked by electrical and magnetic fields in the diode, and the loss 
area through the plugs is small. In this trap the relativistic electrons entering it should accumulate 
in the form of a "cloud" in the region of the neutral pole. If the target falls into this cloud, its 
surface will be uniformly heated by the relativistic electrons being injected into it. 

2. VACUUM LINE WAVE MODE WITH MAGNETIC INSULATION 

Earlier work on magnetic self-insulation of vacuum lines 9. = 0.4—0.7 m long were performed 
under conditions crf/£ ^ 10—15 (where Tf — duration of the pulse front at the line input, in 
seconds) [10]. Meanwhile, the length of the lines should be approximately 3—5 m, r^g ^ 3 for 
the accelerator with beam energy 107 J. Therefore the shaping of the wave front with magnetic 
insulation and the effect of possible leakage currents on the effectiveness of energy transfer from 
the accelerator to the diode must be investigated. 

The results of studies conducted on accelerator "MS" with a co-axial line with external and 
internal stainless-steel electrodes 5.2 cm and 2.0 cm in diameter and 3.5 m long are given below. 
In the experiment whose diagram is shown in Fig.7, the voltage and current at the input and 
the current to Faraday cylinder and end anode, and the X-ray radiation from the anode and side 
line walls were measured. The pressure of the neutral gas at the input into the line was 5 X 10"6 torr 
and 10~4 torr at the anode. The accelerator gap d varied from 0 to 1 cm. 

When E ~ 200—250 kV-cm - 1 an explosive emission from the negative electrode occurred 
at the voltage pulse front; this was not noted from discontinuities on the voltage and current 
oscillograms. Up to this time, and ordinary electromagnetic wave was propagated along the line. 
To reduce its intensity, a dielectric insert 4 cm long was placed at the input into the line in a 
number of experiments, or part of the internal electrode 20 cm long was covered with an aquadag 
film (a graphite lubricant) to reduce the delay time of the explosive emission occurrence. It is 
apparent from typical current and bremsstrahlung oscillograms (Fig.8) that there is a forerunner 
with low amplitude behind which the main front begins. The propagation speed of the forerunner 
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FIG.ll. Ratio of charge passing through the Faraday cylinder to a full charge depending on the cathode-anode 
gap for co-axial cables of various lengths (L). 

is equal to the speed of light. The use of dielectric inserts and aquadag covering of the electrodes 
at the input of the line resulted in a sharp decrease in the amplitude of the forerunner (Fig.9); 
this indicates a relationship between its appearance and the absence of intense emission from the 
negative electrode at the beginning of the pulse. The wave propagation along the line resulted in 
distortion of the main front. As follows from Fig.9, the current build-up velocity in the Faraday 
cylinder tripled in comparison to the shunts; it was 2.4 X 1012 A-s - 1 . The propagation speed of 
the main pulse front was low (0.45 + 0.05) s for the voltage pulse amplitude at the 460 kV input. 
Analyses of the oscillograms indicate the strong dependence of the front velocity on the voltage. 
In the simplest case, wave propagation with magnetic insulation can be described by equations 
of telegraphy: 
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If we consider that the width of the wave front A < C and assume build-up behind the magnetic 
self-insulation front [10, 11], the wave velocity can be obtained in the form 

7 - 1 
7 + 1 

(2) 

where 7 = 1 + eU/mc2. 
The values of v found from Eq.(2) are near-experimental values. 

The characteristic feature of the wave solution with magnetic insulation lies in the great 
losses compared to the quasi-stationary state. The overall leakage charge depended on the current 
and voltage, and as follows from Fig. 10, was minimum for d = 2 mm. Leakages to the side wall 
of the line generated X-ray bremstrahlung with an energy corresponding to the voltage in a line. 
Rough estimates of the leakage charge from X-ray measurements are, at least, 30% of the charge 
flowing onto the anode. 
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'FIG.12. Dependence of delay of current to the Faraday cylinder (I-p)on the accelerator gap d. 

Among the probable causes of leakage, let us note losses on the wave front which follow 
from the ideas developed above, geometrical heterogeneity and possible instability of the electron 
layer in the gap. The effect of these factors can be reduced by choosing a mode with a greater 
current than that which follows from the theory of magnetic insulation. 

3. FOCUSING AN ELECTRON BEAM IN LINES WITH MAGNETIC INSULATION 

When the strength of the electric field in the gap is increased to 2—3 MV-cm -1 , the formation 
of a focused beam which propagates in the end gap of the co-axial cable at a distance of from 
0.3 cm to 2.0 cm was observed. 

These measurements were conducted on the "MS" unit in a line 10 cm long which operated 
in the quasi-stationary mode. Co-axial cables with an external radius of from 0.2 to 2.5 cm and 
internal radius of from 0.035 to 0.2 cm were mounted at the output of the accelerator tube. The 
length of the co-axial cable varied froml to 10 cm, while measurements have shown that the 
impedance of the co-axial cable did not, in actuality, depend on its length. It follows from 
analysing the oscillograms that for b/a = 0.4/0.2 the current to the Faraday cylinder is delayed 
relative to the beginning of the current at the shunt by ~34 ns when the gap is increased from 
0.3 to 2.0 cm. It can be confirmed with up to 10% accuracy that the time delay AT increases 
linearly as the gap d increases. 

The effectiveness of beam transmission, which is determined by the ratio of charges incident 
on the Faraday cylinder and passing through the shunt, is shown in Fig.l 1 for a change in the gap. 
In doing this, the current on the lateral surface of a co-axial cable in its end section increases; this 
is also confirmed by measurements of X-ray radiation from the lateral surface. The beam transfer 
condition to the co-axial cable is determined by its impedance. For a highly cylindrical form, 
b/a > 1, an approximated calculation gives an impedance value Z ~ I/c = 30 J2. 

The drop in impedance of the co-axial cable and its time displacement can be explained by 
the formation of plasma in the diode gap. In fact, a high plasma density is formed on the internal 
electrode of the co-axial cable as a result of outburst of micro-cusps. For large diode gaps; the 
current is initially incident on the lateral surface of the higher co-axial cable, as a result of which 
the plasma is accelerated in longitudinal direction and injected into the diode gap [12]. In doing 
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FIG.13. Current density in the anode plane obtained using obscurograms. 

FIG.14. Schematic view of accelerator: 1 - energy storage capacitor; 2 - controllable gas commutator; 
3 - shaping rod; 4 - free running gas commutator; 5 - cathode; 6 - high voltage diode; 7 - pin; 8 - anode foil; 
9 - anode insert; 10 - anode; 11 - resistive voltage divider; 12 - current shunt; 13, 14 - X-ray sensors; 
15 - polyethylene diode insulator. 
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this, the main part of the beam is incident on the Faraday cylinder. The time delay of the current 
on the Faraday cylinder gives a plasma velocity value of approximately 5 X 107 cm-s - 1 (Fig. 12). 
To estimate the density of the plasma injected into the gap a hydrodynamic equation can be used: 

3t 3z 8TT 

The expression 

H2 MH 
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3 X 101 3cnT3 

is obtained for the plasma density from this formula. It is essential that this density be of the same 
order as the beam density, on the condition that the beam size is determined by the size of the 
focused spot on the anode. The presence of this plasma is also confirmed by the short-circuiting 
of the diode gap with gaps d < 2 cm for a time less than the pulse duration, recorded from the 
characteristic "pulling" of the current to the Faraday cylinder. The distribution of beam current 
density on the anode obtained by a camera obscura is given in Fig. 13. The focusing region is 1 mm 
for half the height. The measurements of bremsstrahlung intensity with a scintillation-meter using 
a collimator system with 8, 4 and 2 mm apertures established that 90% of the overall X-ray radiation 
from the end passes from the 8 mm diameter opening, 35% of the radiation from the 4 mm diameter 
opening, and 20% of the X-ray radiation from the 2 mm diameter opening. In doing this, the 
average current density in the focusing region is 0.5 MA -cm -2 . The electron energy determined from 
the hardness of the X-ray radiation corresponds to the voltage in the anode. Let us note that 
focusing in co-axial geometry produces a softer generator-load connection. 

4. FOCUSING A HIGH-CURRENT ELECTRON BEAM IN A DIODE USING A PIN 

We have previously recorded the results of acute and effective focusing of a beam in the 
high-current accelerator "Ural", with a wave resistance of the shaping line of p = 2.5 £1, using a 
pin attached to the cathode [2]. As has been noted in Ref.[2], the attempt to describe the focusing 
phenomena using a pin on the basis of parapotential theory has not been well grounded. The 
results have depended little on the length of the pin, or, in other words, on the ratio of the diode 
radius to the distance of the cathode-anodes. On the other hand, focusing depended a great deal 
on the gap between the pin and anode. 

Additional experiments were conducted on the accelerator "Ural" to investigate the pin 
focusing mechanism; studies were also conducted on another high-current accelerator with para
meters considerably different from those of the "Ural", primarily a difference in the resistance of 
the shaping line of approximately 0.3 £1. A schematic view of this accelerator is given in Fig. 14. 
The electrical length of its water co-axial line was 30 ns, with a rated power reserve of approximately 
100 J. A voltage of 40—60 kV was sent to the accelerator diode through a gas commutator. Typical 
current, voltage and X-ray radiation oscillograms for two gap values (d) between the pin and anode 
are shown in Fig. 15. Gap d = 1.5 mm is the optimum value, and when d = 0.5 mm a near short-
circuit mode was observed in the diode. Photographs of the spherical spotting X-ray light obtained 
using the camera obscura for an optimum gap d = 1.5 mm are shown in Fig. 16. The current density 
in the 0.5 mm diameter focal spot was 25 MA-cm -2 . Focusing with a spot with a complex structure 
was observed in some of the experiments (Fig. 16b); 

The hardness of the X-ray radiation emerging from the focal spot was measured on accelerator 
"Ural" using the method of filters and a lead collimator with a 1-mm diameter aperture attached 
in the region of beam focusing on the anode. It was established that the hardness of the radiation 



1 9 8 BARANCHIKOV et al. 

I II 

100 k A 

50 kV 

50 ns 

d = 1.5 mm d = 0.5 mm 

FIG.15. Typical oscillograms of current (a), voltage (b), X-ray radiation sensor signal (cj; I - For gap d = 1.5 mm 
(X-ray signal 34 times weaker); II — For gap d= 0.5 mm. 

corresponds to the active voltage at the diode beyond the region of sharp current increase (see 
Fig. 17). It can be concluded from these measurements that focusing in the diode of "Ural" begins 
as a result of current breakdown and voltage drop. It can be seen from the curves of Fig. 17 that 
focusing occurred principally when the voltage was near 90—100 kV and the diode current was 
100 kA. The focusing time determined from the duration of the active voltage plateau at the diode 
was somewhat less than the electrical length of the shaping line of accelerator "Ural" (50 ns>and 
was 35—40 ns. 

Studies on focusing using a pin which were conducted on both accelerators showed that, in 
spite of the essential difference in accelerator parameters and their designs, the principal features 
of the physical processes in them were alike. 
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FIG. 16. Photograph of the focal spot in X-rays. Photographs obtained using a camera obscura with aperture 
0.2 mm. Scale 1:1. a) normal focusing mode; tungsten pin, copper anode; b) structural focusing mode (three 
focal spots visible); tungsten pin, aluminium anode 30 ym thick. 
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FIG. 17. (a) Curves of current, (bj active voltage at a diode, (c) X-ray radiation sensor signal. For accelerator 
"Ural" in the optimum focusing mode (d = 3.5 mm). 

From our point of view, the principal characteristics of focusing high-current electron beams 
by pins (spatial and time), the physical processes associated with it in the diodes, and the special 
features of current, voltage and X-ray radiation oscillograms can be explained on the basis of 
suppositions concerning the formation of a double layer between the cathode and anode plasma 
in the pin-anode gap. 

Let us turn to a short description of the picture of physical phenomena in a high-current 
diode during pin focusing of the beam. Diode operation after plasma formation in the pin as a 
result of explosive emission occurring in the pre-pulsed or principal voltage can be subdivided 
into test stages: a) vacuum current jump mode (region on the oscillograms up to a sharp current 
increase, when there exists a vacuum gap between the plasma formed in pin and the anode), and 
b) "plasma" diode mode, when a double layer is formed between the cathode and anode plasma. 
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It is known [13] that current take-off occurs in the vacuum peak diode mode in accordance with 
the "3/2" principle, considering the geometry of a single peak: 

1(A) = 30 X 1 0 - 6 - ^ - U(
3& 

d - v t v v ; 

where v is the velocity of the spherically expanding plasma (~2 X 106 cnvs - 1) , d is the gap width, and 
t the time counted off from the instant of plasma formation. As the current increases, the power 
released at the anode becomes sufficient to form an anode plasma (>0.5 —1 kJ-g_ r) which begins to 
expand and moves in the direction of the pin. The "plasma" diode mode is possible only due to 
the fact that the plasma density and its transverse dimensions in the region where cathode and 
anode plasma meet (when the initial gap between the pin and the anode is adequately large) are 
such that the maximum current which can flow in the layer 

* layer — e n b 

[14] (n is the plasma density and the layer boundary, S the effective area of the layer, T e the 
temperature of the electrons, and m the electron mass) is less than the short-circuit current of 
accelerator I^.c. = Ug/P (Ug is the discharge voltage of the shaping line); this also leads to formation 
of a double layer and its existence during the applied voltage pulse (W). The thickness of the 
double layer is determined by the relationship 

V3/4 (V) 
dk y e r = 1.3 X 10~3 .. .. _ 2 . c m 

m y e r VJ+(A-cm 2) 

[14], where j + = y'm/M Ijayer/S is the ion current density in the layer. When the plasma density 
at the layer boundary ceases to change, the thickness of the layer is determined by the applied 
voltage only. Estimates show that for the accelerator "Ural" with optimum gap between the pin 
and anode d = 3.5 mm the maximum current in the layer is ~100 kA for reasonable assumptions 
with regard to plasma density based on the data of Ref.[15]: n ~ 1016 particles• cm - 2 electron 
temperature T e ~ 4 - 5 eV [16] and effective emission area S « 0.3-0.5 cm2 determined from the 
dimensions of the melting trace remaining on the copper anode. In this case, the thickness of the 
double layer, from an estimate obtained based on the formula given above, is —0.5—1 mm. 

One of the principal problems of operating the diode is matching its impedance with the 
wave resistance of the shaping line. As is apparent from the oscillograms in Fig. 13, the optimum 
gap can be chosen for superior matching. The choice of layer parameters n and S at which 
l̂ayer *** 1/2 ^shx. apparently corresponds to the optimum gap on the basis of concepts concerning 

the double layer. 
It is known [17] that during spherical plasma expansion the particle density distribution 

along the radius has the form n(r) ~ 1/r2 for r2 < vAt where At is the scattering time. This 
dependence is confirmed by data on plasma density distribution at the gap axis between the pin 
and anode obtained in Ref.[15]. According to Ref.[15], the plasma density distribution indicates 
the absence of free scattering of plasma across the axis, beginning with some current in the gap 
when the pressure of the current magnetic field becomes greater than the plasma pressure and 
the transverse dimension ceases increasing. By considering the above, it can be assumed that, 
beginning with a certain current, the parameter n-S begins to fall as ~ l / x 2 , where x is the distance 
along the axis between the pin and plasma boundary. Therefore, Iiayer can be controlled by 
choosing the length of gap d. In fact, when the gap is reduced, premature transfer of the diode 
begins (see the oscillogram of Fig. 15, d = 0.5 mm), and when it increases, the current in the layer 
drops and can become considerably less than (1/2)1^ c and, in particular, less than the critical 



202 BARANCHIKOV et al. 

current ( 1 ^ ) ; this affects beam focusing (see below). When Ug « 500 kV, 1 ^ is ~200 kA. 
Therefore a gap of d = 3.5 mm which provides an I m a x ~ 100 kA is optimum (see curves on 
Fig. 17). It must be noted that the diode impedance with the indicated gap d = 3.5 mm in the 
region of the voltage plateau is « 1 £1, which, as has been ascertained, is associated with the 
response of the single-channel water commutator whose resistance was approximately 1.5 £2 
with a current of ~100 kA. 

The electron beam focusing mechanism in this model is determined by the action of the 
natural magnetic field of the current under vacuum diode conditions as well as during the formation 
of a double layer, when the current reaches a value exceeding the critical value 

lent = 8.5/37 7 - (kA) 
df 

where R is the effective radius of the emission surface, in particular, the surface of the double 
layer, and df the focusing length. In the vacuum diode mode, the focusing length corresponds 
to the distance between the virtual cathode and the anode. When anode plasma is present, 
focusing can occur not only in the double layer, but in the anode plasma itself, on the condition 
that the magnetic field with a beam is not balanced in it by the reverse-current field. 
Therefore, in the case of a plasma diode without reverse current in the anode plasma, 
df ** djaygj. + da (da *s t n e dimension of the anode plasma along the diode axis). 

Estimates show that, for the accelerator "Ural" with d = 3.5 mm, I^ t ~ 30-35 kA, on the 
assumption that R/df ~ 3—5 and, consequently, focusing can begin only from the region of sharp 
current increase and active voltage drop at the diode; this is confirmed by X-ray radiation hard
ness measurements, As experience has shown, when the gap width d is increased to 6 mm, beam 
focusing completely disappears, and the current drops to 10—20 kA. For the other accelerator 
(p = 0.3 £1) with d = 1.5 mm, focusing should already be beginning in the vacuum current take-off 
mode (ICJJJ. ~ 4 kA); this was also confirmed by the absence of a noticeable shift of the X-ray 
radiation pulse which was observed with a collimator attached in the region of the focal spot on 
the anode. 

An important condition for sharp focusing is the timely formation of anode plasma such 
that the point of encounter of cathode and anode plasma and layer formation take place at a 
certain distance from the anode surface; this ensures "cross-over" of the electron beam on the 
anode surface in accordance with the picture examined in Ref.[18]. 

In conclusion, let us note that the operation of the high-current diode with pin at the double 
layer formation stage coincides extensively with the operation of the diode with external plasma 
injection [19,20], with the difference that the plasma parameters necessary for normal operation 
of the diode with the pin are chosen by optimization of the gap. As for focusing a high-current 
beam, the diode with pin gives better results compared to a low-impedance diode with large-
diameter cathodes, because of the initial localization of the beam current in the region of the gap 
between the pin and the anode. 
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DISCUSSION 

ON PAPERS IAEA-CN-35/F7A AND F7B 

J.M. KINDEL: The gold stops your electron beam, so why did you use platinum in the 
target? 

V.P. SMIRNOV: High-Z materials are particularly useful for stopping the beam and bringing 
about the desired transfer of energy to the sheath. The electron path is shorter and effective 
stopping can be achieved with relatively small thicknesses of material. Hence the reasons for 
using platinum are essentially technological. 

J.S. LUCE: At Livermore we are considering the use of collectively accelerated particles, ions 
and electrons, injected into a cusp configuration. Your situation looks quite similar, so I wonder 
whether you have considered doing this in the Soviet Union. 

V.P. SMIRNOV: At the present time we are not using collectively accelerated particles, and 
we believe that in a large installation we shall be able to manage without them, transferring the 
electron beam energy to the target by means of the electrons alone. Dr. Yonas mentioned another 
possibility of using accelerated particles, however, and I gather that this subject is to be treated 
more thoroughly later on by Dr. Sudan (paper IAEA-CN-35/H4), who will discuss among other 
things the use of strong ion beams for D-T pellet implosion. 
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Abstract 

RELATIVIST1C-ELECTRON-BEAM-INDUCED FUSION. 
The interaction of a focussed relativistic electron beam (REB) with a solid target has been investigated. The 

beam performance of the REB generator "REIDEN III" is 500 kV, 80 kA at a focal spot of 1.5 mm diameter, 
which gives 2 X 1012 W-cnf 2. High-temperature dense plasmas are produced at the focal point on the solid target. 
It expands radially along the target surface. The measured electron temperature (1—2 keV) and the ion energy 
(~ 2 keV) endorse the existence of enhanced REB absorption in a dense plasma. The neutrons observed (~ 109/shot, 
2.45 MeV) in the case of a CD2 target are of thermonuclear origin and compatible with the plasma temperature. 

On the assumption that the electron beam of radius r is stopped at a length X and deposits its energy, the 
energy balance equation is approximately given by 7rr2XnikT = IVr. On inserting beam current I, voltage V, 
pulse time r and density n j , the energy deposition distance X can be estimated. For a fusion temperature of 
1 keV, the distance X must be two orders of magnitude shorter than the simple classical stopping length, which 
seems to be due to non-linear coupling. 

A pellet implosion experiment of a multi-structure target has been performed. 

1. INTRODUCTION 

Spherical ablation aiming at the compression of a fuel pellet and its ignition to thermonuclear 
burn depends on the existence of an efficient dissipation mechanism apt to deposit most of the electron 
beam energy symmetrically in the thin outer layer of a target. In laser fusion, a critical density surface 
separates the absorption region of laser light and the compressed region, which prevents direct 
heating of the pellet core which would ensure superdense compression. In REB fusion, the stopping 
length of an electron beam must be shorter than the shell thickness or the beam energy should be 
absorbed in the corona region, which may be created from target material by fractional beam energy 
deposition. 

In the density regime of 1013—1018 cm-3, it is only possible to heat the plasma by a collective 
effect which may arise from beam-plasma instability and from the turbulence generated by the 
return current [1,2]. There are also a few experiments which give evidence of both of these pro
cesses. For pellet fusion, we have to investigate REB interaction with denser plasma which is 
affected by the plasma dynamics of the ablation from the target and also by the properties of the 
focused beam. We have investigated the energy deposition mechanisms when a plane solid low-Z 
target [3,4, 5] has been irradiated by a tightly focused beam. The results show the existence of 
an interaction which is anomalously stronger than the classical one. 

2. EXPERIMENTAL APPARATUS 

We have constructed the REB generators REIDEN-I, II and III. They consist of a Marx 
generator, a Blumlein-type pulse-forming line and a diode. In REIDEN-I, a parallel-plate Blumlein 
with mylar insulator are used. Co-axial Blumlein water insulators are used in REIDEN-II and III. 
Most experiments on REB-plasma interaction have been performed with REIDEN-II and III. The 
characteristics of these generators are shown in Table I. 
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TABLE I. CHARACTERISTICS OF REB GENERATORS "REIDEN II" AND "REIDEN III" 

REIDEN 11 

REIDEN III 

Type 

Water co-axial 

Blumlein 

Water co-axial 

Blumlein 

Pulse 
length 

100 ns 

80 ns 

Impedance 

13 fi 

2 f t 

Marx 
bank 

400 kV 

lOkJ 

900 kV 

27 kJ 

Typical 
performance 

300 kV 

20 kA 

500 kV 

80 kA 

Focal 
spot 

1 mm 

1.5 mm 

Power 
density 

6 X 10" W-cnT 

2X 1012Wcm~ 

VOLTAGE MONITOR 

FIG.l. Beam and plasma diagnostics. ND: plastic scintillation neutron detector, FC: Faraday cup, TLD: 
thermo-luminescence dose meter, Dy: dysprosium, In: indium. 

The diagnostic methods for beam and plasma are shown in Fig. 1. The voltage wave form 
across the diode and the beam current are monitored by a resistive divider and a current shunt 
of a toroidal resistor on the return path from the target, respectively. Their response times have 
been checked to be less than 10 ns. The focal-spot size of the beam on the target is estimated 
from the X-ray images of three channel pinhole cameras with Be foils of different thicknesses as 
X-ray absorbers; in addition, the plasma is observed by a high-speed streak camera. An electric 
image-converter framing camera (5 ns exposure time) is also used to observe the dynamical 
behaviour of the plasma. The electron temperature of the plasma is estimated by two-channel 
X-ray-absorbing foil detectors of 200 /xm and 400 jum Be foils. The ion velocity is measured by 
the time-of-flight method. Two charge collectors are set at positions 68 cm and 33 cm from the 
focal spot of the beam on the target. The total neutron yield and it distribution are measured by 
a paraffin-moderated dysprosium or indium activation counter calibrated by an AmBe neutron 
source. The neutron energy is measured by a time-of-flight method, by using two plastic scintil
lation neutron counters located at positions 4 m and 9 m from the focal point of the beam. The 
electrons transmitted through a thin film or a mesh target are measured by Faraday cups behind 
the target in different directions to the beam focus. 
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3. EXPERIMENTAL RESULTS 

3.1. Diode impedance and beam focusing 

The cathode is a plane brass disk with aquadag coating. At its centre, a 7-mm long tungsten 
guide pin of 1 mm diameter is located. The anode-cathode spacing is 15 mm. Typical voltage 
and current wave forms are shown in Fig. 2, and diode impedances are given in Fig. 3. The diode 
impedance depends strongly on length and voltage of the pre-pulse. With a small and short pre-
pulse, the diode impedance does not decrease enough to yield the critical current for the pinching 
as is shown by curve (1) in Fig. 3. With an adequate amount of pre-pulse, the diode impedance 
goes down, and fairly constant impedances can be obtained as is shown by curves (2) and (3). On 
these conditions, tight beam pinching of about 1.5 mm diameter and a deep crater on the target 
are observed, which demonstrates a large amount of energy deposition in a small region. With a 
longer pre-pulse, diode shortening occurs, and no voltage can be sustained across the diode gap. 
The diode currents of these examples are compared with the para-potential current [6]. The 
current of the focused beams, (2) and (3), corresponds quite well to this model. 

3.2. Plasma production and heating 

When a focused beam bombards the target, plasma is produced at the focal point. The size 
of the bright spot corresponds to that of the image of hard X-rays, which is identified as the size 
of the beam focusing. Then the plasma expands along the target surface and the expansion 
towards the cathode is suppressed [2]. This is due to the magnetic pressure of the beam current. 
The dynamical behaviour of the plasma on the target is almost the same in both cases of conduc
tive or insulating material used as target. 

The electrons transmitted through a thin film or a mesh target are measured by Faraday cup 
collectors situated behind the target in the directions of 0° and 45° with respect to the beam axis. 
Most of the beam current flows in the target and in the anode, while transmission of the beam 
through the target is very small. The current wave forms of the collector in the direction of 45° 
to the foil and the mesh target are shown in Fig. 4, with the current wave form of the diode. 

Voltage wave form(a) lOOkV/div 
Current wave form(b) AOkV/div 

50nsec/div 

FIG.2. Voltage and current wave forms across the diode without pre-pulse, (1), and with pre-pulse, (2) and (3). 
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FIG.5. Electron temperature and its change for the case of200-keV, 40-kA beam bombardment. 
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FIG. 7. Neutron signals on plastic scintillators located 4 m and 9 m from beam focal spot. 
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Figure 5 shows the time variation of measured electron temperature of the polyethylene 
target plasma, on the assumption of a Maxwellian velocity distribution of the electrons, for the 
case of 200-keV, 40-kA beam bombardment. The electron temperature at 50 ns from the pulse 
rise is about 8 keV. At times later than 150 ns, it decays exponentially. The voltage pulse ends 
at about 80 ns, but the current continues for about 150 ns. As long as the current flows, the 
X-rays due to the beam current overlap with the X-rays from the plasma so that the electron 
temperature is overestimated. The real electron temperature of the plasma just after the pulse 
is estimated to be 1—2 keV by extrapolation of the decay curve in Fig. 5. 

The ion velocity is measured by the time-of-flight method. If a polyethylene target is used 
the ion kinetic energy of the carbon is about 1 —2 keV for the case of Fig. 3. For Al and Pb 
targets, the dependence of the ion velocity on the diode voltage is shown in Fig.6, where the 
solid line is the value calculated on the assumption that the beam-plasma interaction is classical. 

If a deuterated target is used, a measure of the energy delivered to the plasma ions may be 
obtained from the yield of neutrons produced by the fusion reaction. 

3.3. Neutron generation 

When the plasma temperature is as high as a few keV and the density is comparable to the 
solid density, we can expect neutrons generated by thermonuclear reactions. Only when a CD2 

target is used, neutron generation is observed. The neutron signals on the scintillation detectors 
at locations 4 m and 9 m from the focal point are shown in Fig. 7. The neutron energy is identified 
to be 2.45 MeV, which is consistent with that of the D-D reaction. Analysis of energy and isotropy 
of the neutrons demonstrates the thermonuclear nature of their origin. If D-D neutrons are produced 
by accelerated deuterons, a large asymmetry may be expected in the neutron distribution [7,8]. 
For example, a beam of 300-keV deuterons produces a neutron yield at the ratio of 1.5 in the 
directions of 0° and 90° with respect to the beam. The results measured indicate no deviation 
from isotropic distribution within ± 10%. The dependence of neutron yield on the electron beam 
power is plotted in Fig. 8, with thin CD2 targets of various thicknesses. It should be noted that 
the neutron yield is independent of the target thickness. 

4. DISCUSSION 

When an electron beam impinges on a solid target, plasma is generated on the target and 
expands against the magnetic and kinetic pressures of the beam. The following parts of the beam 
will interact with the expanding plasma, which displays a density gradient. The situation is shown 
schematically in Fig. 9. If there are no strong dissipation mechanisms in the plasma, the beam will 
penetrate deeply into the solid-density region or to the back side of a film target leaving only a 
small amount of energy in it. 

In Fig. 4, we see that the rapid increase of 45° scattering from the mesh target coincides with 
the decrease of scattering from the foil target while the off-axis scattering from the foil target is 
much larger than that from the mesh target, for the early portion of the beam current. This may 
be interpreted to the effect that the increase of the off-axis scattering is due to the onset of plasma 
instability in the corona region. The plasma instability strongly dissipates the beam energy, and 
the transmittance through the foil target is decreased. The dependence of the transmitted current 
on the foil thickness shows that most of the beam energy is dissipated in the instability region 

On the assumption that the electron beam of radius r dissipates in the range X over which 
the electrons lose most of their energy, the plasma temperatur T is approximately given by the 
energy balance equation 

m^XihkTssIVT (1) 



214 NAKAI et al. 

Here, rii is the average plasma density at the place where the main beam interaction takes place, 
k is the Boltzmann constant, I the beam current, V the beam acceleration voltage, and T the 
expansion time of the plasma escaping beyond the electron beam radius. Here, energy loss through 
radiation and thermal conduction is neglected. 

There are several possible mechanisms for energy deposition of the beam to the plasma to 
be used to estimate the range X. They are the classical processes of binary collisions and Cherenkov 
radiation, there are two-stream instabilities in hydrodynamic and kinetic modes depending on the 
beam properties, and there is the return-current instability. 

The beam energy loss due to Coulomb scattering gives a range of about 1.5 mm for 200-keV 
electrons in a polyethylene target. With this range, Eq. (1) yields about 20 eV as the plasma 
temperature for the conditions of Fig. 3, which is two orders of magnitude lower than the mea
sured value. This long range cannot explain the observed neutron production with thin CD2 

targets of 100 to 300/tm. 
In a high-density plasma of 1019 r 1022 cm-3, the electron drift velocity due to the return 

current hardly exceeds, the ion acoustic velocity. Therefore, this mechanism cannot contribute 
to the energy deposition of the beam electrons in the solid-target experiments. 

For the two-stream instability in a cold-beam-cold-plasma situation, the maximum growth 
rate is given by [9] 

p. \ 1/3 

0.7( —) Wnl (2) 

where copi is the electron plasma frequency corresponding to the plasma density n1} and n2 is 
the beam electron density. If the stopping length of the beam electrons is given by 

v e 
X = — (3) 

a 

where ve is the beam electron velocity, we can estimate the plasma temperature by Eq. (1). Because 
of the density gradient of the plasma in the corona region, it is difficult to specify the plasma 
density n! of that region where the main beam interaction takes place. Using a solid-density value 
of 1022 cm-3 for nj, we obtain plasma temperature values which seem to be reasonable in the light 
of the experimental results. In the solid-density plasma, however, the damping rate of the beam-
driven plasma instability is marginal compared to the growth rate, even with a low-Z hydrogen 
plasma at a temperature of 1 —2 keV. If we assume the existence of a hydrodynamic instability 
in the corona region, the plasma temperature becomes much higher than the value observed. 

In a strongly focused beam, the hot-beam condition will be fulfilled for a kinetic instability 
[10] to occur, i.e. 

A0>max ; - ) (4) 
\ n i 7 / \ n ,T 3 / 

The growth rate of instability for a beam with velocity spread Ad is given by 

n2 1 <4l 
a = COD1 (5) 

pl n,7 Atf2 w2
pl+k2c2 

Using Eqs (1), (3) and (5), we can estimate the plasma temperature, which agrees quite well with 
the observed value when the plasma density nj is taken to be 5 X 1019 cm-3 for the region where 
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the main electron beam interaction takes place. The choice of the plasma density here is some
what arbitrary, but the total neutron yield and its dependence on the input power show an agree
ment between estimated and measured values. The neutron yield can be estimated to be 

N=-n^<ov>7rr2XT r (6) 

If we use the experimental parameters for r = 1.5 mm, r r = 80 ns, the neutron yield is calculated 
as is shown by the solid line in Fig.6, using the fusion cross-section <av> integrated over a Maxwellian 
distribution, corresponding to the temperature derived from Eq.( 1). It is obvious that the neutron 
yield and the dependence on input beam power are consistent with the experimental results when 
the plasma density is chosen to be 5 X 1019 cm - 3 . 

In the REB-target interaction, the boundary and the interaction region may be very compli
cated. The self-magnetic field of REB may be shielded by the magnetic skin depth 5 = CT1 / 2 

(47ra)"1/2, which is 3 X 10 - 3 cm for a plasma of 1 keV temperature and an injection time of 
T- 10 ns. The magnetic stopping of the REB is not a dominant stopping mechanism. The plasma 
density gradient in the corona region must be estimated by including the kinetic and magnetic 
beam pressures and its balance with the pressure of the expanding plasma. 

5. CONCLUSION 

The existence of a strong interaction of REB with low-Z dense target plasma has been 
proved. The experimental results presented here, such as neutron yield, plasma temperature 
and kinetic energy, are consistent with an estimate based on the assumption of a kinetic-mode 
two-stream instability. The REB dissipates most of its energy in the thin layer in the corona 
region and does not penetrate deeply into the target material. This fact recommends the use 
of a low-Z ablator on the pellet surface favourable to pellet fusion by implosion using an intense 
focused REB. 
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Abstract 

LASER-PLASMA INTERACTION STUDIES ON PLANAR AND PELLET TARGETS. 

Laser-target interaction studies have provided information on absorption, light scatter, surface smoothness, 
fast electrons and ions, and thermal transport at intensities from 1014 to 1016 W/cm2 with a Nd-glass laser. 

1. INTRODUCTION 

The NRL laser fusion program has the goal of obtaining information on 
the basic physical processes of laser-plasma interactions relevant to the 
success of energy production via laser fusion. The primary facility is 
PHAROS II, a two-beam, high irradiance, neodymium-glass laser that now 
produces up to 35 joules per beam in 100 psec pulses. 

In Section 2 we will summarize our present laser system, with predictions 
of future performance. In Section 3 we will describe some of our studies of 
light absorption and plasma surface stucture, hard x-rays and fast ions, and 
thermal transport into the overdense plasma. We will also present some 
provisional hypotheses on laser plasma coupling which fit our data. 

2. THE PHAROS II LASER FACILITY 

Our neodymium-glass laser system uses a mode-locked YAG oscillator 
capable of producing single pulses varying from 22 psec to 900 psec. The 
system contains two Pockels cells, two saturable absorbers, and silicate glass 
amplifiers. The beam is split after the 32-mm rod amplifier; each beam is 
then amplified by a k-5-vam rod and two 67- mm disc amplifier modules. The out
put characteristics are up to .35 TW/beam in a short pulse (100 psec) and 
250 joules/beam in a long pulse (900 psec). The half energy, full power 
divergence is below 200 microradians. The average power output from the laser 
in short pulses is thus 10 GW/cm2. 

* On leave of absence from Tel Aviv University, Tel Aviv, Israel. 
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TABLE I 

Light Absorption with 10-15 Joules 
in 100 psec Pulses on Slab Targets 

Half Energy Net Light _. 
Lens r, TN. *v u J Diagnostic Spot Diameter Absorbed 

f/1.9 30 urn 80^ (+5$, -15$) Burn paper 

f/1.9 1+5 (Jim 58$ (± 13$) Light diodes 
and burn 
paper 

f/li+ li»-0 (Jim 70$ (± 10$) Light diodes 
and burn 
paper 

A part of the laser beam is split out after the YAG preamps, frequency 
chirped in CS 2, optically compressed in time by more than a factor of ten 
with a grating pair, and then frequency tripled. This provides us with a 
short pulse probe beam, with controlled timing relative to the main beams, 
which can be used for shadowgraphy and faraday rotation measurements [1], 

Recent active tests of phosphate laser glasses at NRL [2] have demon
strated remarkably large gain coefficients: 

18.5$ cm"1 at 1.05^ Um versus 
8$ cm x with silicate glasses in the same amplifier at the same flashlamp 
energy. Combined with the lower nonlinear refractive index (1.2 X 10 14 esu 
versus l.k- X 10 ' *esu), we expect a minimum figure of merit improvement of 
2.7. By restaging the gain in the amplifiers, we project a short pulse out
put (100 psec) in excess of 1 TW/beam and a long pulse output of 500 joules/ 
beam. This is still with a 67 mm aperture, but without the necessity of hard 
aperture spatial filtering. Thus phosphate laser glass provides a dramatic 
improvement in Nd glass lasers with medium aperture disc amplifiers. 
3.1. LIGHT ABSORPTION AND SURFACE SMOOTHNESS 

We have measured the net absorption of laser light on slab targets of 
(CH) n and (CH 2) n 'by using either an array of light diodes or a cylinder of 
burn paper. These data, combined with the light backscattered through the 
lens, gives us a measure of the net light scatter into 2TT steradians. Three 
sets of data are summarized in Table I. Note that the first and third sets of 
data are with a relatively better quality laser beam than the second set of 
data. We suggest then that one possible determinant of light absorption is 
laser beam quality. This is clearly not the only correlation that could be 
drawn between the data, and we plan further controlled experiments to deter
mine if absorption is indeed correlated to beam quality. 

In Fig. 1 we have plotted the reflected intensity, with the inclusion of 
one anomalous data point: 85$ reflectivity. The black dots are data from the 
light diode array; the open circles are from adjacent laser shots using burn 
paper. The error bars on the light diode data give the entire range of laser 
shots. Independently calibrated light diodes and burn paper are thus shown 
to be in agreement. 
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90 

We have also studied absorption versus angle of incidence on a slab 
target, for both polarizations of the laser electric field. The laser pulse 
length was 100 psec, with peak intensities of .25 to 1 X 10ls watts/cm2. The 
net absorption was 80<$ (+5$, ~15$) f°r both polarizations and angles of 
incidence up to about 60°, with sharply higher reflectivity at angles above 
60°. The high absorptivity and the independence with respect to both 
polarization and angle of incidence provide no support for resonant absorption 
as the dominant absorption mechanism. The independence with respect to angle 
of incidence up to about 60G suggests that the distance from 102 density to 
.25 X 1021 electron density is much less than a micron, or else the absorption 
is occurring primarily near .25 X 102 electron density. The former 
explanation is in better agreement with the data from other laser facilities 
PL 

The smoothness of the laser plasma interaction surface has been studied 
with burn paper, by measuring the shape and structure of the specularly 
reflected light with the target at an angle to the beam. In one set of 
experiments (100 psec, 10ls watts/cm2), there were hot spots in the incident 
laser beam. From the ability to resolve these hot spots in the specular 
beam, we concluded that the surface roughness was about 5°. (With a small 
prepulse, this was reduced to 1°.) A streak of the specular light showed it 
to be of the same shape as the incident laser beam, so that the surface is 
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FIG.2. C through C energy distribution. 
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maintained throughout the laser pulse. The specular spectrum showed a blue 
shift consistent with a Doppler shift of the acoustic velocity, 3 X 10 
cm/sec. We conclude therefore that the scattering surface is relatively 
smooth on the wavelength scales where geometric optics holds. 

In Fig. 1, note that there is measurable infrared light scattered at 
angles up to 90°. In this experiment the laser was incident normal to the 
slab surface. On the 100 psec time scale, with a half energy spot size of 
1̂4-0 jum, there should be negligible specular light scattered at angles much 
outside of the lens (unless the scattering surface acts like a grating). 
This non-specular large-angle light scatter then may imply that there is 
a small wavelength density fluctuation, with wavelengths less than but of 
order one micron. 

Summarizing all of this light scatter data, with other NRL light scatter 
data, we obtain the following summary of laser plasma interactions in the 
regime of 5 X 1014 watts/cm2 to 5 X 1016 watts/cm2, 22 to 250 psec pulse width. 
The net light absorption can be quite good, up to 70-80$, and is independent 
of polarization and angle of incidence up to 6o°, to within the accuracy of 
our data. There is some evidence that absorption depends upon laser beam 
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quality. The interaction surface of the plasma is smooth on multi-micron 
wavelength scales., but there probably is some sub-micron surface roughness. 
The scale height of the density gradient is less than a micron. 

From all of this data our tentative conclusion is that resonant absorp
tion may not be the dominant coupling mechanism, although some resonant 
absorption is undoubtedly present. Stimulated Brillouin backscatter saturates 
at a low level [V]. The absorption data may be best fit by a laser-plasma 
coupling via large amplitude ion fluctuations, with wavelengths of order the 
•Debye length. From x-ray spectra we think that the peak temperature in the 
absorption region is in the vicinity of 7 keV to 10 keV at 1015 to 1016 

watts/cm2. A .5 micron wavelength has a kX(je = .5 at 10 keV, where \<je *-
s 

the Debye length. Strong ion waves in this wavelength region may provide good 
laser light absorption that best fits the data summarized in the previous 
paragraph. We, of course, plan further experiments to search for these sub-
micron ion fluctuations. 
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3.2. X-RAY SPECTRA AND FAST IONS 

Small kXde electron plasma waves will accelerate electrons to high phase 
velocities. Along with several other laser fusion facilities, NRL has 
searched for these suprathermal electrons in the x-ray continuum spectra at 
incident intensities of 1015 to 101S watts/cm2 [5l. On a semilog plot, the 
x-ray spectra can be fit by a two-temperature system. The slope of the lower 
energy component is 200-300 eV. Hydrodynamic calculations indicate that this 
radiation comes from the overdense plasma. The harder component of x-rays 
has a time and space averaged slope of 7 to 10 keV. If we use a flux limiter 
model at these high intensities, with a flux limiter coefficient of ̂ , we 
obtain 

i/io14 = e 3 / 2 

e 

where I is the laser intensity in watts/cm2 and 9e is the electron temperature 
in keV. At 5 X 1015 watts/cm , 0 6 = 1 ^ keV. This is the minimum value of 
the peak electron temperature, assuming no suprathermals, and it is in rough 
agreement with the experimental spectrum. Thus we suggest that the x-ray 
continuum spectra provide no strong evidence for suprathermal electron 
generation. An electron velocity ratio of k or 5 for suprathermal electrons 
should give an x-ray temperature of 16 to 25 times the above temperature. 
From the NRL continuum x-ray detector in the 100-300 keV range, we can 
speculate that there is a third superhard electron component. We suggest 
that this superhard component is the evidence for the sought-after supra
thermal electrons. Because k-edge filter techniques do not work above 100 keV, 
and because of the paucity of photons above 100 keV, we turned our efforts 
toward measuring superhard ions as an indicator of suprathermal electrons. 

We have measured ion velocities and energies with three techniques? 
Faraday cups, an ion mass spectrometer [6~], and time-of-f light using a 
spectrometer to measure line radiation. All three techniques are in relative 
agreement, and all three diagnostic techniques have seen ion groups in the 
range from 100 keV to 1 MeV. We define "fast ion" as ion energies that would 
be produced by a plasma potential more than 2 or 3 times the electron thermal 
temperature expected by the above flux limiter formula. 

Figure 2 shows one set of data from our ion mass spectrometer. The 
laser conditions were 26 joules, 100 psec, f/1.9 lens, and 50 /-"n half energy 
width. The various ion species tend to peak around the same value of energy, 
rather than energy per unit charge. Figure 3 shows a comparison between an 
ion charge cdllector and the optical technique [7] for measuring the 
velocities of ion species. We are in the process of determining the production 
thresholds of these fast ions, and the fraction of energy they contain. 

3.3. THERMAL TRANSPORT 

We have measured the energy transport into an overdense plasma using a 
layered target technique [8], The target consists of a variable thickness 
of polystyrene, (CH)n, deposited on an Al substrate. The laser pulse of 
95 psec, 15 joules was focussed with an f/1^ lens into a l40-̂ im half energy 
diameter at normal incidence. Average laser irradiance was 1 X 1015 watts/cm2. 
Figs h >5 show representative data on low, medium, and high energy x-rays, and 
ions. Other intermediate and high energy detectors showed a similar depend
ence on CH thickness. 
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It appears that the plasma composition changes from pure Al to 
predominantly C and H as the CH thickness increases from zero to .5 um. 
Within the half-energy diameter 5 joules is absorbed. If the energy is 
absorbed in .5-Jim thick CH, the energy of each electron is 6 keV. This 
compares favorably with a temperature of about 7 keV determined from the 
20-80 keV x-ray spectrum. 

The presence of electrons with energies approaching 100 keV is indicated 
by the x-ray measurements. The energy content of electrons above 17 keV is 
only 1 mJ. Further, the decrease of high-energy x-rays at about .5 p CH 
suggests that such electrons are constrained from penetrating very far into 
the Al substrate. Possible constraining mechanisms include spontaneous 
magnetic fields [9] or enhanced scattering due to plasma fluctuations. 

This work was sponsored by the U.S. Energy Research and Development 
Administration. 
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DISCUSSION 

ON PAPER IAEA-CN-35/F9 

B. YAAKOBI: You mention a correlation between beam quality and absorption. What 
direction does this take? 

S. BODNER: It appears that better absorption is associated with better beam quality, but 
I am reluctant to try to explain the physical mechanism yet. We plan to study the matter further, 
making deliberate variations of beam quality. 

M.G. HAINES: Do you associate the production of fast ions with the presence of the 
generated magnetic field? 

S. BODNER: I am hesitant to infer strong correlations between such phenomena. Often the 
high-energy ions are associated with thermal electrons. For example, a 20-keV electron 
temperature can produce a 50-keV potential, which produces 300-keV C+ 6 ions. 
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Abstract 

LASER-DRIVEN COMPRESSION AND NEUTRON GENERATION WITH SPHERICAL SHELL TARGETS. 
Laser-driven implosion experiments using DT-gas-filled spherical glass-shell targets are described. Neutron 

yields to 5 X 107 are produced from implosions of small (~ 55-fim diameter) targets spherically illuminated with 
an on-target laser power of 0.4 TW. Nuclear reaction product diagnostics, X-ray pinhole photographs, fast-ion 
spectra and X-ray measurements are used in conjunction with hydrodynamic computer code simulations to 
investigate the implosion phenomenology as well as the target corona evolution. Simulations using completely 
classical effects are not able to describe the full range of experimental data. Electron or radiation preheating may 
be required to explain some implosion measurements. 

INTRODUCTION 

Neutron production associated with laser-driven compression of small 
DT-gas-filled spherical-shell targets has now been demonstrated by various 
laboratories [1,2,3]. Measurements of the alpha-particle spectra [4] and 
proton yield [5] suggest that the nuclear reactions are of thermal origin. 
Certain implosion results and anomalies in the laser-produced plasma 
corona discussed herein suggest electron preheating from the laser-
deposition region. 

In this paper, the targets and the experimental arrangement used for 
target-interaction studies at KMS Fusion, Inc. are described. Measurements 
of neutron, proton and alpha-particle production are discussed in relation 
to compressed-core properties such as DT-fuel and tamper densities and 
temperatures. Tamper conditions at peak compression as revealed by X-ray 
photographs are used to provide information on volume reduction and tamper 
electron temperature. 

The DT-fuel compression is strongly affected by the presence of pre
heat [6] in the tamper and fuel. The presence of fast ions and a 
high-temperature component of the X-ray spectrum indicate that 
fast electrons are generated [6,7] and may be the preheat source. Further 
evidence of preheat is obtained from comparisons of hydrodynamic computer 
code simulations with experimental measurements of alpha-particle energy 
loss and X-ray pinhole photographs. The code simulations using electron 
conduction inhibition, anomalous absorption, and electron preheat can gen
erate results in qualitative agreement with the experimental measurements. 
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EXPERIMENTAL CONFIGURATION 

The two-beam KMSF laser system is shown in Figure 1. The basic 
oscillator, pulse-stacker and rod-amplifier driver systems have been pre
viously described [1,8,9]. The laser pulselengths used in the experiments 
described here varied from 40 to 240 ps at constant laser power on target, 
all with a 15 psec risetime. Following the driver are six 10-cm disc 
amplifiers. Following these amplifiers, the beam is split into two beams, 
each traversing six additional 10-cm disc amplifiers in a circulating 
double-pass arrangement [10]. A variation of the double-pass arrangement 
in Figure 1 is to single-pass the final six amplifiers. The KMSF lens-
ellipsoidal mirror illumination system [11] has been used for the experi
ments described in this paper. The near-normal spherical illumination of 
spherical targets provided by this system minimizes energy loss by refraction. 

The targets in these experiments were spherical glass shells [12] 
filled with deuterium-tritium gas. The targets had diameters ranging from 
30 to 200 micrometers and wall thicknesses ranging from 0.4 to 2.0 micro
meters. Typically, the highest neutron yield experiments ( 5.4 x 107 neu
trons) are recorded with the smaller shells of about 55-micrometer diameter 
and 0.7-micrometer wall thickness filled with 10 atmospheres of DT gas. 

The distribution of the various diagnostic instruments located in the 
direct-view diagnostic region (DVDR) is shown in Figure 2. Most of the 
diagnostics have been previously described [1]. New instrumentation in
cludes an infrared radiometer (#8 in Figure 2) and an alpha and proton 
detector (#7 in Figure 2). Target-absorbed-energy measurements are made 
using charge collectors for ion energy, and thermoluminescent dosimeters [13] 
are used to measure X-ray energy. Corrections for secondary emission have 
been made in determining the ion energy. Another recently developed 
technique for measuring absorbed energy makes use of a plastic bubble 
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FIG. 3. Schematic of plastic-bubble calorimeter. 

calorimeter [14] that consists of a large-diameter (̂  4 cm), thin-wall 
('v, 10 urn) polyvinyl acetate plastic bubble with a DT-filled microshell 
target at the center, as in Figure 3. Since the bubble wall absorbs less 
than 0.5% of the incident laser energy, the target at the center can be 
imploded by the laser light although the bubble absorbs all the target-ion 
expansion energy and soft X-ray energy, with a resultant rise in surface 
temperature. An infrared radiometer (#8 in Figure 2) records the bubble-
temperature increase and from the measured bubble mass and specific heat 
the target-absorbed energy is deduced. Measurements of absorbed energy 
using the plastic-bubble calorimeter agree to within approximately 20% 
of the ion and X-ray energy measurements made with charge collectors and 
TLD's. 

FAST IONS, HARD X-RAYS AND CORONA EVOLUTION 

Previously [1] it was observed that approximately half of the absorbed 
energy took the form of fast ions with energies exceeding 5 keV/nucleon. 
Fast-ion measurements were carried out using biased charge collectors with 
corrections for secondary emission. These corrections plus the lim
ited dynamic range of charge collectors did not permit an accurate determin
ation of the spectral shape of the fast-ion distribution. Recently, a 
magnetic spectrograph in conjunction with cellulose nitrate foil detectors 



IAEA-CN-35/F10 231 

10 

<°o 10 -

S io 

FAST-ION SPECTRUM 

TARGET-54pm GLASS SHELL 

LASER INTENSITY 3 xK)15 wotts/cm2 

SOLID ANGLE - 3.9 x 10"8 sr 

dN/dv = Aexp ( -V /V 0 ) 

A = 3 .7x l0 5 per I0 8 cm/sec 

= 7 8x10'cm/sec 

VELOCITY ( I 0 8 cm/sec) 

FIG.4. The fast-ion velocity spectrum. 

[15] has been used to quantitatively measure the fast-ion spectrum. Figure 
4 shows the fast-ion velocity spectrum obtained from a spherical glass shell 
target (55-pm diameter, 0.7-pm wall thickness) irradiated with on-target 
laser power of 0.3 TW. The velocity spectrum is accurately represented by 
dN/dV = A exp (-V/VQ) over the velocity range of 2 to 9 x 10

8 cm/sec. 

Many similar shots have given the exponential velocity distribution. 
Integration of the total energy contained in this ion group agrees within 
about 20% with the charge-collector ion energy measurements. In the spec
trum of Figure 4, the scale velocity was VQ = 7.8 x 10

7 cm/sec. 

A correlation can be made between the observed velocity spectrum and 
the spectrum derived from the simple similarity model of an isothermal 
rarefaction [16] generalized for an electron-plasma. According to this 
model the ion velocity distribution is identical to the exponential form 
given above with a scale velocity C T = [(Zee + e-j)/Amp]^ where Z and A are 
the ion atomic number and mass, ee and e-j are the electron and ion tem
peratures, and nip is the proton mass. The measurement of the velocity 
spectrum is, of course, made at a large distance from the target, where 
all of the thermal energy has been converted to kinetic energy. In the 
isothermal rarefaction 5/8 of the ablation energy resides in kinetic 
energy, hence the scale velocity as measured at large distances is larger 
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by a factor of /ET/8 than its value at the target. Assuming e-j = 0, Z = 10, 
A = 20 (for glass) qives CT = 2.2 x 10

7ej£-cm/sec, which when set equal to the 
experimental VQ x /5/8 gives an isothermal electron temperature of 
e = 8 keV. Measurements of the X-ray spectrum [1,17] in the 5-to-30-keV 
region also indicate an electron temperature of about 5 to 15 keV. 

These results would indicate a corona whose electron temperature 
exceeds the 1 to 2 keV temperatures obtained on the assumption of simple 
inverse-bremsstrahlung absorption. The high-temperature corona may be due 
to magnetic-field-inhibited transport [18], inhibition of electron thermal 
conduction [19] or anomalous absorption [20]. Magnetic-field-inhibited 
transport would be less prominent in these spherically uniform irradiations 
than in the case of nonuniform irradiations on planar targets [21]. 

If the absorption process develops this substantial population of 
^ 10 keV electrons, then shell preheating [22] during implosion may be 
expected to be caused by electron energy deposition ahead of the thermal 
conduction zone. Very energetic electrons (E > 75 keV) have been directly 
measured in some recent planar irradiations [23]. 



IAEA-CN-35/F10 2 3 3 

FIG.6. Microdensitometer trace of the X-ray pinhole photograph for target shot 2369. The target diameter was 
144 urn and the energy on target was 81.1 J in 240 ps. The 16.6 ym displacement of the central structure was 
produced by introduction of a 58 ps delay in channel B and corresponds to a tamper velocity of 5.7 X 101 cm/s. 

X-RAY PINHOLE PHOTOGRAPHS 

Target volume reduction has been inferred from X-ray pinhole camera 
photographs [1,24]. An array of four 5-ym pinholes in the X-ray cameras 
is covered with different thicknesses of beryllium foil to spatially 
resolve the X-ray energy distribution and thereby determine the electron 
temperature in both the conduction zone and compressed target core. 

The amount of X-ray emission observed in the central region of the 
pinhole photographs is strongly dependent on the fuel and tamper materials. 
The radiative process for the DT fuel is bremsstrahlung, while for a 
higher-Z tamper the contribution of free-bound and bound-bound transitions 
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FIG. 7. Some typical oscilloscope recordings from alpha-particle and proton detector. Trace A was produced by 
the implosion of a polyvinyl alcohol (PVAj plastic shell target containing only deuterium. Traces B, C and D 
were produced by implosion of deuterium-tritium gas-filled shell targets. Trace D is a typical small (52-fim 
diameter, 0.7-[im wall) 6:4 mixture DT target, laser energy 27 J, pulselength 56 ps. 

becomes significant. For the glass-shell targets where the average atomic 
number is ten times that of the fuel, the tamper produces much stronger X-
ray emission than the fuel and therefore the electron temperature of the 
tamper is measured. 

Measurements of the electron temperature in the tamper using foil 
filtration techniques [25] on multiple-pinhole X-ray photographs indicate 
a temperature range from 0.5 to 4.0 keV with the lower temperatures corres
ponding to larger-diameter targets (> 100 \m) and higher gas-fill pressures 
(> 30 atmospheres). The results of a number of experiments are shown in 
Figure 5,in which the electron temperatures were deduced assuming a brems-
strahlung spectrum in the region above 2 keV. The higher tamper tempera
tures were found to be correlated with the higher neutron yields obtained 
with the 55-ym-diameter, 40:1-aspect-ratio (radius-to-wall-thickness) 
targets. The lower tamper electron temperatures were observed in the im
plosion of thicker-wall, 20:1-aspect-ratio, targets. The thicker-wall 
targets should be less severely preheated and hence should attain a lower 
tamper temperature at peak compression as observed. 

Another series of experiments was performed to measure implosion 
velocities by introducing a deliberate time delay in one channel of the 
two-channel illumination system and observing the off-center implosion of 
150-ym-diameter (1-ym wall) glass-shell targets. (See Figure 6.) From 
such time-delay experiments and the assumption that the shell wall accel
eration time plus the introduced delay time is short compared to the 
collapse time, it is possible to deduce the average wall-implosion velocity. 
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FIG. 10. Alpha-particle energy spectra obtained with a magnetic spectrograph. 

Implosion velocities so determined varied from about 3 x 107 cm/sec to 
6 x 107 cm/sec. These experimentally deduced implosion velocities are 
larger than the implosion velocities obtained from the hydrodynamic com
puter code simulations of shell implosions with no preheating when the 
simulations are adjusted so that the absorbed laser energy is equal to the 
experimental value. Computer code simulations indicated higher implosion 
velocities with the addition of some preheat. 

MEASUREMENTS OF ALPHA PARTICLES AND PROTONS 

An alpha-particle and proton detector [5] similar to the design 
of Reference 4 makes use of magnetic deflection and time-of-flight 
particle identification. The detector has a thin plastic scintillator 
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TABLE I. TYPICAL LASER-DRIVEN SHELL IMPLOSION PARAMETERS 

Shell Diameter 

Shell Thickness 

Shell Mass 

DT Gas Pressure 

Power on Target 

Pulselength 

Absorbed Energy 

Kinetic Energy 

Fraction of Kinetic 

Ionization Energy 

X-Ray Energy 

Low Temperature 

High Temperature 

Energy > 5 keV/nucleon 

Energy in High-Temperature Component 

Neutron Yield 

55 ym 

0.7 ym 

15 nanograms 

10 atmospheres 

0.4 terawatt 

45 picoseconds 

3.4 joules 

2.8 joules 

0.6 
0.2 joule 

0.4 joule 

0.75 keV 

11 keV 

2.5 millijoules 

2 x 107 

Alpha-Particle Energy Loss ^ 5 percent 

DT Fuel-Ion Temperature ^2.5 keV 

DT Fuel Compression ^ 103 

foil and a fast photomultiplier tube 154 cm from the target. Figure 7 
presents some typical oscilloscope traces from this detector that show: 
(1) a scattered-X-ray pulse (far left - used as a timing fiducial); (2) 
a proton pulse (center); and (3) an alpha-particle pulse (right); followed 
by (4) some energetic fast-ion signals (far right). The measurements de
duced from such traces are the proton and alpha-particle yields, and the 
mean proton and alpha-particle energies. 

The alpha particles, created near peak compression, lose energy in 
traversing the fuel and the compressed glass tamper. The fractional re
sidual alpha-particle energy has been calculated [5] for various values of 
the tamper /Pjdr and tamper electron temperature, where Py is the density 
of the tamper. The contribution to the alpha-particle energy loss from DT 
fuel is estimated to be small compared to the loss in the tamper. Figure 8 
shows the results of these calculations. Experimentally it is observed 
that the alpha-particle energy loss varies typically from 3 to 10%, indicat
ing that /Pjdr lies roughly between 2 x 10"3 and 5 x 10"3 g/cm2, for 
tamper electron temperatures in the 2 to 3 keV range. Computer code simu
lations have been performed which indicate that tamper electron temperatures 
greater than 2 keV and relatively low values for /Pydr are produced when 
some shell preheating is introduced. 
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The ratio of the yield of DT alpha particles to the yield of DD protons 
is a direct measure of the fuel-ion temperature assuming a Maxwellian 
ion distribution has obtained in the core. The yield ratio is given by 
Na/Np = 2(n-r/n[))(<0V>Dj/<av>DD) where the nD and nj are the deuterium and 
tritium fuel densities, and <av>Dj and <av>n[j are the Maxwel1-averaged rates 
for the DT reaction and the proton branch of the DD reaction respectively. 
Figure 9 shows a plot of this ratio for a 6:4 deuterium-tritium ratio which 
has been typically used in KMSF experiments. Since individual target shots 
produced a maximum of only 2 protons in the detector it was not possible to 
provide a reasonable statistical sample for the Na/N ratio. To increase the 
statistical sample, a series of experiments which were essentially equivalent 
was conducted with 50- to 60-micrometer diameter, 0.7- to 0.8-micrometer wall 
thickness targets. The results of 26 similar experiments produced a total 
of 1420 alpha particles and 10 protons in the detector giving an N /N ratio 
of 142 and an ion temperature, from Figure 9, of e, = 2.6 keV. The limited 
proton statistics however make the present error in this measurement of the 
ion temperature large, viz 1.7 <, e.. <, 5.2 keV. 

The alpha-particle energy spread is due, in part, to ion thermal 
broadening. Additional broadening of the alpha-particle spectrum corres
ponds to effects of time and space dependent electron temperature and 
/pjdr as well as doppler shift, range straggling, etc., during the nuclear 
reaction period. However, an upper bound to the fuel-ion temperature is 
found by assuming that all the broadening corresponds to ion thermal broad
ening. The alpha-particle spectrum is broadened [26] according to the 
relation AEa(keV) = 1776? where 9-j is the fuel-ion temperature in keV. 
Two representative alpha-particle energy spectra measured with a new mag
netic spectrograph [27] are shown in Figure 10. The FWHM energy spreads 
are 270 keV (upper) and 220 keV (lower), corresponding to fuel-ion tem
peratures of 6i = 2.3 keV and 1.5 keV respectively. 

Simple similarity calculations [28] of the neutron yield from the 
adiabatic compression-expansion cycle of the contained DT gas are in good 
agreement with the measured fuel-ion temperature of ^ 2.5 keV, and a fuel 
compression of about 103 for the 55-ym-diameter, 10 atmosphere targets. The 
highest neutron yield obtained in these experiments was 5.4 x 107 with on-
target laser power of 0.5 terawatt. 

Table I is a summary of the measured and deduced implosion parameters 
typical of the experiments. 

COMPUTER CODE SIMULATIONS 

These calculations are based on the KMSF one-dimensional radiation 
hydrodynamic computer code, TRHYD [22]. The classical simulation code con
sists of a two-temperature, one-fluid model of the plasma with inverse 
bremsstrahlung absorption and transport coefficients [29]. Radiation 
processes include free-free, free-bound and bound-bound transitions in 
an LTE population of ionic states. The classical model can reproduce 
the implosion dynamics and neutron yields, but cannot produce the fast 
ions, fast-electron preheat, anomalous conductivity and other athermal 
processes suggested by the experimental data. 

Measurements of the fast-ion component of the plasma show that approxi
mately half of the absorbed energy resides in only a few percent of the 
target mass. One possible mechanism for this fast-ion component is a com
bination of thermal-conduction inhibition and anomalous absorption [19]. 
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FIG.l 1. Fast-ion spectrum deduced from the one-dimensional numerical simulation. 

TABLE II. COMPARISON OF SIMULATION MODELS WITH EXPERIMENT 

Measured Quantity 

Absorbed Energy (J) 

Fast Ion Energy (J) 

Fast Ion Mass (ng) 

Slow Ion Energy (J) 

X-Ray Energy (J) 

Neutron Yield 

Corona Temp. (keV) 

Fuel Ion Temp. (keV) 

Tamper Electron Temp. 
(keV) 

Experiments 

3.4 

1.7 

0.6 

1.1 

0.5 

1 x 107 

8 - 1 0 

1.5 - 2.6 

2.3 

Classical Model 

3.3 

0 

0 

2.8 

0.5 

1 x 107 

1.6 

2.75 

1.5 

Reduced 
Conductivity Model 

4.0 

1.5 

0.6 

1.8 

0.7 

2 x 107 

8.2 

2.2 

1.75 
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Conduction inhibition alone is not sufficient, since corona decoupling [30] 
occurs with inverse bremsstrahlung at temperatures of only a few keV, thus 
lowering the absorbed energy which then needs to be made up by anomalous 
absorption. 

A corona model based on reduced thermal conductivity and anomalous 
absorption, in addition to inverse bremsstrahlung absorption, has been 
incorporated in the simulation code and comparisons made with diagnostic 
measurements in spherical-implosion experiments. In these calculations 
a fraction {^ 6%) of the incident laser energy is absorbed in a thin 
outer layer by anomalous processes with the conductivity in this layer 
reduced from its classical value [31,32]. The remainder of the incident 
laser energy is then available for inverse bremsstrahlung absorption. It 
was found that a reduction to approximately 10"3 of the classical con
ductivity was required to produce the observed fast-ion and hard X-ray 
spectra in these calculations. The high temperature produced in the 
outer corona by the fast-ion mechanism also may result in fast-electron 
preheat of the pellet interior. Only a small fraction of the total number 
of electrons in the target with about 0.3 J (̂  2% of the incident 
energy) is required to substantially preheat the shell inside the conduction 
barrier. Pellet implosions of this type are hotter and of lower density 
than would be expected from purely classical processes, because the fast-
ion blowoff is ineffective in transferring momentum to the imploding com
ponent and there is substantial preheat of the interior. 

The model described above is capable of reproducing most of the 
measured quantities in spherical implosions of glass-shell targets. In 
Figure 11 are shown the ion spectra from both the classical simulation 
model and the reduced conductivity model for the case of a 55-ytn-diameter 
shell with a 0.7-ym wall and 10 atmospheres of DT gas. This target was 
imploded by a 30-joule rectangular pulse of 1.06-pm light, 70 psec long. 
The reduced-conductivity model produces an exponential velocity distri
bution corresponding to a coronal electron temperature of approximately 
8 keV as observed in the experiments. The X-ray spectrum given by this 
model also has the observed two-temperature form. In Table II the re
sults of these two simulations are compared with some of the other 
experimental data. 

In the calculation described above, approximately half of the 
absorbed energy was by inverse bremsstrahlung. Present absorption data 
taken alone are not sufficiently precise to distinguish between the possible 
laser absorption mechanisms. From flux-balance arguments, the inverse 
bremsstrahlung absorption scales with incident flux according to 
e ^ (L/\2IQj% where L is the density scale length, I is the incident 
laser intensity and X the laser wavelength. Althougn the observations are 
consistent with this scaling [33], they do not preclude other mechanisms. 
For example, an effective collision frequency can be determined in the 
presence of a saturated parametric instability [34,35]. This model pre
dicts that e ̂  L0'6/!!?'1*. a result which at present is experimentally 
indistinguishable from the inverse bremsstrahlung scaling law. 

Although the model described above appears promising there are 
other possible mechanisms for fast ion generation which must be considered. 
One such mechanism is the ponderomotive force associated with resonant ab
sorption [36,37]. Microwave experiments [38,39] as well as C0£ laser 
interaction experiments [40] suggest that the ponderomotive force may be 
involved in fast ion-production. 
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CONCLUSIONS 

These laser-driven implosion experiments suggest that implosion vel
ocities, tamper electron temperatures, the high-temperature component of the 
X-ray spectrum, and the alpha-particle and proton spectra all indicate some 
shell preheating. Additionally, the alpha-particle and proton measurements 
have produced information on the central implosion conditions, such as 
fuel-ion temperature and tamper electron density. 

Measurements of the plasma energy show that approximately half of the 
absorbed energy is contained in only a few percent of the target mass. The 
computer simulation models examined herein generate this fast-ion component 
by requiring anomalous as well as classical coupling mechanisms and a sig
nificant modification of classical transport coefficients. A model which 
assumed anomalous coupling in a thin layer outside of a region of greatly 
reduced thermal conductivity gives results which come close to a large 
number of the measured quantities. 
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DISCUSSION 

ON PAPER IAEA-CN-35/F 10 

A.J. TOEPFER: Several papers have offered evidence that large self-generated magnetic fields 
are produced in laser-target interaction experiments. Is it not true that inductively generated electric 
fields should also occur in association with the self-generated magnetic fields? If it is, what effect 
would these fields have on your measurements of thermal broadening of the a-particle energy 
spectrum? 

F.J. MAYER: Time-dependent magnetic fields may certainly provide another mechanism for 
broadening the a-particle energy spectrum, in addition to thermal broadening (believed to be the 
dominant mechanism), time-dependent density and temperature broadening, straggling and so on. 
We have not yet determined the magnitudes of these individual contributions. 
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Abstract 

HIGH-DENSITY AND COLLISIONAL PLASMA REGIMES IN THE ALCATOR PROGRAMME 
Operation of Alcator with toroidal fields up to 80 kG has enabled discharges to be produced with peak 

density as high as 9 X 1014 cm - 3 . A nearly complete control of the plasma density during the discharge has been 
attained and from this an evaluation of the particle confinement time r_ has been made. For n < 1014 cm-3,, ii 
being the linear average density, we find r to increase with n, with T /TE ~ 4 where T E is the energy replacement 
time. Detailed measurement of density and temperature profiles of nearly steady-state discharges have corroborated 
and extended earlier results. In particular, TE improves with n and maximum values of n 0 r E of 1013 s-cm~3 have 
been obtained. A nearly collisional plasma regime has been obtained, with the streaming parameter % = Vd | |/V the ~ 10~2, 
minimum value of collisionality parameter P* ~ 13, the ratio of measured plasma resistivity to the classical Spitzer 
resistivity < t?/T}d > = 1, with effective average ion charge Zeff = 1. The Rector device has been realized with the 
purpose of investigating the confinement properties of plasmas with non-circular cross-sections. Detailed measure
ments of the isobaric surfaces have been made using Thomson scattering. The identification of these surfaces with 
the magnetic surfaces makes it possible to analyse the relationship between their geometry and the parameters of 
the confined plasma. 

I. INTRODUCTION 

Alcator is a high field, high current density toroidal confinement experiment. 
A detailed description of the experiment and of the diagnostic apparatus on it has 
been given earlier [1]. A description of discharges at toroidal fields of up to 55kG 
and average densities n up to 2xl0l4cm~3 has been given previously [2]. Routine 
operation at 50kG^BT^80kG, central current density Jtf~l-2kA/cm2 and n^2xl01'1cm~3 

has now become possible. The confinement properties of these discharges and the 
nature of the plasma regime are the main subjects of this paper. 

Installation of programmed control of the vertical field in November 1975 
permitted the production of stable, low-density (ne~1013cm~3) discharges lasting 
up to 650 ms. However, strong interaction between the vacuum chamber 
and runaway electrons which become unconfined due to small toroidal field inhomo-
geneities at the diagnostic ports caused a crack in the vacuum chamber and loss 
of high vacuum. This forced shutdown of operations in January 1976. Full dis
assembly of the machine, repair of the vacuum vessel and reassembly required four 
months. Operation was resumed in May, with cryogenic operation in June. During 
the shutdown several improvements were made on the experiment: 

(a) Improved liquid nitrogen cooling of the magnet assembly, which has allowed 
routine operation at BT=75kG. 

(b) Improved gas injection and monitoring system which has allowed precise control 
and measurement of the time evolution of neutral gas injected into the machine. 

* Physics Department 
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(c) Use of an additional 6MW programmable power supply employed for the purpose 
of double-swinging of the air-core transformer. This has increased the 
volt-second capacity of the transformer without increasing the stresses. 

(d) Redesign of the Thomson scattering apparatus, which now allows rapid and 
accurate determination of radial electron density and temperature profiles. 

(e) Development of a 119|Jm methyl alcohol laser interferometer which allows 
continuous monitoring of electron density along a chord [3], 

(f) Installation and operation of a 5-channel calibrated neutral particle analyser 
developed and constructed at the A. F. Ioffe Physico-Technical Institute in 
Leningrad, USSR. The ion temperature measured with this apparatus is in 
agreement with previous measurements using a one-channel energy-scanned 
device. The new apparatus permits measurement of radial ion temperature 
profiles in the regime where the plasma is transparent to neutrals. 

In the following sections, we shall discuss the various technical and physics 
. aspects of achieving high density operation of Alcator. A discussion of the physical 
parameters realized and their scaling will also be given. 

II. GAS INJECTION EXPERIMENTS 

A remarkable degree of control of plasma density has been achieved by use 
of a new, fast, pulsed valve. The valve is activated by applying voltage to a 
piezo-electric crystal to which the polymer seal has been cemented. The opening 
time is of the order of a millisecond and the throughput can be adjusted at any level 
up to at least 30 torr-liter/second of H2. The valve operates at atmospheric filling 
pressure on the high-pressure side and empties into a 1 liter volume, connected to 
the plasma chamber by a slot whose molecular-flow conductance is 40 1/sec. At 
high throughput levels, the flow through the slot is in the viscous regime. The 
throughput is monitored by an absolutely calibrated capacitance gauge, which 
measures pressure in the 1 liter volume on the low pressure side of the valve. The 
gauge measures pressure up to 1 torr with response time of about 1 msec. The 
system is calibrated by measuring the rate of fall of pressure immediately after 
closure of the valve. 

Results of injection of three different waveforms of gas into the discharge 
after its initial formation are shown in Figs 1-3. In Fig. la and lb, gas is injected 
at a constant rate, and a nearly constant rate of rise of density is observed. The 
rate, however, is dependent on the initial machine condition; the discharge in Fig. 
la is produced after several low-density discharges whereas the discharge in Fig. 
lb occurs after one or two discharges of the type shown in Fig. la. Since the same 
gas input is used, the difference in density rise is attributed to increased recycling. 
However, the additional gas supplied by recycling saturates after only one high-
density discharge. We model the density dynamics by the conservation equation 
N+N/Tp=S+Rw where N is the total number of plasma electrons, Tp an effective 
global particle confinement time, S the gas input source rate and Kw the wall con
tribution. If we neglect Rw in the case of a machine conditioned by low-density dis
charges, as for example in Fig. la, we find n/Tp?al013cm~3msec~ , where n is the 
chordal-averaged density. Thus we estimate that Tp scales with density as does the 
energy containment time TE, and Tp'«-4T-E. We emphasize that this result holds only 
up to n=lxl014cm 3 and is actually an upper limit on Tp since the recycling rate is 
not accurately known. At present, we have no validated model for R^., but if we 
suppose RW=YN/Tp where Y is a recycling coefficient, the discharges obtained 
under saturated wall conditions are described by adopting values for y in the range 
0.2 - 0.4. When short (~ 10 msec) pulses of gas are injected, the density rises 
and_then decays as shown in Fig. 2. The linear decay observed here also suggests 
Tp~n; however, the effective value of Tp is 2-3 times longer than that inferred from 
the previous mode of injection. The difference may be due to profile effects, as the 
density profile is broad, or possibly inverted during the injection phase, but be
comes sharply peaked during the decay phase. Finally, by dropping the source rate 
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FIG.l. Oscillographs of voltage (1.6 V/div), current (55 kA/div) and electron density (3X10 cm' /div) versus 
time (20 ms/div). The pulsed gas injection rate is constant and equal to 20 ton- litre/s, but in (a) the recycling rate 
is low (y ~ 0) while in (b) y ~ 0.3. 

FIG. 2. Oscillographs of vo Itage (1.6 V/div), 
current (55 kA/div) and density 
(1.5 X 1013 cm~3/div) versus time (20 ms/div). 
The gas pulse is 12 ms long. 
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FIG. 3. Quasi-stationary values of Te and ne 

achieved with programmed pulsed gas injection. 
In steady state, gas throughput is 12 torr- litre/s. 
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FIG.4. Te and ne profiles during the early 
phase of density build-up after pulsed gas 
injection, showing the density inversion (dn/dr > 0). 

to the equilibrium value N / T _ after increasing the density to the desired density 
level, quasi-stationary values of density are obtained (Fig. 3). Since N/Tp~constant, 
the source rate required to maintain a constant density is independent of density 
level. 

in . HIGH-DENSITY OPERATION 

The wide range of densities for which Alcator can be operated has presented 
a unique opportunity to study confinement properties as a function of n in the high-
density regime. We have been particularly interested in the energy containment 
time Tg defined as 

(1) T _ = l < n k ( T i + T e ) > ' Q 
•E 

VI 

Where n is the plasma density, Tj and T the ion and electron temperature, Q is 
the plasma volume, V and I are the loop voltage and current and the brackets signify 
average over the plasma cross-section. Accurate determination of TE requires 
careful measurement of the profiles n(r), Tj(r) and T e(r) . Fig. 4 shows the mea
sured radial profiles of n e and TQ during the early phases of the density build-up. 
Notice that in this case an inversion in the density profile (i .e. dn/dr > 0) obtains. 
An abrupt decrease in the level of density fluctuations on the edge of the plasma is 
coincident with the density profile inversion. The fluctuations are detected by an 
electrostatic probe positioned in the shadow of the limiter. 

Fig. 5 shows electron density and temperature profiles later in time when 
the density has reached a steady-state value. Oscillographs associated with this 
representative discharge are shown in Fig. 6. 

For analytical convenience in evaluating the various parameters characteriz
ing the plasma confinement, simple analytic models have been used to represent 
the profiles. Thus 

(2) ne(r) = noexp {-(r-rn)a/a* } and Te(r) = T^exp {-(r-rT)3/a2
T} 
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FIG.5. Electron temperature and density profiles 
at the time when density has reached its peak value. 

FIG. 6. Oscillographs of voltage (1.6 V/div), 
current (55 kA/div) and density (25 fringe s/div) 
for a high-density discharge. Time-scale 20 ms/div. 
Profiles shown in Fig. 5 were taken at 75 ms after 
current initiation. 

Other models for the radial density and temperature profiles may be used; a para
bolic profile for the radial density may be more appropriate. However, the con
finement parameters we calculate are not very sensitive to the model used. 

In order to determine Tg and /Jg, the ion temperature profile is also r e 
quired. Central ion temperature has been measured at average densities up to 
about 1. 5xl014cm~3 (see Fig. 7). At this density the neutral flux drops below the 
sensitivity of the neutral particle analyser, as shown in Fig. 8, where the discharge 
conditions are those of Figs 5 and 6. This is believed to be due to secondary 
charge exchange or ionization of the charge-exchanged neutrals produced in the 
center of the discharge, as the mean-free-path of these neutrals drops to about 
one-half of the plasma radius at this density. This effect should result in a de
crease of the central neutral density which also contributes to the decrease of the 
neutral particle flux. The break in the T i o /T e Q curve at density of 0. 7xl014 is be
lieved to be due to this shortening of the neutral mean free path. Since the 
electron-ion energy relaxation time becomes shorter than the electron energy con
finement time, the ion temperature should approach T e at high density. However, 
the neutral particle spectrometer responds to neutrals originating progressively 
toward the edge of the hot region of the plasma as the density is further increased, 
hence resulting in lower measured temperatures. 

Although Tj is not known accurately for n>1014, the ion energy content can be 
estimated using the following equations to describe electron and ion energy balance: 

(3) 

(4) 

dW W W - W . e + e _ _ e I 
dt T OH T . e ei 

dW. A W, WQ - W. 
I + i _ e i 

dt T. T . i ei 
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AVERAGE DENSITY.fi (I0 l3cm"3) 

FIG. 7. Ratio of central ion and electron 
temperatures versus average density. 

FIG.8. Signals from the 5-channel neutral 
particle energy analyser for the reference shot' 
of Figs 5 and 6. Time: 20 msjdiv; energy: 
500 eV (top trace) to 1950 eV (bottom trace). 

where We and Wj are the average electron and ion thermal energy content, Te and T-
are the effective electron and ion energy containment times, PQJJ is the ohmic-
heating power, and Tei is the electron-ion energy relaxation time. Numerically, 

(5) 
e msec 

n14 

where ni4 = n/(1014cm 3) and T e 

ment time T* = W P / P 0 H > il i s 
Te/(1 keV). Letting the electron energy replace-

easy to show that Wj^We(l-Tei/T*) and TE^2T*-Tei 
where T E is the energy"replacement time. At high density, ft 
data shown in Fig. 
and T* = 6.3 msec. 
T* = Tp is justified. 

or example, for the 
peak electron density n14= 6 and T e = 0. 77, Te i = 0.6 msec 

- - - - - - " - - • xhus the approximation 
5 we "calculate TE = 13 ms . 

Therefore T^O 9Te and T E ^ 1 . 9 T * . 
For the data in Fig 

Figure 9 shows the dependence of T E on n e in the density range 1x10 ^ne^4. 5 
xl014cm~3. We assume Wj« We which is certainly valid at the upper end of the 
density range, as just discussed. Although there is scatter in the data, some of 
which is due to variations in q, the predominant trend, i .e . TEc£n,is clear. We 
obtain roughly the following law for energy confinement time; 

(6) TE =1.7q2n1 4 msec 

valid for Wj = We . This empirical scaling law gives rise to nT-g^n3, thus emphasiz
ing the virtues of high-density operation in scaling present experiments for the pur
pose of demonstrating the Lawson value [4]. 

http://DENSITY.fi
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FIG. 9. Variation of the energy confinement time r E versus average electron density. 

In view of the strong density dependence of Tg and nTe it is important to 
understand the density limit. At the density limit in Alcator, attempts to inject 
more gas result in cooling of the edge of the plasma, shrinkage of the current 
channel and abrupt disruption. The disruption may be in the form of a single nega
tive voltage spike or a complete current termination. No precursor oscillations 
are observed on either external MHD loops or on soft x-ray emissions. In the case 
of the negative voltage spike, an extremely peaked current channel results just 
after the spike, frequently accompanied by saw-oscillations superimposed on the 
soft x-ray emission. Further increase in n can be accomplished only by raising 
I and B™ 

It has been suggested that the density limit is porportional to B-r/R, i. e. 
either the central or average current density [5]. We have found that the maximum 
density also depends on the "cleanliness" of the toroidal chamber. Specifically, by 
admitting O2 to the chamber at pressure of 2xl0~6 torr for a period of about 10 
minutes, the discharges obtained after O2 removal were typically high-Z: high-
voltage, strong x-ray emission, and a tendency to be disruptive. After 10 dis
charges, the voltage anomaly decreased to 2 but the density could be increased only 
to a level about. 6-. 7 of that which could be obtained before contamination. Hence 
the condition of vacuum chamber walls is also important in determining the maxi
mum operating density. 

IV. PHYSICAL PARAMETERS FOR THE HIGH-DENSITY REGIME 

A first rough characterization of the plasma regimes that have been real
ized in Alcator can be obtained from the values of the following dimensionsless ^ 
parameters: the collisionality factor for trapped parotides v^f/2 v^(qB.0/v^)(R/ry, 
the collisionality factor for transit particles v**^""2 v* (r/R)"2, the streaming 
parameter £ = v di / v the ' ^ e average ratio of observed resistivity to the classical 
value <T| ./ric]>, the average ratio of applied electric field to the critical runaway 
field < E | ,

I / E - R Q > , the typical time for energy transfer from electrons to ions 
normalized to the electron energy replacement time Tej/T* and the ratio of ion 
energy confinement time as determined from classical thermal conductivity 
normalized to the observed energy confinement time. 

We consider as reference cases two discharges for which we have obtained 
density and temperature profiles and that have the highest degree of collisionality. 
In particular the peak density n n = 7.3xl014cm~3, the peak temperature T 0 = 554 eV, 



254 APGAR et al. 

FEEDBACK 
(HORIZONTAL FIELD) 
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poi» » a u n u n ngg^ /? / FIELD 

57.5 cm 

FIG.10. Cross-section of Rector showing the location of the field coils and the central constant-pressure surfaces. 

T = T0 exp [-(r-rrj,) /a^«] with r„ V . « U W M x T . ̂ -*w**, ^ - « . . „w^ «*. 
We also notice that with the observed temperature profile and taking J| 

the total plasma current 74 kA and the resistive loop voltage about 4 volts. The 
density and temperature profiles can be represented by n=nQexp [-(r-r„) / a^ ] , 

:0.85cm, rrp = -. 44 cm, a = 6 . 7 9 c m and a-p = 4. 65 cm. 
- • ' • -.T^e 

obtain for the resistive loop voltage of the classical resistivity with Z=l a value 
of 3.23 volts, close to the observed voltage of 4 volts. The corresponding value 
of £ at the plasma centre, where it is maximum, is about 1. OxlO -2, while v^2- 49 
at r = 4cm, and is always larger at larger radii. Thus the application of Spitzer-
Harcn theory is well justified in this case. For this discharge qj = 8. 5, ^ = 1. 23, 
j3p-2. 5 (jSp is computed at the limiter) and Tg = 12msec. 

Another reference discharge (Figs 5 and 6) features no = 6xl0 4cm~3, T0 = 
0.77keV, I = 108kA, VR= 3.1 volts, Bp=7l . lkG t r n = 0.38cm, r T =-0.12cm, 
a n = 7.04cm, aT=5.03cm. From this we calculate v„. = 14.3 and v ^ ^ O . 2 at r = 4cm. 
This discharge can be considered to be in the intermediate regime between Pfirsch-
Schliiter and the trapped particle one. Vcj = 2.5 volts, V/Vci = l. 22, 0L = 1.43, 
TE = 13 msec and £ Q = 1 . 3xl0"3 . We have also obtained a record density discharge 
wi thn o ~9xl0 1 4 cm 3 , To = 0.7keV, 1 = 108kA, VR = 3.1 volts, B T = 78.5kG. If we 
assume the same density and temperature profiles as for the previously discussed 
discharges, we estimate /3p=l. 79, TE=16msec, Vcj = 2.9 volts and VR /V c i = l. 07. 

The observed energy replacement time is interpreted as resulting from the 
combined effects of collisional ion thermal conductivity and of anomalous processes 
that induce enlarged particle transport as well as electron thermal energy trans
port [7]. The fact that the energy replacement timesi scale with density in the same 
way as the particle confinement time is consistent with the theory of drift modes 
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that has been invoked to explain the observations and the one-dimensional transport 
code that has been developed on the basis of it. Preliminary measurements of 
fluctuations as detected by a probe in the shadow of the limiter indicate relatively 
intense activity in the bandwidth covering drift modes, with the amplitude of this 
spectrum exhibiting a tendency to decrease as the density increases. 

V. THE RECTOR EXPERIMENT 

The Rector Device has been built for the purpose of studying the MHD 
properties of axisymmetric toroidal plasmas with different noncircular c ross-
sections. Vertical elongation of the plasma is obtained by applying an equilibrium 
magnetic field having an unfavorable curvature for vertical stability of the plasma 
column. The vertical instability is suppressed by a feedback system operating on 
the horizontal component of the equilibrium field. A description of the device has 
been given in Ref. 1. The distribution of the field coils is shown in Fig. 10. 

Reproducible noncircular discharges have been obtained with macroscopic 
characteristics which are similar to circular cross-section discharges such as: 
consistency and length of the current pulse, absence of positive and negative voltage 
spikes and plasma equilibrium with different degrees of elongation. 

A Thomson scattering system has been used to measure electron density and 
temperature at 32 discrete points in the plasma (8 radial points at 4 vertical loca
tions). The interpolated isobaric surfaces are nearly coincident with the poloidal 
flux surfaces Y such that ^-VY = 0 and Y=0 on the p = 0 surface. For the regimes 
realized in Rector (central density neQ—1.2xl013cm"3 and temperature Tg-^lOOeV) 
we expect Tj < T e so that p = p ( $ ) ^ n e T e . Typical isobaric surfaces are snown in 
Fig. 10. 

Characteristic Rector parameters are: streaming ratio £ = v D i / v t h e ° ' ®" *' 
where vp and v ^ e are the electron drift and thermal velocity respectively, 
|E / E Q P I — 0.1, where E(, is the driving electric field and E c ^ is the critical 
runaway field, ^ p e / f t c e ^ ^ 2 > ^e collisionality parameter \>**= veqRo/v^Q^0A 
and the energy replacement time T =~ 0.2 msec. The typical ratio of observed r e 
sistivity to classical is r| nAld ^ 0 . 6 . The measurements we report here refer to 
plasma elongations e = b/a, where e is the height-to-width ratio of the plasma 
cross-section, in the range 2^ e^4. Given the method we use to induce the plasma 
elongation, the corresponding index of curvature is nc = -(R0/Bv)(B By/SR) = -1.1 
where By is the equilibrium transverse field. 

Despite the relatively high values of £ and | E| | /Ec-p |,we have assumed, for 
lack of a better choice, a dependence of the toroidal current density on-the electron 
temperature of the form Ju = a Tg/R where a is obtained by normalizing to the 
total plasma current. The interpolated MHD parameters of the plasma show a 
linear dependence of the surface-average current density (< J>) and surface-average 
electron temperature (<T >) on ¥ for the low q (q=*= 1.9, e=*3 ) discharges. The 
flux derivative of the electron pressure dp/dY has a non-parabolic dependence on t 
for the low q discharges, becoming almost constant toward the center of the plasma 
whereas it is parabolic for high q discharges. The average electron density (<ne>) 
is more peaked for the low q profiles than for the high q profiles. The peak value 
of the average current density increases with e for the high q profiles. 
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DISCUSSION 

ON PAPER IAEA-CN-35/A5 

B. LEHNERT: How do you explain the fact that the observed energy replacement time 
increases with density? I should have thought that, from elementary considerations of similar 
density and temperature distributions in space, one would expect the energy replacement time 
to decrease with increasing density as a result of collisional diffusion. Could the observed behaviour 
be explained by a change in these distributions, or by a change in the stability properties of the 
plasma, when the ion density is changing? 

A. GONDHALEKAR: Paper IAEA-CN-35/B 13, which will be presented later by Dr. Coppi, 
contains a theoretical discussion of this problem so I think the best answer I can give is to refer 
you to that paper. 

G. GRIEGER: When you measure the rgversus density behaviour, what in fact happens to 
the temperature? Does it remain constant or does it decay with increasing density? 

A. GONDHALEKAR: At constant plasma current there is a small decrease in the measured 
electron temperature as the density increases by more than a factor of 10. The ion temperature 
is assumed to behave similarly at the higher densities. 

J.L. JOHNSON: Your graphs of Te and ne as functions of r show no outward shift due to 
toroidal effects (Shafranov's A). With /3p « 1.5, would you not expect toroidal effects to make 
themselves felt? 

A. GONDHALEKAR: In this case no, because we adjust the vertical field so as to keep 
the peak of the pressure profile on the centre of the plasma chamber. 

A. GIBSON: The curve you showed indicating a linear increase of 7g with n had low-density 
points taken at low toroidal field (BT) and high-density points at high field. It is possible that 
the increase in rg shown is partly due to the increase in By? 

A. GONDHALEKAR: At any fixed value of the toroidal field B T , the energy confinement 
time r E increases linearly with density, until some saturation in r E tends to occur. There are 
indications of this in our present data. Accurate measurement of the possible saturation in rg 
as the density increases is the purpose of the investigations we are carrying out now. 

P. SMEULDERS: Do you have any evidence other than the calculated q(0) — for example 
saw-tooth relaxations on the X-ray fluxes — for the value that exists on the axis? 

A. GONDHALEKAR: In a clean plasma, the conditions with q - 1 on the axis, or even 
a little less than 1, are not accompanied by saw-tooth X-ray emissions or indications of excessive 
MHD activity. 
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Abstract 

GENERAL PROPERTIES AND STABILITY BEHAVIOUR OF HIGH-DENSITY TOKAMAK PLASMAS IN 
PULSATOR I. 

Tokamak operation in the high-density regime is limited by the disruptive instability. At toroidal fields of 
2.7 T the discharges in Pulsator could be kept stable for the duration of the current flat-top which is 120 ms within 
the limits I < 65 kA (q > 3.3), 0p < 1.5 and a neutral gas influx <t> < 5.7 X 1020 s_1, leading to a peak density of 
2 X 1014 cm - 3 . Discharges with decreasing currents are characterized by values of 0p as high as 2.0. The time 
behaviour of high-density discharges is described in detail. Taking into account the neutral gas influx as well as 
the measured density, the recycling coefficient is estimated to be p = 0.95. In the early stage of the discharge the 
heavy impurities (Mo, Fe, Ni, Cr) predominate, their density profile showing a weak minimum on the axis. In the 
high-density regime, oxygen is found to be the principal impurity, leading to zeff «* 2. Strong saw-tooth oscillations 
are observed, but the prevailing loss mechanism in the central part of the plasma is neoclassical ion heat conduction. 
The observed plasma parameters are in good agreement with the predictions of a numerical code. 

1. TEMPORAL EVOLUTION OF HIGH-DENSITY DISCHARGES 

In the Pulsator device the values ne = 2.0 X 1014 cm-3, j3p = 2.0 and zeff = 1.5 have been 
obtained by pulsed neutral gas influx. At a toroidal magnetic field of 2.7 T and a limiter radius. 
of 11 cm, I was varied between 40 kA and 65 kA, corresponding to q-values of 5.6 to 3.3. The 
temporal evolution of the plasma parameters has been studied in most detail at constant currents 
(case A, Fig. 1); in some cases a current decay was produced by crowbarring the primary circuit 
(case B, Fig. 1). 

The pulsed gas inflow is provided by expanding hydrogen, contained within a volume of 60 cm3 

and filled at pressures up to 8 torr, into a buffer volume (time constant tx = 4 ms) and further into 
the torus (t2 = 40 ms). The particle flux 0 into the torus is given in the case t2 > t! by 

0(t) = 0o(e"t/t2 - e - ^ O 

where 0O = 6.4 X 1020 s"1 in the typical case of Fig. 1. If all lost particles are fully recycled 
(recycling coefficient p = 1) the average line density <ne> would approach a constant value of 
1.8 X 1014 cm"3 at t = 120 ms. The measured <ne> at this time is 1.2 X 1014 cm-3. Therefore a 
recycling ratio of p < 1 must be postulated. The ne-decay time T is defined by T = Tp/(l-p), where 
TP is the global particle confinement time. In the case of Fig. 1, T « 100 ms. From spectroscopic 
measurements T p « 5 m s is deduced. This leads to p = 0.95. 

After the start of the gas inflow at 40 ms the outer zone and later the centre of the plasma 
column is cooled (Fig. 2). The change in the Te profiles is accompanied by a hump in the loop-
voltage occurring at the maximum of 0 at 51 ms. This hump is caused by a contraction followed by 
an expansion of the current channel. At this time the ne profile has a weak minimum in the centre. 
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FIG.l. Plasma current, electron line density < n e > and particle flux <j>. 0 is the same for cases A and B. 
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FIG.2. Te profiles at t = 44, 51, 60 and 90 ms. 

The decrease of T e is accompanied by a sharp rise in Tj, going from 180 eV at 44 ms to 300 eV 
at 60 ms (Fig. 3). The enhanced energy transfer from the electrons to the ions is responsible for the 
increase. Beyond 60 ms the plasma parameters change only slightly; the T e profile is bell-shaped and 
the ne profile has a trapezoidal form. 

The values of 0p and ne obtained so far are limited by the onset of the disruptive instability. 
For the dependence of j3p on n e two cases A and B can be distinguished (Fig. 1 and Fig. 4): discharges 
with nearly constant currents (A) and discharges with decreasing currents (B). The neutral flux 0(t) 
is the same in both cases. In case A the energy replacement time TE'(t) is proportional to n e as well 
as |3p. For decreasing currents the plasma parameters U(t), Te(t), Ti(t) differ only slightly from the 
values in case A. Since j3p a I - 2 , this leads to higher values of j3p, such that j3p = 2.0 at 100 ms. 
Experiments carried out with a constant but reduced current of I = 40 kA exhibit a maximum |3p of 
only 1.5. Thus the increase in |3P in case B is an effect of the current decay rather than of the 
increased q-values. 

2. IMPURITIES 

The predominant light impurity is oxygen. Measurements of the absolute O Vl-line intensity 
at 1032 A at 4 ms indicate that the oxygen concentration is about 3% when the line peaks. Later 
on, the influx of oxygen is estimated to be 8 X 1018 s - 1 , this being deduced from the measured 
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FIG.4. (3p and TE for the cases A and B of Fig. 1. 

plateau radiance of 4.3 X 101S photons/cm2 -s-sr, and an assumed kTe value of about 100 eV in the 
OVI shell. This flux cannot be accumulated in the plasma because it would lead to a content of 
6 X 1018 electrons in the torus after 100 ms, which is four times the observed content in the case 
without gas influx. On the other hand, oxygen must be confined better than hydrogen. This can 
be deduced in the following manner: the oxygen influx is measured to be 1.3% of the hydrogen 
influx, thereby giving zeff « 2 if it is assumed that the confinement times for oxygen and hydrogen 
are the same. However, at the end of the discharge zeff values of 8 to 10 are observed; these values 
cannot be explained by the measured content of heavy impurities alone. Thus oxygen is assumed to 
contribute about half of the observed zeff values; its content in the discharge is larger than 1.3%. 
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FIG.5. Emission of O III - O VI lines during neutral gas inflow. All intensities are normalized to the value at 
t = 40 ms when the gas inflow starts. 

In discharges with neutral gas inflow we observe a strong increase of the OVI-line intensity 
when ne increases (Fig. 5). Most of the increase can be explained by recombination in the outer 
region where cooling occurs rather than by an increased influx of oxygen. This is seen from the time 
behaviour of the lines of lower ionization stages, which begin to increase a little later and then more 
slowly. Apparently a continuously broadening shell is formed in which O VI can exist in corona 
equilibrium. This is supported by Thomson scattering experiments at r = 9 cm giving kTe = 60 eV 
and ne = 3-4 X 1013 cm-3 at 90 ms. The total power radiated in the O VI 2S-2P transition is 
16 kW at 90 ms; this is more than 10% of the total ohmic heating power. 

From the absolute intensity of the soft X-ray continuum one can obtain an estimate of zeff(r,t) 
under the assumption that only one impurity is present. zeff(r) shows an inverted profile with a 
minimum in the centre of the discharge. During the neutral gas input zeff(t) decreases by a factor 
of more than three in the centre. Before the density rise the zeff value agrees with the L-line measure
ments if the assumption is made that molybdenum is the predominant impurity (see below). 

The temporal and radial variations of the L-lines of molybdenum and stainless-steel constituents 
(Fe, Cr, Ni) have been measured. The line intensities continuously increase until the gas input 
occurs. At this point the intensities drop sharply, first outside and then inside. Utilizing a global 
rate coefficient [1] representing the sum over all ionization stages and the fine structure of the 
L-lines, one can obtain the impurity density as a function of time and radius. The absolute values 
of the Mo and Fe densities show a minimum in the centre of the discharge. They drop by a factor 
of about five after the gas input. 

Comparison of the position of the q = 1 surface as determined from the m = 0 internal disrup
tions and from the Thomson scattering supports the above picture of an inverted impurity profile. 
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FIG. 6. Dependence, on the peak density neo of the peak electron temperature Teo, the radius of the q- 1 surface 
«i, the saw-tooth relaxation time TR and the relative X-ray amplitude signals of internal disruptions AA/A and m-1 
mode AA/A. 

STABILITY 

The disruption at high densities exhibits many features which are well known from low-density 
discharges [2]. For 65 kA discharges (q « 3.3) proper centring of the plasma column is necessary to 
achieve a stable discharge with rising density. Discharges with I = 40 kA corresponding to q « 5.5 
are much less sensitive to a displacement of the column, but the attained n e and (3p values are nearly 
the same as for the 65 kA case. However, the disruptive termination of the discharge at ne > 1014cm~3 

cannot be avoided by changing the plasma position [3]. It turned out that the larger the increase in 
oxygen line emission after the gas inflow the more susceptible the discharges become to the disruptive 
instability [4]. A possible reason for this phenomenon is the change of the current density profile 
due to radiative cooling of the outer region. 

The onset of disruptions can be postponed by a small number of pulse cleaning shots which 
lead to a reduction of the oxygen content. 

A set of ten Si-surface barrier diodes registering the soft X-ray radiation allows one to observe 
the internal saw-tooth disruptions m = 0 and the m = 1 mode activity. The saw-tooth oscillations 
are observed at all densities and increase strongly with n e , the amplitude coefficient AA/A reaching 
60% (Fig. 6). The relaxation time TR of the saw-tooth and the modulation coefficient of the m = 1 
mode AX/A also increase with n e . The frequency of the m = 1 mode, however, is almost constant 
and close to that defined by the electron diamagnetic drift. 

At the highest achieved densities one can deduce from AA/A the corresponding temperature 
fluctuation to be AT e /T e *» 0.18 or AkTe « 90 eV. The density fluctuations are much weaker and 
are measured by the microwave interferometer to be An e /n e « 0.05. This is verified by Thomson 
scattering experiments which also give AkTe « 90 eV and Ane /ne « 0 with an error bar of about 5% 
for ne . 
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An estimate of the electron energy balance within the q = 1 surface close to the end of the 
discharge shows that less than one quarter (10 kW) of the ohmic heating power (45 kW) is lost by 
the internal disruption, whereas the power transferred to the ions is more than half (> 25 kW). 
This energy is finally lost by ion heat conduction in agreement with neoclassical predictions. 

4. COMPARISON WITH NUMERICAL SIMULATION 

The 6-kA discharge described above has been simulated by a six-regime tokamak transport 
code [5] used previously for low-density discharges. This code allows for several generations of 
charge-exchange neutrals and for the presence of one impurity species. In this case oxygen was 
chosen. The criteria used to select the transport coefficients are those employed for the simulation 
of normal tokamak discharges. According to these criteria, the energy and particle losses at various 
times and radii are due to different processes. In the second phase of the high-density discharge, 
when T e and Ti change slowly, the dominant energy loss in the core of the plasma is due to neo
classical (plateau) ion heat conduction, whereas in the outer regions the contribution of this 
mechanism is comparable with that of mass flow, electron heat conduction, charge exchange and 
radiation. The radiation loss amounts to 15% of the total power input. 

The calculated values fit the measured data even in such details as the hump in the loop voltage, 
the sharp rise of the ion temperature and the temporal evolution of the density and electron tempera
ture profiles. 

The most outstanding features of the simulation are: 

(1) Penetration of the neutrals due to charge-exchange accounts for the observed density 
build-up; 
(2) The relationship TE a ne , found by experiment and by simulation cannot be ascribed to 
a single dominant loss mechanism; 
(3) In contrast to low-density tokamak discharges, the ion losses are no longer negligible for 
the overall energy balance. 
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DISCUSSION 

ON PAPER IAEA-CN-35/A6 

R.J. TAYLOR: How is it possible for a classical code to explain the improvement of the 
confinement time with density? And if it does, what is the credibility of such a code? 

D. MEISEL: The plasma is not a simple system. I showed how a combination of quantitatively 
comparable effects can yield this type of confinement behaviour. In principle, one obtains from 
such a code only as much basic physics as one puts into it. 

B.J. GREEN: What is the energy of the incoming neutral particles which must be assumed 
in the code to obtain agreement with the experimentally observed density build-up? 

D. MEISEL: We took T0= Tj(a), where a is the wall radius. Usually this was time-dependent. 
Typical values of T0 were 10 to 40 eV. 

B. COPPI: We have tried to interpret the density rise at the centre of the plasma column in 
the high-density regimes of Alcator which results from the injection of neutral gas into the plasma 
chamber. We have used the same code as you did, including only collisional processes, and failed 
to obtain a density profile that does not reach its peak at the outer edge of the plasma column. 
As for the anomalous energy transport, we have a new code that considers only one type of diffusion 
coefficient, resulting from the excitation of a special kind of current-driven drift modes. This 
allows us to reproduce rather well all the major features (density and temperature profiles and so on) 
of the Alcator discharges. 

H.R. GRIEM: Is the re-cycling coefficient an important parameter for matching experiment 
and simulation? Your values for this coefficient appear to be substantially larger than those 
reported by the Alcator group in the paper IAEA-CN-35/A 5. 

D. MEISEL: The re-cycling coefficient is indeed an important parameter. It is, however, 
impossible to distinguish in the boundary conditions for the influx of neutrals between re-cycling 
and additional gas influx. 
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Abstract 

ON THE ORIGIN OF THE DISRUPTIVE INSTABILITY IN THE PULSATOR I TOKAMAK. 
It is found in Pulsator that the toroidal rotation of a helical m = 1/m = 2-system of increasing amplitude 

precedes the current disruption for a few milliseconds. In most cases, the m = 1 and the m = 2 couple on the 
outside of the torus, rotating toroidally in the direction of the electron drift. After the perturbation has reached 
a certain amplitude, all runaways are lost at the limiter within ~20 us. Approximately 20 JUS later, the central 
electron temperature drops drastically. Again ~20 fxs later, the plasma column moves inwards, a negative voltage 
and a positive current spike occur and the Ha intensity and the signal of the fast charge-exchange neutrals increase. 
The intensities of the described phenomena are correlated and determine the strength of the current disruption. 
Disruptions produced by resonant helical windings follow the same pattern, but are not preceded by a chain of 
coupled, rotating m = 1/m = 2 modes. A qualitative interpretation of the above phenomena, which underlines 
the importance of controlling the m = 2 oscillation to prevent the disruption, is given. 

Introduction 

The maximum attainable plasma density in tokamaks is limited by 

current disruption. The decisive influence of the "disruptive in

stability" on the feasibility of a tokamak reactor has given rise 

to a number of investigations with particular emphasis on the events 

during and after the negative voltage spike (NVS). In contrast to 

this, our studies were focussed on events immediately preceding the 

NVS in order to clarify the causes of the disruption. This was made 

possible by the use of a 16-channel transient recorder with a time 

resolution of 200 nsec. The recorder was run in the pretrigger mode 

triggered by the NVS. 

The following phenomenological descriptions refer to the high-
density regime in Pulsator /!/, but the general pattern is the same 
at lower densities. 
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MHD modesj growth and coupling 

The m = 2, n= 1 oscillations have a very low amplitude which re
mains constant during most of the time after the gas influx. They 

are measured both in the conventional way by means of poloidally and 

toroidally distributed B^ -coils, and selectively by monitoring the 

flux through helical m= 2, n=l windings. The internal m* 1 os

cillations are recorded in the usual way /2/ by means of 9 equally 

spaced surface barrier diodes covering the whole plasma diameter. 

Approximately 10 msec before the disruption the m= 2 oscillation 

starts to grow continuously in amplitude and cycle duration, im

posing a few msec before disruption its frequency upon the m= 1 

mode. After coupling, the amplitudes of the oscillation grow faster 

and the frequency continues to decrease till immediately before the 

NVS. At this time the signals of the X-ray diodes show the super

position of an m= 1 mode in the interior of the plasma with a phase-

locked m« 2 further out (Pig.l) . The temperature maxima of this m=* 2 

mode coincide with the current maxima as measured by the poloidal 

field coils. The signals can be 
plasma 

curren+. 

FIG.l. Oscillogram showing approximately the last half 
millisecond before disruption. 

described most simply as the 

uniform toroidal rotation of a 

rigidly coupled system of an 

m * 1, n *= 1 and m « 2, n * 1 per

turbation (Fig.2) . The system 

rotates in the direction of the 

electron drift resulting from 

the plasma current with a ve

locity of the order of the drift 

velocity of the electrons at 

the q= 2 surface. 

A detailed phase analysis 

shows coupling of the two he

lices by toroidal effects, in 

the majority of cases (~90 %) 

of such a form that their tem

perature (and probably also 

their current) maxima coincide 

in poloidal angle when inter

secting the toroidal symmetry 
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coupl'i") point 

m*^ 

plane on the out

side (pos. A in 

Pig.2). A poss

ible explanation 

for this phase re

lation is that in 

this position the 

q = 1 and the q = 2 

surfaces come 

closest together 

owing to the out

ward displacement 

FIG.2. Schematic view of coupled m = 1 and m = 2 modes. °^ *-he inner flux 

surfaces, and the perturbation currents attract each other. 

Owing to the nonlinear interaction of the perturbation currents 

the pitch angles of the m = 1 and m= 2 helices tend to approximate each 

other at the coupling point resulting in&nm=l contribution and 

higher harmonics in the magnetic signals. A uniform toroidal ro

tation of the resulting deformed m= 2 helix gives rise to the ob

servation of velocity modulation during the cycle assuming a pol-

oidal rotation of the m= 2 helix. The uniformity of the toroidal 

rotation, however, can be clearly seen from the phase relation of 

the signals of toroidally distributed B̂ . probes. It also fits well 

the observation that the amplitude of the oscillations is larger 

on the outside than on the inside (see also /3,4/). 

Hard X-ray bursts and thermal energy loss 

After the perturbations have reached a certain amplitude, im

mediately before the NVS,very hard X-rays (E ~ 1 MeV) are emitted 

from the limiter (they furnish a very convenient trigger signal 

for observation of the disruption on a short time scale). The main 

NVS is often preceded by a series of much smaller spikes with in

creasing amplitudes (Fig.l). The hard X-rays are emitted in bursts 

just before the single spikes, with the intensity increasing from 

burst to burst. If they are short enough (Fig.l), they are synchro

nized with the rotation of the helical system, occurring when posi

tion C (Fig.2) passes the limiter. The observations vary between a 

single and up to five synchronized bursts. The most intensive burst 

occurs just before a large NVS. After this spike one never observes 
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hard X-rays during subsequent NVSs. Because of pulse pile-up the 

exact energy of the X-rays could not be measured. As, however, the 

runaway production rate decreases by nearly 10 orders of magnitude 

after the gas pulse, the observed runaways in the burst must have 

had a life time of about 40 msec resulting in a minimum energy of 

8 MeV. 

After the main burst the temperature in the plasma interior de

creases significantly, as can be seen from the central trace of the 

soft X-ray diodes (Fig.l) . Because of the superposed m=* 1 oscilla

tion and of the 15 psec time constant of the diodes, the exact in

stant of the temperature drop 

cannot be determined from Fig.l. 

We therefore used a 1 jusec diode 

with a larger viewing area which 

averages out the m= 1 oscilla

tion to some extent. Its signal 

(Fig.3) shows clearly that the 

temperature drop in the plasma 

center occurs ~ 10. ..30 jusec 

after the beginning (in most 

cases at the end) of the main 

burst and ~10..20 /isec before 

the leading edge (the point of 

steepest slope) of the main 

NVS (as the main burst is very 

FIG.3. 200 ^-oscillogram around the time of the negative n a r d » i t a l s O p e n e t r a t e s t h e 
voltage spike. lea(j shielding of the fast diode) . 

Negative voltage spike and associated events 

The NVS is accompanied by a positive spike in the plasma current 

and a fast inward motion of the plasma column (see for ex

ample Fig. 5a poloidal field probes). During a short period com

prising the NVS the frequency of the coupled oscillations is in

creased (see Fig. 5c) (see also /5/). Generally, but not always, 

larger amplitude helical oscillations including also higher wave 

numbers are observed during the NVS (see also /3,4,5/). The leading 

edge of the main NVS is frequently accompanied by (m=0/n=0) os

cillation of the plasma current with a frequency of 1 MHz or larger 
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(Pig.4). The leading edge of the NVS also coincides with a sudden 

enhancement of the H^ emission /6/ and of the fast neutral outflux 

corrected for time-of-flight effects (Pig.3). No rapid, significant 

change in Tj could be observed in the fast neutral signals. 

Strength of disruption 

The phenomena preceding the current decay can proceed with dif

ferent intensity (see also /5,7/). All varieties between very soft 

(Fig. 5b,c) and hard (Fig.5a) disruptions are observed, often fol

lowing each other. The intensity 

pol. field probes(rel. un.) 

leading edge 
of the main 
neg.vott. spike 

2fjs 

seems to be determined by the 

magnitude of the central ther

mal energy drop affecting the 

strength of all subsequent 

processes (rate and magnitude 

of the inward displacement, 

amplitude of helical oscilla

tion during NVS, energy outflux 

through the NVS, amplitude of 

the NVS and the positive current 

spikes, increase in fast neutral 

outflux and in H^ emission, rate 

and magnitude of current decay). 

The strength of the disruption 

does net seem to depend on the 

amplitude of the preceding 

coupled helical oscillations. 

The intensity of the X-ray burst 

is also only weakly correlated with the other phenomena, being com

pletely absent during following spikes. It is also less pronounced 

in lower density discharges. 

Shot H017 

FIG.4. 15 [xs-oscillogram of 1 MHz-oscillations during 
the leading edge of the main negative voltage spike. 

Effect of applied resonant helical fields 

Disruptions produced by large external helical currents (Fig. 

6 DHF) show no precursor m« 2/m= 1 activity, except between the 

X-ray burst and the disruption, when a small helical motion of 

mixed m numbers grows for a fraction of a period. Thus, starting 
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FIGS. 200 [is (1 ms)-oscillograms around the time of the 
negative voltage spike for disruptions of different intensities. 

with the X-ray burst, disruptions 

triggered in this way proceed es

sentially like the others. 

When applying helical DC fields, 

smaller than the instability thre

shold /8/ (Fig.6 SHF),no m= 2 ac

tivity is found at the time where 

the disruption usually occurs in 

the absence of external helical 

fields (NHF). The disruption takes 

place 20 msec later, after the den

sity has continued to increase. In 

this case, the helical mode pattern 

is similar to the DHF case. For 

smaller, but still stabilizing he

lical fields one observes again the 

coupled system of m= 1 and m= 2 be-

VERY SOFT DISRUPTION 
1 1 1 1 1 1 1 r 

r e l . un. 

500A/div. 60 kA 

100>is/div.| 

rel .un. 

shot 13 645a 



!60ms 

PLASMA CURRENT 

- * — -

DHF 

-5—S.X-

- 7 • 

-2 
- 3 — D . f . 
. 6 
- 7 

s.Xc. 

100ms 

s.X = soft X-rays 

h.X = hard X-rays 
(limiter) 

p.f. = poloidal field 
probes 

8 

SOFT X-RAYS (center) 

rel.un. 

LOOP VOLTAGE ( U L ) 

1 ^ 

±2 
DESTABILIZING HELICAL 

STABILIZING HELICAL FIELD 

/̂No HELICAL FIELD V. 
FIG.6. Oscillograms showing the influence of resonant helical fields on the disruption. 
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fore disruption, which, 

however, stops to ro

tate for about 1 period 

before the X-ray burst 

and has a lower ampli

tude than in the NHF 

case (Fig.7) . The coup

ling of the ra= 2 and 

m= 1 is apparently so 

strong that here also 

the latter can be in

fluenced by external 

helical m=2 windings. 

Discussion 

The results described fit the following picture: 

The drift surfaces of the runaways are displaced outward with re

spect to the magnetic surfaces (e.g. 1.5 cm for 6 MeV). The coupled 

m= 1 and m= 2 perturbations impose a growing, rotating helical 

structure also on the drift surfaces of the runaways which has a 

fixed phase relation to the magnetic island system (Fig.2), with 

the closest approach to the limiter in Pos. C. Following the growth 

of the perturbations, deeper and deeper layers of runaways are de

pleted at each rotation of the system till all runaways have been 

dumped on the limiter before the first large NVS. It is inter

esting to note that the inner and the outer edge of the limiter 

(m= 2 islands in Pos. C) are melted and activated. 

A further consequence of the growth of the perturbation is an 

approach of the corresponding islands and a large-scale ergodisation 

of the magnetic field lines /9/. This causes a strong increase in 

radial electron heat conduction, and therefore a decrease of tempe

rature in the interior of the plasma. The experiments with large 

helical fields (Fig. 6 DHF) show that the destruction of confinement 

can also occur in the absence of a rotating system of m=l/m=2 if 

the islands produced by the externally applied fields are large 

FIG. 7. Oscillogram showing mode stopping before disruption. 
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enough. Such induced disruptions proceed in the same way as spon

taneous ones. Because of the reduction in fl , resulting from the 

temperature drop the plasma is pushed inward by the applied verti

cal field, causing a positive spike in the plasma current and a 

negative spike in the loop voltage because of flux conservation. 

The calculated and observed inward displacement of the plasma 

column could, however, at best explain the magnitude of the first 

step on the NVS and the current spike. One has to assume an ad

ditional variation of the plasma inductance corresponding to an 

expansion of the current channel to account for the full value of 

the main NVS /7,10/. Such a radial expansion is also consistent 

with the increase in the H^ emission and fast neutral particle out-

flux at the instant of the leading edge of the NVS. 

It is an important consequence of the above observations that 

the destruction of confinement has occurred before the leading edge 

of the NVS. Therefore one has to interfere with the discharge de

velopment before the temperature drop in the center to prevent 

current disruption. This could be done by profile shaping or stabi

lization of the MHD modes by resonant helical fields. 

The possibility of such stabilization is partially demonstrated 

by Fig. 6 (SHF). In this case, the reduction of the m= 2 amplitude 

by the resonant helical field prevents the occurrence of the dis

ruption at the usual point in time. The application of an external 

resonant helical field comparable in amplitude with the rotating 

m= 2 leads to an intermittent cancellation of the m=2 islands. A 

still better stabilization should be possible with permanent can

cellation by feedback controlled helical fields. 
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DISCUSSION 

ON PAPER IAEA-CN-35/A 7 

H.P. FURTH: You show the m = 1 and m = 2 modes growing strongly together. This is 
surprising from the point of view of kink mode theory, where the conditions for m = 1 and m = 2 
instability tend to be mutually exclusive or only weakly overlapping. Is it possible that in your 
case only the m = 2 mode is strongly unstable, and that it drives a marginally stable m = 1 mode 
by non-linear coupling? 

F. KARGER: Yes, I agree with you in part. Before coupling we observe only a slow growth 
of the two modes, but after coupling the growth rate is increased for both the m = 1 and the 
m = 2 mode. Thus the coupling by toroidal effects seems further to destabilize both modes. 

R.J. TAYLOR: Do you see a correlation between impurity content and the appearance of 
the disruptive instability as you increase the density? 

F. KARGER: Yes, we find that the onset of the disruption depends very sensitively on the 
impurity content in the high-density discharges, but we do not observe any variation in the general 
pattern of the events immediately preceding disruption. 

B. COPPI: Do you also find that there is a correlation between the length of the saw-tooth 
and density? 

F. KARGER: Yes. 
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Abstract 

INTERNAL DISRUPTIONS AND CURRENT BREAKDOWN IN TFR. 
Experimental results are given on (1) internal disruptions which, in a relaxation mode, flatten the temperature 

distribution on each side of the q = 1 surface, and (2) the sudden current breakdowns in the discharge which take 
place particularly when one tries to raise the density. Various mechanisms are discussed which might explain the 
internal disruptions, in particular a transient ergodization of the flux lines propagated from either side of the 
magnetic resonance surface. 

1. EXPERIMENTAL INVESTIGATION OF THE INTERNAL DISRUPTIONS 

The internal disruptions are studied via an analysis of the intensity fluctuations of X-rays 
emitted in the soft range; the experimental arrangement is the same as that described in Ref. [1 ]. 
In the signal A due to soft X-rays one may distinguish two types of fluctuations: a sinusoidal 
oscillation Aj^superimposed on a saw-tooth relaxation AA [2] (Fig. 1). 

1.1. Study of the oscillation 

This oscillation corresponds to an m = 1 mode (opposition of the signal phase on opposite 
sides of the magnetic axis) with n = 1. In the radial direction, the amplitude AJ&is greatest in the 
neighbourhood of the q = 1 surface as calculated from the current distribution obtained from the 
temperature distribution Te(r) under the assumption of Zeff(r) = const. In regimes of low density, 
i.e. n(0) ~ 4 X 1013 cm - 3 , the oscillation is often observed after the relaxation, at a lower frequency. 
At higher densities (n(0) ~ 1014 cm3) the oscillation does not appear in such a clear form (see Fig. 1). 

1.2. Study of the relaxation 

During the greatest part of a normal discharge, the signal A is subject to saw-tooth shaped 
relaxations. When the density grows the saw-tooth form near the magnetic axis becomes rounder 
(Fig. 1). The relaxation effect is periodic, its period At is proportional to the central density. The 
decay time of the saw-tooth 5t <J At/30 in all our experiments. The relaxation AA is inverted for a 
radius r = r0 [ 1 ] which is close to the radius r = Tx where q = 1. Beyond r0 the time 8t grows 
(5t ~ r" where a = 1). Generally, r0 < r j but the difference r0 - rj becomes smaller when q(a) 
grows. The various experiments made with TFR (variations of I, B^, of the radius of the diaphragm, 
etc.) permits us to deduce some rough rules governing the main parameters of these relaxations: 

r0 = 0.5 a \ / q ( a ) (1) 
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_ A(arbitrary units) 

a) n0-10 cm 

b) n n - 3.10 cm 

0 50 100 150 200 250 t ms 

FIG.l. (a) Notations used, (bj Typical form of signal A from soft X-rays and observed relaxations. 

1011 

At = n(0)Ti R 
800 

(AA/A)0 = 1.5/q(a)3' 

(2) 

(3) 

On the other hand, various measurements (of Thomson scattering, spectroscopic measurements, 
HF coupling studies, etc.) made it possible to show [3] that between two disruptions a variation of 
the X-ray signal is chiefly due to a variation of Te. Typical ratios are (ATe/Te)r=o ~ 10% and 
(Ane/ne)r=0 ~ 1 to 2%. 

1.3. Interpretation of AA/A 

The change ATe of the central electron temperature between two disruptions can be inter
preted as due to Joule heating, where losses are neglected. During the disruption, electron thermal 
energy is transferred from the region r < r0 to r > r0. An elucidation of this requires a physical 
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interpretation of AA/A. The hypothesis that AA(r)/A= a. Te(r)/Te with a = const is untenable 
since the law of energy conservation would be violated in the plasma (the energy gained in 
the zone r > r0 would be higher than the energy lost in the zone r < r0). Our detection 
equipment (from 4 to 15 keV) is particularly sensitive to variations in the tail of the 
electron distribution function. So we can interpret AA/A as a density fluctuation of electrons 
with energies higher than E0 ~ 4 keV. The energy decay time of the particles (especially for r > r0) 
is of the same order of magnitude as or exceeds the duration 5t of the disruption. Therefore, these 
particles with energies higher than 4 keV are more or less uncoupled from the rest of the plasma. 
In the framework of this interpretation of the signal AA/A, one can deduce a diffusion coefficient K, 
effective during the disruption (duration 5t) for the particles with energies beyond 4 keV. One can 
derive the density distribution n', before the disruption, of the particles of energies beyond 4 keV, 
from the density and temperature distributions. From the ratio An'/n' ~ AA'/A, we know n' 
during the disruption. We see that these distributions satisfy the diffusion equation 

w i t h K - K ^ c m 2 ^ - 1 for r < 6 cm, K ~ 4 X 10 4 cm 2 -s _ 1 for 6 < r < 10 cm and K ~ 2 X 104cm2-s_ 1 

for 10 < r < 14 cm (this was the last measuring point), in a discharge at I = 300 kA, B^ = 50 kG, 
r0 = 6 cm. One has K > K-norm (where K-norm ~ 103 cm2 • s - 1 , [4]) in the zone of r < 2r0; this 
proves that the disruption effect extends outside the surface q = 1. Assuming that all particles, 
independent of their energy, are subject to the effect of the conduction coefficient K, we can 
calculate the heat flux due to this instability [4]. In the central zone (r < 2r0), the disruptions are 
responsible for an appreciable fraction of the conduction losses. This result agrees with an estimate 
of the power loss through the surface of radius r = r0 due to the disruptions, based on a Thomson 
scattering measurement of the temperature change between two disruptions [2]. 

2. INVESTIGATION OF SUDDEN BREAKDOWNS 

The sudden current breakdowns occurring when the electron density was tried to be raised by 
gas injection were studied for several types of discharges: I p = 200 — 300 kA and B ,̂ = 40 — 50 kG. 
The diagnostic means used were the detection of soft X-rays and the application of magnetic loops. 
The breakdown is defined by the sudden vanishing of the soft X-ray signal which precedes (up to 
10 ms) the current breakdown. 

The main experimental observations are the following: 
(a) in the 10 to 20 ms before breakdown one observes a gradual diminution (by a factor of 2 to 4) 
of the period At of the internal relaxations (Fig. 2). 
(b) in the central zone the signal from the soft X-rays begins to decrease slowly when At decreases, 
then it weakens faster during the 2 to 4 ms before breakdown. In the same way, AA/A is observed 
to decrease in this time (Fig. 3). 
(c) when A decreases in the central zone a slight intensification of the soft X-ray signal at large radii 
is observed. 
(d) the magnetic loops detect only a magnetic perturbation 8BQ of m = 2, n = 1, up to the moment 
of breakdown. The amplitude of this mode grows slowly during the phase of decreasing At, then 
it rises rapidly in the 5 ms before breakdown and finally it reaches a saturation level after the saw 
tooth has disappeared (Fig. 2). The frequency of the mode m = 2 decreases uniformly in the 
saturation zone. 
(e) for 8B0/B0 ~ 0.2 to 0.5% the m = 1 and m = 2 modes become generally coupled, i.e. the 
frequencies cot and co2 of these modes, which were different at the beginning (a?! ~ co2/2) become 
equal within a time of the order of the period l-nlia^. The frequency co2 of mode 2 remains un
changed. For 5B0/B0 > 0.5%, the coupling is permanent. 
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FIG.2. Development of relaxations and ofthem-2,n = l mode before sudden breakdown. 
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of mode m=2 

A/wv 

mean 

FIG. 3. Development of signal A near magnetic axis and ofm=2,n = l mode. 

(f) Figure 4 shows that in the pre-breakdown period the m = 2 and m = 1 modes are coupled before 
the disruption (m = 0); this coupling, however, disappears after the disruption. These two modes 
again show coupling in the rise of the saw-tooth curve. When the two modes are not coupled, the 
hard X-ray flux decreases slightly. 

From these observations we can draw several conclusions. First of all, in the pre-breakdown 
period we observe a drop of the axial temperature and an increase of the peripheral one. This is in 
agreement with the reduction of At accompanying the growth of the density n(0) which indicates 
that the radius r0 decreases (Eq. (1) of Section 1.2). When r0 is set equal to ri (q = 1), this implies 
a flattening of the current distribution. The total current remains constant but the current is higher 
in the zone of q = 2 which could justify the increase of the m = 2 mode. Beyond a certain level 
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FIG.4. Development of saw-tooth relaxations, ofm=2,n = l mode and of hard X-rays in the 6 ms before breakdown. 

the m = 1 and m = 2 modes are coupled through a toroidal effect [5]. We may admit that, in the 
presence of these coupled high-amplitude modes, the heat transfer from centre to periphery 
becomes more important and this accelerates the flattening of the current and temperature curves. 
In the framework of this hypothesis, we have to ask for the reason for the initial flattening of the 
current and temperature distributions. It can be assumed that 00 (q = 1) is limited to some critical 
value; the growth of n(0) will then entail a drop of Te(0), which is followed by current diffusion. 

In certain breakdowns (at about 10 to 20 ms before breakdown) the O V and O VI lines were 
observed to grow in intensity which can only be explained by a growth of the electron density. 
There is an increased stream of oxygen entering the discharge. The other impurity lines, however, 
show little variation with time. Then, another possibility of explaining the sudden breakdown may 
be proposed. The appearance of oxygen (generated in photo-desorption) cools down the peripheral 
plasma which alters the gradient of the current distribution and permits an increase of the m = 2 
mode. (It may alternatively be assumed that overheating effects on the magnetic axes of the 
corresponding islands are decreased, and, therefore, these islands become more unstable), In this 
model, the abrupt termination of the discharge would be due to a sudden disruption initiated by 
these islands. 

DISCUSSION OF INTERNAL DISRUPTIONS 

It was shown experimentally that the oscillations (m = 2, n = 1) preceding the disruptions 
from the surface q = 2 correspond to the existence of magnetic islands on this surface [6]. The 
analogy between these oscillations and the m = 1, n = 1 oscillations which are associated with the 
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q = 1 disruptions in case they exist, suggests the assumption that the latter, too, are attributable to 
the presence of such an island. The experimental fact that the two modes (1,1) and (2,1), when 
they coexist and when their amplitude is sufficiently high, can suddenly pass over from a regime in 
which they are independent to a regime in which they form a single mode, indicates in the same 
direction. The coupling of the two modes corresponds to a change of the natural frequency ooi(t) 
of the mode (1,1) from, an initial value co^O) to the (constant) value of the natural frequency co2 

of the mode (2,1). The frequency co^t) is determined by the angular velocity £2(t) about the 
magnetic axis of the plasma in a layer (of thickness 8) near the q = 1 surface, of radius r i . So we 
have co^t) = coi(O) + fi(t). It is reasonable to assume the coupling to be due to an evolution of 
J2(t) caused by a torque C around the magnetic axis that acts in this layer, and which is proportional 
to the product of the amplitudes of these two modes. The torque C must be an irreversible effect 
associated with the sum of electromagnetic perturbations of frequencies co^t) and co2 near the 
surface q = 1. It can only be due to resonant perturbations on this surface, i.e. to the perturbation 

t 

5B, ~ c o s ( / c o ^ O d t - f l -

associated with the mode (1,1) and the perturbation 5B2 ~ cos(co2t - 0 - 0) generated by the mode 
(2,1) via the toroidal effect. For co2 # coj(t), the latter perturbation does not penetrate through 
the surface q = 1 and has, in the neighbourhood of this surface, only one poloidal component, 5B^2-
We have 8B02 — 5B r2(r2/R)cos(co2t-0 -<p) where 5Br2 is the amplitude of the radial component of 
the mode (2,1) on the surface q = 2 of radius r2. The torque C can then be estimated from the 
Maxwell tensor. We obtain 

t 

1 2 ™ * « r 2 C ^ - r 2 . 5Bn 5 B r 2 ^ - c o s ( a ; 2 t - / w,(t)dt) 

It is counterbalanced by the inertial torque Q and by the frictional torque Cp due to the plasma 
motion (at the angular velocity £2) transverse to the modulations of the static field. This friction 
can be calculated as an effect of magnetic pumping. When the ions are in the plateau regime, we 
have Cp = 7r3/2 dn m vth (r?/R) £2 (where n is the density, m the mass, and vth the thermal velocity 
of ions at r = rx). Under the conditions of the experiment, we obtain Cp > Q and the variation 
with time of the angular velocity £2 is given by the equation C - Cp = 0. The coupling of the 
frequencies co t and co2 occurs if 

|8Bri 5B r 2 | = 811 5 n m vth — lw2 ~ " , ( 0 ) | 
^2 

Its appearance during the evolution of the independent modes (1,1) and (1,2) implies that 
5Bri ¥= 0, i.e. a magnetic island exists in the surface q = 1. The thickness 5 is thus the thickness of 
this island. Setting 5B:r2/B0(r2) = 10 - 2 in agreement with magnetic probe measurements, we can 
estimate that, at the moment of locking, SBri/BflO-!) = 10~2, 8 s 2 cm. 

In the case of raised density where the oscillations arise only right before the disruptions, these 
disruptions, i.e. the sudden change of the temperature distribution, can follow upon the fast develop
ment of an internal kink which must precede the formation of an island. Numerical calculations 
have shown that the relaxations observed in the meantime could be taken into account by a system 
of equations expressing the variation with time of the amplitude of the kink mode in the presence 
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of a pressure gradient inside the surface q = 1, and the variation with time of the gradient due to 
the convection cells associated with this mode [7]. It is, however, not so reasonable to assume the 
disruptions to consist in the development of an MHD-type kink mode. The experimental analogy 
of the disruptions of q = 1 and q = 2 first suggests that they have analogous mechanisms. On the 
other hand, the transport coefficients, during the disruptions, have a higher value on either side of 
the magnetic surface. The development of the MHD-type kink mode produces, outside the surface 
q = 1, only non-resonant perturbations which cannot induce an irreversible evolution of the plasma. 
Another possibility we can perhaps eliminate is that the disruptions are due to the development of 
magnetic islands preserving their topology. These islands would have to display a size of the order 
of the radius of the resonance surface to justify the normal diffusion from this surface. They would 
then completely destroy the confinement in an extended zone of plasma, an effect which is not 
observed. On the other hand, their growth in the time 5t of the disruption would induce loop voltage 
along the streamlines which, in the case of internal disruptions as observed in the TFR, would exceed 
the normal loop voltage by a factor of the order of 100. This is incompatible with the fact that the 
current density must remain at the order of magnitude of its normal value. Finally, the oscillations 
observed before a disruption might still exist after the disruption, with an amplitude of the same 
order. This is incompatible with the fact that the disruption consists in a growth of the island. 

The idea that the disruption consists of a perturbation in the magnetic configuration, however, 
is corroborated by the experimental fact that the q = 2 disruptions induce a self-internal variation of 
the discharge expressed by a loop voltage pulse following these disruptions [8]. To avoid the dis
crepancies mentioned above we must admit that such a perturbation of the configuration consists of 
a transverse low-level magnetic turbulence SB which has a small transverse spatial range 5. We must 
also assume this turbulence to propagate during the disruption period from the resonance surface. 
To give rise to an important heat flux, the field 5B must radially connect all the streamlines. This 
requires that SB/5 > B@ dq/qdr. The diffusion coefficient associated with the thermal motion of the 
electrons at vthe along the perturbed streamlines is then given by K ~ 5/5B/B^)vth e- The coefficients 
observed can be interpreted by values of, for example, 5B/B<^ ~ 1/1000 and 5 ~ 1 cm. 

The problem is to know how such a turbulence may be propagated from a resonance surface and 
persist throughout the time St of the disruptions [9]. We shall not discuss the initial phase of such a 
process which might consist of an instability at a high wavenumber of the separatrix of the magnetic 
islands or of a singular plasma streaming induced by a kink mode near the resonance surface. Let us 
assume the development of a turbulent zone of r' < r < r" on each side of the surface r = rs = rj or r2. 
The radial connection of the flux lines tends to flatten the current density profile I(r), averaged over 
the range 5, which remains, however, close to the initial distribution I0(r). The average poloidal 
magnetic flux \J/(r) is re-distributed for r' < r < r" as is shown in Fig. 5. A toroidal electric field 
E(r) (again averaged over 5) appears, which is > 0 for r' < r < rs and < 0 for rs < r < r". The calcula
tions show that E > E0 = T?I0 = rjl. The field E, in the average over 5, must then be counterbalanced 
along the streamlines. This requires the presence of a transverse electrostatic field - V0, displaying 
the structure of the turbulence 5B, such that 

_ F W : - 13 / 5B70 \ 
E - = E r — — 1 = 0 (1) 

IB 1 r 3r \ |B| / 

The potential (p appears normally owing to the fact that the turbulence 5B induces a charge density 
variation equal to div (TB/|B|)= (3T/3r) (5Br/|B|) possessing the structure of the turbulence, which 
must be compensated by the variation (e/4ir) 9(-A0)/9t, where e is the dielectric constant of the 
plasma. When 0 is calculated in this way, Eq. (1) yields the law of evolution of the magnetic 
configuration, i.e. of the field E at a given turbulence SB. 
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FIG.5. Distribution curves of mean current I(r), of image currents J' and J" and of mean poloidal flux \p(r). 

The fact that the field E is counterbalanced only in the average along the streamlines permits 
the presence of currents 51 ~ (5B/5)c/47r which are coherent with the perturbation 5B. However, 
the phenomenon must be energetically possible; this means that the power 

r" 

/ El27rrdr 

r' 

released when the poloidal magnetic energy decreases, must be equal to the power of Joule heat 
associated with the turbulence 5B and the formation of new turbulent layers at the boundary of the 
ergodic region. This condition determines the amplitude of 5B as a function of the value of E. 

The turbulence can be propagated since the configuration remains unchanged outside the 
domain r' < r < r". At every instant at the boundaries r = r' and r", there appear J' and J" current 
sheets (see Fig. 5) which are images in the non-perturbed plasma of the change I — I0 in the range 
r' < r < r". The thickness 5' of these sheets is connected with the propagation rates dr'/dt, dr"/dt, 
which are, in their turn, linked with the value of the field E through the induction law. The J' and 
J" current sheets are highly unstable against tearing modes of a wave number ~ (5')_1, which 
permitsthe progression of the turbulent zone. The scale 5 is, of course, of the order of 8'. 

On the basis of these considerations, we may calculate the propagation time of the turbulence 
SB in the plasma, which is of the order of the observed duration 5t of the disruptions. We see that, 
as a result of Eq. (1), the field E satisfies the condition 

r" 

/ rE(r)dr = 0 

r' 
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The effect must remain more or less symmetric with respect to the initial resonance surface and it 
must come to an end when the turbulent zone reaches the magnetic axis or the limiter. In the latter 
case, the field E will appear as a loop voltage pulse < 0 which, in fact, is observed in the case of 
q = 2 disruptions. Expressing the fact that in the case of q = 1 disruptions the variations of the 
current and temperature distributions during the disruptions can be regenerated in the intervals 
between them, we obtain the condition 

nT J™*)"2 B* M 3 ' 2 

(B0(r,)2/47r H m i / Bfl(r,) \ r , / 

where me and mj are the electron and ion masses, n is the electron density and T the electron 
temperature, and the radius a characterizes the temperature distribution in the central region: 
T(r) = T(0) (1 - r2/a2). This condition is in agreement with the experimental results. 
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P.E.M. VANDENPLAS: Is there not a certain contradiction in assuming that the electrons 
at energy e0 are decoupled in order to compute the diffusion coefficient D at e0 and then using 
the same D for every e? It would seem that in this way you assume a collective behaviour for 
all electrons. 

A. SAMAIN: The experimental results allow an estimation of the diffusion coefficient k for 
electrons with energies above 4 keV. Actually the heat flux is given by an integral involving the 
diffusion coefficient Ke for electrons of energy e. It is a reasonable hypothesis to state Ke 'v K: 
if the disruption induce s transverse electric convection cells, we have indeec Ke = constant. 
If the disruptions involve radial connection of flux lines, we have Ke 'v e2. 

B. LEHNERT: Have you excluded modes with m > 2 from your analysis, and, if so, what 
are the main reasons for doing so? How do modes with m > 2 enter into the disruption 
phenomenon? 

A. SAMAIN: On the contrary, our model incorporates the development of small-sized 
magnetic eddies (corresponding to modes with m » 1) which appear at the boundary between 
the turbulent and the unperturbed plasma because of the image current sheets present there. 

H. DERFLER: Would it not be possible to explain the onset of the disruptive instability 
by a small signal parametric process in which the m = 2 and m = - 1 modes are coupled to 
the m = + 1 mode? In such a process the amplitudes of the m = ± 1 modes might of course be 
so small initially that they would not be observable in the pre-disruption phase. 

A. SAMAIN: The onset of the turbulence from the initial (small) magnetic islands near the 
q = 1 or 1 = 2 surfaces is a weak point in our model. It may occur as a result of the discontinuity 
of the derivative 91/ dr (I is the current density) at the separatrix of the islands: if strong enough, 
this discontinuity could drive unstable localized tearing modes on the separatrix. Other mechanisms 
are possible, however, including the one you mention. 
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Abstract 

OBSERVATION OF DISRUPTIVE-INSTABILITY FINE STRUCTURE IN A TOKAMAK. 
The T-4 device was used to study the correlation between the external manifestations of the disruptive 

instability of magnetic fields, and the fluctuations of X-radiation from central regions of the plasma column. 
The development of the disruption showed a complex time sequence. The m = 2 helical perturbation (pre-
disruption) plays an initiating role with respect to the disruption. It is probable that "mixing", i.e. equalization 
of electron temperature and current gradients, takes place as a result of the development of the m = 1 instability 
at the column centre. A column with a flattened current density distribution, j(r), is unstable relative to helical 
m = 2,3,4 MHD perturbations. Their non-linear development signifies the final stage of disruption. This chain 
of events makes it possible to correlate all the basic experimental facts pertaining to the development of this 
instability. A possible electrodynamic scheme of generation of negative voltage in the disruption is proposed. 

The disruptive instability [1—3] is the most common macroscopic instability of a plasma 
column in tokamaks. It determines the range within which stable discharge conditions exist. 

Let us recall that it is manifested in fast (20—100 /us) expansions of the current channel 
("disruptions"), associated with a strong interaction of the plasma with the walls of the discharge 
chamber. 

External manifestations of disruptions are characteristic sharp negative pulses on the voltage 
oscillogram V(t), which usually follow a regular series after a few milliseconds. These pulses are 
easily divided into two groups according to their amplitude. 

The series of small pulses (0.5—10 V) usually terminates in a deep and short pulse reaching 
500 V. 

Accordingly, we distinguish a disruption and pre-disruptions [4] (sometimes called small 
disruptions [5]). This distinction is necessary since their nature is obviously different. Namely, 
as follows from integral magnetic measurements [4], in contrast to a pre-disruption, a disruption 
is associated with a deep turbulization of the central regions of the plasma column. 

One of the chief aims of our study was to determine the relationship between pre-disruption 
and a disruption. Another objective was to elucidate the mechanism of a disruption. 

Since the time when the first observation of disruption instability was made [1], extensive 
experimental material pertaining to its various manifestations has been collected. 

However, attempts to systematize this material in order to select a single disruption mechanism 
have thus far been unsuccessful. 

In particular, two competing concepts have been evolved in the course of this treatment. 
According to one concept, a disruption is a fast instability propagating from the centre of 

the column to the periphery and most probably due to an excess current density at the column 
axis [6,8]. (Such an instability could be due to a violation of the Shafranov-Kruskal criterion at 
the centre and, correspondingly, to the development of a helical instability with azimuthal number 
m = 1 at the centre [6,7].) 
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According to the other concept, a disruption is a modification of the boundary helical instability 
with an azimuthal number m = 2, propagating into the centre from the periphery [5] during times 
comparable to the period of development of the corresponding perturbations (20-100 /us), in 
contrast to the usual quasi-stationary helical perturbations penetrating into the column centre in 
milliseconds [8]. Both concepts are based on broad experimental material. It would be interesting 
to combine them into a single whole. 

Our purpose was to follow experimentally the evolution of column boundary and centre during 
disruption and pre-disruption after achieving the necessary time resolution. 

The evolution of the boundary was observed by following the change in the magnetic field 
of the current near the plasma edge. The evolution of the centre was observed by using the change 
in X-radiation from the inner regions of the column. 

We found that a disruption had a complex time structure, i.e. its initial phase is always a 
pre-disruption, during which the helical perturbation m = 2 propagates from the boundary into 
the interior, and this is followed by a stage which we arbitrarily called "mixing". This stage 
involves a symmetric expansion of the inner hot zone of the plasma (m = 0) with simultaneous 
development of an m = 1 perturbation at the centre. This zone is followed by the final stage, 
i.e. a violent burst of an m = 2 perturbation, which then becomes m = 3 and m = 4 [9]. This 
transition is most likely due to a fast expansion of the column to the walls of the discharge 
chamber and to a corresponding change in the stability margin q = (Hz/H^) (a/R) at the plasma 
edge from 2 to 4 (Hz being the longitudinal magnetic field, H^ the magnetic field of the current, 
a the minor radius of the column, and R the major radius). 

In our view, this picture combines the two existing concepts and naturally accounts for the 
facts observed. 

Our experiments were carried out on the Tokamak-4 device [8] in a discharge regime with 
Hz = 26 kOe, q(a) « 3 (a being the limiter radius), with an average density of ne = 2 - 3 X 1013 cm - 3 , 
which is analogous to that studied previously [10]. The magnetic field perturbations were measured 
with 24 magnetic probes [10], and the perturbations at the centre were measured with a five-channel 
chord system of X-ray sensors [4], kindly provided by V.A. Vershkov. The X-ray system was located 
at the top. The position of the channels was measured from the column centre (outward + and 
inward —) along the major radius. 

As was previously reported [4], the X-ray signal in our experiments was basically a function 
of the electron temperature. 

The magnetic probes for measuring H^ were located on the outside of the liner. The liner 
integrated the changes in the magnetic field H^ in the region of the probe if they occurred faster 
than in 30 /us and did not distort them if they were slower than 100 /us. 

All the signals were recorded on an eight-channel mechanical drum with photographic film. 
This system permitted the recording of processes lasting 10 jus with a time resolution of ~ 5 /us. 

The system was used to record about 20 cases of disruption, obtained in approximately the 
same discharge regime. 

The discharge regime was chosen from the standpoint of a reliable disruption recurrence. 
The disruption was caused by a secondary current increase above the critical value, limited by 
the development of the perturbation m = 2. A decrease in discharge current stabilized the 
disruption and the perturbation m = 2. In addition, "internal disruptions" could be observed at 
the centre [11], whence it should be concluded that q(0) at the centre was close to 1. 

An important advantage of this type of discharge was a comparatively slow development of 
the disruption (in 100-300 jus), which made it possible to examine its various stages in sequence. 

Figure 1 gives a successive representation of oscillograms of the discharge current I(t) and 
X-ray signal X(—6 cm,t) with a total scanning time of 100 ms, then an oscillogram of X(+6,t) 
with a time of 10 ms, obtained before the disruption, and, finally, oscillograms of the signals 
v(t), X(+3,t), X( -3 , t ) , RL(t) with a scanning time of 500 /us, recorded directly in the disruption. 
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X(-6,t) 
rel. u. 

FIG.l. (a) Oscillograms of X-ray radiation X(-6, tj and discharge current I(tj with total scanning time of 
100 ms. 

(b) Oscillogram of X-ray signal with scanning time of 10 ms. 
(c) Fast scans of disruption. Dashed curves show case of pre-disruption not transformed into disruption. 
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FIG.2. (a) Fast scans of X-ray radiation from the centre during a disruption. Signals of symmetric channels 
in antiphase oscillation, 

(b) Evolution of the structure ofMHD perturbations of field H^ during a disruption. In this case, q 
on the diaphragm was close to 3, and at the surface of the discharge chamber, close to 4. 

For comparison, the dashed lines show oscillograms of the corresponding discharge parameters, 
obtained in a pre-disruption that did not change into a disruption. 

Vertical line I denotes the conditional start of a pre-disruption, i.e. the instant when the 
voltage on the circumference of the torus begins to drop. Line II denotes the conditional instant 
up to which the disruption still does not differ from a pre-disruption as far as the behaviour of 
the external parameters [v(t), H,-(t)] is concerned. 

Two facts deserve attention: 
First, a comparison of the behaviour of the voltage on the circumference of the torus and 

of the X-ray signal from the centre leads to the conclusion that the centre manifests the develop
ment of the pre-disruption, at least, 30 y& later than the periphery. That is to say, a pre-disruption 
obviously develops from the column boundary inward. Generally speaking, this should have been 
expected. Earlier, it was shown in experiments on T-6 [9] that a pre-disruption and a disruption 
begin with the development of helical perturbations (m = 2) at the column boundary. Rising 
quickly, their amplitude reaches a level of 1 - 3 % of H^. As the pre-disruption ends, they damp 
outi (The transition ot the disruption, as can be seen from Figs la and 2b, is associated with a 
strong new burst of these perturbations.) 

Later, in experiments on the ST [12], the dynamics of spatial development of a similar 
perturbation m = 2 in one of the characteristic pre-disruptions (in the authors' terminology 
[12], in a "large-scale disruption") was studied in detail. It was demonstrated how the m = 2 
perturbation, generated at the column edge near the surface q(r) = 2, expands inward and out
ward in a narrow ring (± 2 cm, a = 12 cm) and barely affects the centre. 
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The authors consider this expansion to be due to the development of magnetic islands with m = 2. 
At a certain level of their development, there occurs, on the inner boundary of the ring, an abrupt 
breakdown of the electron temperature profile Te(r) and its flattening, which, however, also barely 
perturbs the centre. Thereafter, the m = 2 mode is suppressed. In addition, this picture of local 
pre-disruption development from the periphery toward the centre is consistent with integral 
estimates made on the basis of magnetic measurements. However, as follows further from Fig. 1, 
the situation changes if the pre-disruption changes into a disruption. It can be seen that the 
transition to a disruption (curve II) is definitely preceded by a leading decrease in the level of 
X-ray radiation from the centre (channels of ±3 cm). 

Since such a sequence was considered in all the cases of disruption we studied, it was natural 
to postulate that this decrease somehow pre-determines the further development of a disruption. 
Let us discuss its dynamics in more detail. 

For one of the disruptions considered, Fig. 2a shows the following oscillograms: v(t); X(+3,t); 
X(+6,t); X ( - 3 , t ) ; X(—6,t); H^(t). It is seen that in the first ones, the decrease of the X-ray 
signal occurs in all the central channels almost simultaneously as if a symmetric expansion of the 
column took place along the small radius r, i.e. in the case of an m = 0, n = 0 perturbation. 

Secondly, against a background of this uniform decrease, there is observed the development 
of a certain oscillating odd-number perturbation (the signals of symmetric channels "± 3 cm," 
"± 6 cm" are antiphased). 

In principle, chord measurements hamper the observation of odd perturbations (m = 1,3,5 ) 
near the centre. However, this oscillating structure was clearly observed in at least 14 of the 16 
cases we considered. 

Under the conditions of our experiments, when q(0) at the centre was close to 1, practically 
the only odd perturbation that could develop near the centre remained the helical m = 1 perturbation. 

The observed oscillations of X-ray radiation apparently indicate such development. The 
apparent relationship of these oscillations to the decrease in the X-ray signal at the centre suggests 
that it was precisely their development that caused the decrease. 

This picture is analogous to an "internal disruption" [11]. The only difference is that it 
covers a substantially wider region of the column (not less than ± 9 cm along the radius) and 
results in a sharp burst of MHD activity at the periphery. We arbitrarily named this stage "mixing". 
Strictly speaking, it is still unclear to what extent mixing is obligatory for all manifestations of 
disruption. It is known from experience with tokamaks that, as a rule, a disruption is preceded 
by a slow (1 — 10 ms) concentration of current density toward the column axis, i.e. by a decrease 
of the stability margin at the centre [13]. This fact stimulated, long ago, the search for an explana
tion of all disruptions in terms of the development of an m = 1 instability at the centre [6,7]. 
However, the experimentally observed specific manifestations of this instability, i.e. an "internal 
disruption" (ST [11]) and the induced mode m = 1 (TFR [14]) were found not to be explicitly 
related to a disruption. 

In the first case, the "inner disruption" is generally stabilized during 5—10 ms before the 
disruption, i.e. it is separate from it in time. 

In the second case (occurring in regimes with large n e) , the m = 1 perturbation and the 
m = 2 perturbation which initiates it and coincides with it in frequency exist steadily for 3—10 ms 
before the disruption without leading to any dramatic after-effects (let us note that the corres
ponding perturbations in Fig. 2 differ in frequency by a factor of at least 1.5). It is difficult to 
separate the role of the m = 1 perturbation in a disruption of this kind. Our case (range of medium 
ne , q(a) = 2.5—3), when the m = 1 perturbation arises only in a disruption, appears to be the 
purest, and, for this reason, makes it possible to postulate that it is precisely the mixing that 
constitutes the universal link which in all cases relates the development of the m = 1 perturbation 
to the onset of a disruption. 

We can estimate the scale of the processes occurring in the course of mixing. To this end, 
we made use of the following fact: 
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As is evident from Figs 1 and 2a, the mixing is followed by a second build-up of the helical 
m = 2 (then m = 3 and m = 4) perturbation. For correct estimates, it is necessary to separate the 
mixing from this final stage. The problem has been facilitated by the fact that occasionally, 
approximately in one disruption out of twenty, both the secondary burst m = 2 following the 
mixing and the disruption fail to develop, for some reason. 

The external phenomenon is similar to the usual prolonged pre-disruption. An indicator 
of the internal changes, the magnitude of the poloidal magnetic flux expelled from the plasma 
(/Avdt), increases by a factor of 4 - 5 in this case in comparison with the usual pre-disruption, and 
turns out to be only 1.5—2 times smaller than in the disruption. 

A comparison of the final states of the column before and after such a deep pre-disruption 
apparently makes it possible to estimate the scale of the changes which took place during the 
mixing. Numerous measurements of this kind had been made previously on the T-4 [4]. 

It was first observed that such pre-disruptions result in a flattening of the electron temperature 
profile Te(r). While the total energy was preserved, the electron temperature at the centre dropped 
by a factor of 1.5—2, which accounted for the visible decrease of the X-ray signal. At the same 
time, the profile of ne(r) and the impurities remained almost unchanged in contrast to the usual 
disruption, where, in addition to a drop in Te(0), there was also observed [9] a drop in ne(0) and 
in the impurity density [4]. That is to say, in terms of the nature of the transport processes, mixing 
is equivalent to the development of an anomalous electronic thermal conductivity at the centre. 

Moreover, it is natural to postulate that, in addition to the profile Te(r), the mixing also 
affects the current profile j(r). This is qualitatively indicated by the increase in the poloidal 
magnetic flux expelled from the plasma. 

From the displacement of the column, we quantitatively estimated the corresponding decrease 
of its internal inductance £j for one of the deepest pre-disruptions. It amounted to about 0.1. 

If we assume that q at the column edge is about 3, and at the centre about 1, then, on the 
assumption of convex distributions j (r) 0'̂ ' ^ 0), a decrease in fi; by 0.1 would correspond to a 
decrease in current density j(0) at the centre by a factor of approximately 1.5 and an increase in 
q(0) to 1.5. Obviously, this is the lower estimate for a real disruption. That is to say, after mixing 
in the region r < 13 cm (q(r) = 2), an almost uniform current density distribution should be 
established, with q * 2 . This process takes place in 50—100 /us. Let us recall that the skin times 
for this region are less than 1 —2 ms. 

As was done in Ref. [4], we estimated the degree of turbulization of the central regions of 
the column during mixing from the ratio of A(£jl) to /Avdt. 

If the voltage perturbations do not affect the centre, this ratio should be close to 1. How
ever, in the case of turbulization of the entire column, its value is approximately equal to the 
ratio of the time-averaged voltage V(0) on the column axis to the average value V(a) measured 
from the outside. 

In the deepest pre-disruptions, this ratio ranges from 1.3 to 1.7. That is to say, the voltage 
on the column axis changes insignificantly. However, in a disruption, this ratio reaches 5—10. 
It may be concluded that the mixing stage is, evidently, not associated with turbulization of the 
centre. The deep turbulization apparently takes place in the final stage of the disruption. 

Thus, the principal result of mixing is a flattening of the profiles Te(r) and j (r). 
The latter point seems particularly important. As was shown earlier theoretically and 

experimentally [ 10,15], the development of helical MHD perturbations in a tokamak is very 
critical to the distribution j (r). According to our estimates, the flattening of the profile j (r) 
caused by mixing expands the region of localization of the perturbation m = 2 to almost the 
entire column. The subsequent propagation of the m = 2 perturbation from the boundary to 
the centre apparently constitutes the final stage of the disruption. 

It is natural to postulate that if the level of mixing or initial m = 2 perturbation is insufficient, 
the process ends in a deep pre-disruption similar to the one discussed above. 
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FIG.3. Oscillograms of main discharge parameters of T-3A device in the presence of resonance q(a)=3 during 
secondary rise of discharge current. Development of perturbation m = 3 causes a sharp increase of voltage V(t). 
A certain outward displacement of the column observed in this case qualitatively indicates a sharpening of the 
profile j(r). 

Let us note that a vigorous development of helical perturbations is customary for tokamaks 
with a flattened distribution j (r). One of such regimes of T-3 is shown as an example in Fig. 3 
[10]. A flattened distribution j (r) with q(r) « 3 takes place on the secondary rise of the discharge 
current as a result of skinning. 

The rapid increase of the m = 3 perturbation causes a sharp rise of the voltage V(t). This 
is followed by a sharpening of the distribution j(r), and the m = 3 perturbation is suppressed. 
It is natural to expect that an analogous development in the case of m = 2 should be associated 
with much larger changes in V(t). This process is masked in a disruption since it takes place 
against a background of expulsion of the poloidal magnetic flux from the column. 

Thus, we consider it possible that the following chain of events ultimately resulting in a 

disruption takes place: 

1. Slow compression of the current channel, caused by various mechanisms [ 13]. Ultimate 
decrease in the stability margin at the centre to 1, and near the boundary to 2. 

2. Rapid development of the m = 2 perturbation near the boundary, with the formation 
of corresponding magnetic islands [ 12] (pre-disruption). 
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3. Destabilization in the pre-disruption of the inner m = 1 perturbation. This may be 
caused either by a deterioration of the stabilizing properties of the column periphery [15], or 
a decrease in q(0) < 1 at the centre in the course of the pre-disruption. 

4. Development of mixing. Flattening of the profile j (r) and corresponding increase in 
q(0) to 1.5—2, as a result of the development of the instability m = 1 [16]. 

5. Disruption per se. Non-linear development of the m = 2 perturbation in the presence 
of a flattened distribution j (r). Turbulization of the column, its expansion to the walls of the 
discharge chamber with corresponding transformation of the m = 2 perturbation into m = 3 and 
m = 4 ones [9]. 

It appears that such a sequence makes it possible to correlate all the basic experimental facts 
pertaining to the disruption and naturally combines the two concepts of its development mentioned 
above. 

In conclusion, a remark should be made concerning the mechanism of generation of a 
negative voltage pulse in disruption and pre-disruption. Such a mechanism has been sought for 
a long time, but no definitive model has yet been obtained. 

It is our view that some characteristics of the development of strong helical perturbations 
make it possible to simplify the problem. 

Namely, from the standpoint of electrodynamics, the generation of a negative voltage pulse 
would most easily be explained by a sudden dissipation of negative helical currents flowing at 
the column boundary. However, we are then faced with the no less complicated problem of 
the generation mechanism of such currents. 

In the series of measurements carried out, we were compelled to examine in detail the 
dynamics of development of helical m = 2 perturbations near the disruption. It was found that 
the burst of the m = 2 perturbation preceding the disruption has the character of a quasi-standing 
wave (Fig. 2b) (in contrast to the m = 2 wave travelling along <p and studied previously [10]). 

2TT~ 

This perturbation is strictly balanced along ip, namely / H^d,. = 0. The absolute values of 
~ o 
H ,̂ are not large (3—10% H^,), but in the presence of a complete disruption of the balance, they 
would be insufficient to generate a voltage of ~ 500 V on the circumference of the torus. That 
is to say, the smallest disturbance of the distribution j(<^) is sufficient to generate a negative 
voltage in the pre-disruption ( - 5 to 10 V). 

Making simple assumptions, we can estimate the currents necessary to account for the 
observed fluctuations of H^,. The latter are also small ( 1 - 1 0 kA) in comparison withjhe total 
current 1(130 kA). However, the corresponding density perturbations of the current j near the 
boundary turn out to be either comparable to or greater than the density of the main current, 
j(a). That is to say, absolute negative currents near the plasma boundary must correspond to 
strong negative fluctuations of H^. 

In other words, the development itself of the strong helical m = 2 instability gives rise to 
negative currents. It is possible that the mechanism of their formation is related to the formation 
of magnetic islands. Furthermore, if, for some incidental reason, the negative currents dissipate 
rapidly, this will cause a disturbance of the balance of H^(i^) and the generation of a negative 
voltage pulse on the torus circumference, and this, in turn, would automatically correspond to 
an elimination of the negative part of the integral / H^d^. Turning to Fig. 2b, where the 

~ o 
perturbations of H^O^J) are plotted in polar coordinates, we definitely observe how a situation 
of this kind occurs during the transition from point II to III. Unfortunately, for such short 
times the voltage V(t) was integrated by the liner, and only qualitative agreement could be 
sought between the behaviour of V(t) and that of H ^ t ) . 
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A. GIBSON: How can the instability behaviour you describe be controlled in future tokamaks? 
Would the best possibility be an attempt to control the profiles — for instance by controlling the 
power deposition with additional heating to prevent the initial shrinking of the current density 
profile? 

B.B. KADOMTSEV: The disruptive instability can be controlled at the early or linear stage, 
since it "grows out o f linear perturbations. To this end it seems that it should be possible either 
to control the development of the m = 2 mode by feedback or to control the current density 
profile in such a way that the m = 2 mode remains stable. 

B.J. GREEN: What is the time scale for the initial current peaking (quiet period) before the 
onset of the MHD (m = 2) activity? 

B.D.. KADOMTSEV: This is simply the skin time required for current re-distribution in the 
quiescent plasma. 

F. KARGER: Are you certain that there is no m = 1 oscillation present and therefore no 
coupling between m = 1 and m = 2 before a soft disruption? 

B.B. KADOMTSEV: Yes, in the discharge regimes studied here no m = 1 oscillations were 
present before either soft or hard disruptions. 

H.P. FURTH: Dr. Gibson asked how one can avoid disruptive instabilities, and I would like to 
offer a comment on that point. The important thing is to shape the transform profile in such a 
way as to open up a stability window between the m = 1 and m = 2 modes. Without the use of 
special configurations these two modes tend to overlap somewhat, so that typically either m == 1 
or m = 2 can be strong while the other mode is only marginally stable. This situation sets the 
stage for the various types of non-linear disruption. By special shaping of the transform profile 
(flattening of the profile at q(r) = 1 and 2), one can create a finite-stability window between 
m = 1 and m = 2. Stability is also enhanced by a close-fitting conducting shell. Such configurations 
should be entirely free of both small and large disruptions. 

B. COPPI: As new experiments move into higher temperature and density regimes, we 
expect, on the basis of theoretical work that we have carried out, that the combined effects of 
finite gyroradius and ion-ion collisions will significantly improve the stability of resistive internal 
modes (m = 1 and 2) for given current density profiles. This is also consistent with observations 
made in Alcator where regimes with different degrees of collisionality are realized. 

B.B. KADOMTSEV: I quite agree that in precise theoretical work it is important to allow 
for effects such as finite Larmor radius, the Hall effect and ion viscosity. If I did not take them 
into account here, that was merely for the sake of simplicity in describing the qualitative picture 
of the disruption. 
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Abstract 

PLASMA STABILITY IN THE LAUSANNE BELT PINCH. 
A typical discharge in the Lausanne Belt Pinch consists of two phases: a stable one where the plasma 

parameters change very little and an unstable one, characterized by rapid loss of confinement. The transition 
between the stable and unstable phases coincides with the onset of an axial displacement instability, similar 
to those which are commonly observed in non-circular tokamaks. 

INTRODUCTION 

The Lausanne Belt Pinch was built in order to investigate the stabil

ity of toroidal high-beta plasmas with highly elongated cross-section. 

Plasma parameters were measured by means of Thomson scattering and magnetic 

probes [~l,2l and it was shown that high-beta equilibria with n„ =10 cm , 
•- J emax 

T„ = 60 eV and £ = 0.5 could be established. These equilibria are stable 
max 

for a certain time and then decay abruptly. The duration of stable confine

ment varies between 20 and 40 us and is roughly proportional to the initial 

filling pressure. During the stable phase, the temperature, density and beta 

remain nearly constant [l] . 

In this paper we shall present the results of new measurements which 

were performed in order to investigate the transition between £he stable and 

unstable phases of the pinch. 

STREAK PHOTOGRAPHY 

Fig. 1 shows a typical set of streak pictures. The upper one is taken 

end-on and the lower one is taken side-on through a set of optical fibers. 

The lower picture shows that the distribution of light along the vessel be

comes asymmetric at about t = 25 us, indicating axial plasma displacement. 

As a result of a polyethylene sheet which is placed between the ends of the 

optical fibers and the discharge vessel, the spatial resolution is poor, and 

it is impossible to deduce precise information concerning the onset time and/ 

or growth rate of the instability. 
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FIG.l. End-on (top) and side-on (bottom) streak photographs of a typical discharge. 

AXIAL DISTANCE z(cm) 
FIG. 2. Toroidal plasma current density as a function of axial distance at various times. 
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FIG.3. Contour plot of toroidal plasma current density. (Numbers on the various curves give the current 
density in arbitrary units.) 

TOROIDAL PLASMA CURRENT DENSITY 

The toroidal current density in the plasma has been measured, as a 

function of axial distance, by means of magnetic probes placed at the inner 

and outer walls of the experiment. Fig. 2 shows current density profiles at 

various times. Note that the profiles are symmetric with respect to the mid-

plane from t = 0 up to t = 20 us. At later times, the current maximum shifts 

rapidly to the left and the total current (i.e., the integral under the 

curve) drops to zero. Fig. 3 shows the current density in a contour plot. 

The results indicate that at t = 20 us the plasma starts moving axially 

until it touches one end of the vessel. By adding a small, external toroidal 

current at one end of the vessel, we were able to reverse the direction of 

motion of the plasma, but it was impossible to suppress the axial motion. 

When the additional current was carefully adjusted, a condition could be 

reached where the plasma would move randomly one way or the other. From 

these results we conclude that for t > 20 us the plasma is unstable with 

respect to axial displacement. 

DIFFERENTIAL PROBE MEASUREMENTS 

In order to obtain a more precise measurement of the axial plasma 

motion we constructed a probe which senses the difference between the axial 
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FIG. 4. Axial plasma displacement at various filling pressures. 

magnetic fields at z = i 20 cm, on the major axis. Typical traces from this 

probe are shown in Fig. 4. It is clear that the discharge consists of two 

distinct phases: a stable one where the plasma remains positioned symmet

rically with respect to the probe, and an unstable one where the plasma 

moves off towards one end. The onset and the growth rate of the instability 

depend on the filling pressure as shown in the figure. The initial oscil

lation (t < 7 us) coincides in frequency with the radial plasma oscillation 

as seen in the streak picture (Fig. 1) and does not represent an axial oscil

lation. 

DISCUSSION 

Two obvious questions arise: 1) why does the plasma suddenly become 

unstable at t % 20 us, and 2) what can be done to stabilize it. The vertical 

displacement instability is well known in tokamaks Q3,4j an<* methods have 

been devised to suppress it. For example, in the Versator and Rector devices 

at MIT, it was found that the plasma could be kept in the mid-plane through 

the application of a small radial field by a feedback system. The instal

lation of a feedback stabilization system on our belt pinch appears to be 

entirely feasible and is presently being investigated. 

ACKNOWLEDGMENT 

This work was supported by the "Fonds National Suisse de la Recherche 

Scientifique". 



IAEA-CN-25/A10-1 309 

REFERENCES 

[l] HOFMANN, F., BIGHEL, L., PEIRY, J.M., in Proceedings of the 7th 

European Conference on Controlled Fusion and Plasma Phyiscs, 

Lausanne (1975) Vol. 2, p. 137. 

[2] BIGHEL, L., HOFMANN, F., in Proceedings of the 3rd Topical Conference 

on Pulsed High Beta Plasmas, Culham (1975), paper D1.5 (to be published 

in Plasma Physics). 

[3] ASCOLI-BARTOLI, U., et al. in Plasma Physics and Controlled Nuclear 

Fusion Research (Proc. 5th Int.Conf. Tokyo 1974) 1_, IAEA, Vienna 

(1974) 191. 

[4] REBHAN, E., Garching Report IPP 6/127 (1974). 





IAEA-CN-35/A10-2 

ENERGY CONFINEMENT AND MHD 
STABILITY IN BELT-PINCH Ha 

O. GRUBER, H. KRAUSE, F. MAST, R. WILHELM 
Max-Planck-Institut fiir Plasmaphysik, Garching, 
(Euratom Association), 
Federal Republic of Germany 

Abstract 

ENERGY CONFINEMENT AND MHD STABILITY IN BELT-PINCH Ha. 
In the Belt-Pinch Ha, toroidal plasmas with highly elongated cross-sections are produced by shock heating. 

This results in high-/3 plasmas with the shape: height ~200 cm, thickness ~20 cm, radius ~50 cm. Typical plasma 
parameters are T « 70 eV, n e m a x « 3.5 X 1014 cm"3 , at B t = l - 2 k G , B p = 0.3 - 0.7 kG, Ip « 200 kA. The 
plasma beta decays in ~70 /is. With a radial compression ratio of 2.1, plasmas could be confined without obvious 
instabilities for the entire high-0 phase, i.e. ~45 MHD growth times. With a higher compression ratio of 3.2, the 
plasma disintegrates into several filaments in about 10 /zs. 

Introduction 

In the previous 40-kV experiment Belt-Pinch I I , plasmas of moderate temperatures 
(T€ >* 25 eV) have been investigated on a time scale of ~35 JJS / l / . This paper 
deals with Belt-Pinch I la , which is an upgraded version, using 160 kV maximum shock 
voltage coupled into the circuitry with the. help of an iron core / 2 / . The objective 
of this experiment is to investigate the possibility of high-G confinement in an axisym-
metric device at higher temperatures and on a longer time scale. In the fol lowing, two 
cases of discharges wi l l be described, one referred to as low compression case, resul t -
ing in an obvious stable confinement; the other, the high compression case, showing 
plasma disintegration probably due to instabilities. 

Plasma production and init ial plasma properties 

The plasma is produced in a toroidal coil system of rectangular cross-section. The coil 
height 2bfc = 260 cm, radial coil spacing 2ac = 47 cm,and the average torus radius 
R 0 ^ 52.5 cm. In both cases of discharges, 150 kV maximum shock voltage is applied. 
The f i l l ing density was 1.5 mTorr deuterium. Table I shows typical confinement para
meters at the end of the dynamic phase. 

q-values are defined as d ^ / d Y with 0 toroidal and y poloidal flux functions re
spectively. For the evaluation, the measured field values at the wall in the midplane 
of the torus have been used. The electron density was measured by 3-^jm Ashby inter-
ferometry in the low compression case. The (3-value, X- ac / a and A P = R 0 / a , 
with 2a being the half width of the plasma pressure profile,follow from internal probe 
measurements giving radial magnetic f ield profiles in the midplane of the torus. The 
plasma temperature results from the pressure balance. < 3 P > is averaged over the 
plasma area defined by the halfwidth of the pressure profi le. Thus the init ial < 3 r > 
are about the same as the init ial plasma aspect ratios. In both cases, the init ial 
plasma height 2b is about 220 cm. This is determined from side-on smear pictures and 
measurements of the magnetic f ield Bz as a function of z at the inner and outer coi l 
wa l l , with z being the direction perpendicular to the torus plane. 

3 1 1 
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Table I : Init ial confinement properties 

crowbar time 
toroidal f ield Bf (R0) 
plasma current l p 

poloidal f ield at outside wall Bp<> 

poloidal f ield at inside wall Bpt, 
q-value at plasma boundary 
peak 13-value 
peak GP -value 

<BP> 
peak electron density newax 

radial compression ratio x 
plasma aspect ratio Ap 
axis ratio of plasma cross-section at 

plasma boundary 
(Te + \ )/2 

Low compression case 

5 /us 
1.1 kG 
190 kA 
750 G 
-370 G 
3.5 
0.95 
4.6 
4.0 
3.5 x 10 cm 
2.1 
4.8 

~9 
- 6 0 

High compression case 

9 ps 
1.8 kG 
260 kA 
870 G 
- 5 6 0 G 
4.0 
0.95 
7.0 
6 J i * 

" * - 5 . 6 x 1 0 cm"3. 

~3.2 
- 7 . 3 

- 1 4 
- 8 5 

I 

B* 
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FIG.l. Magnetic field in z-direction at outer coil wall. 

125 z [cm] 

Time development of plasma shape and plasma equilibrium 

Fig. 1 shows B z (z) for various times at the outer coil wall in the low compression 
case. As B z (z) is strongly affected by the presence of plasma at the position z, 
it must be concluded that in the low compression case the plasma height 2b stays con
stant. The plasma height seems only slightly smaller than the height of the glass 
vacuum vessel (250 cm). 

This is confirmed by side-on smear pictures showing no indication for axial contract
ion of the plasma. From these measurements i t cannot be excluded that the plasma 
tip is in contact with the glass vessel. 
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FIG. 2. Side-on smear picture for high compression case. 

In the high compression case, on the contrary, the plasma contracts axial ly in about 
80 (JS to a height 2b comparable to its width 2a, as is evident from Fig. 2 . It was 
tested separately by some single B 2 (z) measurements that the optical ly visible plas
ma height corresponds well to the height evaluated from B^ (z) measurements. 

Basically the two cases considered differ only in their init ial radial compression 
ratios x ( c . f . Table I). As expected, the highly compressed plasma tends to 
contract ax ia l ly . During the experiments it became apparent that plasmas with d i f 
ferent init ial x 's always behave similar either to the low compression case or to the 
high compression case. We did not yet succeed in producing stationary equilibria 
with a strongly elongated plasma shape being reached after a moderate axial con
traction. The latter type of discharge was typical for Belt-Pinch II experiments /]/ 
with init ial compression ratios that were similar to the x of the high compression case. 
It remains to be clarif ied whether the present observations are due to minor changes 
of the coil system, due to the increased temperature or due to the obvious instabi l i 
ties in the high compression case. 

Plasma energy confinement 

The long-time behaviour of the gaskinetic plasma energy was inferred from a com
pensated diamagnetic loop signal. Fig. 3 shows the measured total plasma energy 
as a function of time for Belt-Pinch II and l l a . These results are confirmed by an 
independent determination of the plasma energy using the radial pressure balance 
equation and the measured fields Bpo (t) and Bp i ( t) . 

Fig. 3 shows that the time scale of energy loss in Belt-Pinch lla (~Cr/e ***35 jus) 
is about doubled compared with Belt-Pinch I I . 

To investigate the causes of the energy loss, a transport code /A/ has been employed. 
This code includes all the relevant loss and gain mechanisms using classical coeff i 
cients in Belt-Pinch geometry. The calculations showed that typically impurity line 
radiation is the dominant loss process. Good agreement between experiment and code 
(cf.Fig.3) was found, with init ial field profiles matching the measured ones and an 
assumed content of 13% of oxygen as the only impurity in the plasma. 

This compares with a spectroscopically measured content of 4% carbon and 3% oxygen 
in the plasma. Since the radiative loss coefficients of the code are only known within 
error margins of about a factor of 2, the agreement seems adequate. 
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FIG.4. q-values for low compression case (L) and high compression case (Hj. 

Plasma stability 

As mentioned, the low compression case shows no obvious signs of instabilities during 
the plasma l i fet ime. In this case, the observation time amounts to about 45 MHD 
growth times 

_ y/4irpa2 

TMHD - = 

with P being the mass density of the plasma. This compares with 30 MHD growth 
times in the Belt-Pinch I I . The high compression case, on the contrary, deforms into 
filaments within 10 — 15 (JS (c . f . Fig. 2). 

Fig. 4 shows the q-values for both cases as a function of time. 
Due to the axial contraction, the q-value of the high compression case drops rapidly 

for t ^ 15 /JS but for the time of the formation of the instability its q-value is com
parable to the low compression case. Thus one cannot decide whether the instability 
of the contracting plasma depends on q . Possible explanations for the varying stabi l i 
ty behaviour include a reduced effect of wall stabilization due to the larger com
pression ratio for the unstable case, or a destabilization from the dynamics of the 
axial contraction in the high compression c a s e / 3 / . Furthermore, init ial filamentary 
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plasma structures resulting from an insufficiently homogenous preionization might 
develop strongly in the hotter plasma of the high compression case. 

Conclusions 

Due to the increased shock voltage, the Belt-Pinch I la was able to produce plasmas 
in the 100-eV range which is a factor of 3 higher than in the previous Belt-Pinch I I . 
A quasi-stationary, stable and highly elongated plasma equilibrium could be obtained 
at a compression ratio which was rather small compared to the previous experiments. 
The energy confinement time was about doubled and is probably limited by 7% of 
light impurities in the plasma. The q-value necessary for stable operation again is 
about 3 .5. With slightly increased radial compression, the plasma slowly contracts 
axially during the entire duration of the discharge. Simultaneously a filamentary 
structure is developing. Since the q-value is of the same order, the reasons for the 
obviously unstable behaviour is not clear up to now. 
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Abstract 

DOUBLET IIA EXPERIMENTS. 
Detailed measurements of the temporal and spatial behaviour of the plasma properties of doublet, elliptic, 

and circular cross-section discharges in Doublet IIA have been carried out. One major result of these studies 
is the observation of a significant increase in the electron density, ne, and the energy confinement time, TE, with 
increased elongation. A doublet discharge with an elongation of 2.9 had an n e r E value over seven times as large 
as the value reported previously for a circular discharge in Doublet IIA, and it is about three times the value of 
an elliptic discharge with an elongation of 1.5. The elliptic and circular discharges were produced passively by 
controlling the plasma-induced current in the field-shaping coils surrounding the plasma. The doublet discharges 
were produced by actively driving selected sets of the shaping coils, and these shaping fields were adjusted in time 
according to the changes in the plasma current density profile which accompany plasma heating. The measured 
electron temperature, ion temperature, and impurity level of doublet and elliptic discharges are also presented. 

Doublet IIA [1,2] is a noncircular cross-section tokamak with a 
field-shaping coil system (Fig. l). The purpose of this device is to per
form comparative studies of plasmas with various cross-sectional shapes in 
the same device. The plasma chamber (hot liner) has a rectangular cross 
section of 35 cm X 10U cm and a major radius of 66 cm. There are 2k field-
shaping coils surrounding the plasma chamber. Various plasma configurations 
can be obtained by controlling the currents in these shaping coils. The 
L8-turn toroidal field coil (B-coil) can produce a maximum field of about 
8 kG with a battery power supply. The plasma current is driven by the use 
of an air core transformer (E-coil) with a capacitor power supply. The 
maximum plasma current obtained is 300 kA. The primary and secondary 
vacuum chambers are separately pumped by turbomolecular pumps, and the hot 
liner is bakeable up to 300°C. Baking and discharge cleaning are performed 
by applying an 800-cycle, 10-kW power source to the E-coil. 

Standard tokamak diagnostics are installed on the device. They 
include a Thomson scattering laser system, a charge-exchange energy ana
lyzer, a 2-mm n-wave interferometer, a soft x-ray energy analyzer, a soft 
x-ray instability detector array, an evacuable visible monochromator, and 
an ultraviolet spectrometer. The magnetic properties of the plasma are 
measured by one-turn voltage loops located between the plasma and each of 
the 2k field-shaping coils, magnetic pick-up loops positioned between the 
field-shaping coils at various locations, and Rogowski loops for the current 
in each of the field-shaping coils and the total plasma current. 

* Present address: TRW Systems, Redondo Beach, California, United States of America. 
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LASER BEAM' 

FIG.l. Schematic view of Doublet IIA. 

Circular and elliptic plasmas are produced by passively controlling 
the field-shaping coil-image currents (induced by proximity to the plasma 
discharge current) through the use of selected resistors and inductors. 
Doublet configurations are produced by driving additional current in 
selected field-shaping coils by using a programmed, external power supply. 
The detailed plasma shape obtained in the experiments is determined by 
fitting the measured magnetic properties using a free-boundary MED equi
librium code [3]. Additional information about the plasma shape is 
obtained from the Thomson scattering measurements of electron temperature 
and plasma density at five discrete radial positions for each of three dif
ferent vertical positions. 

A 75 kA elliptic discharge was produced by controlling the shaping 
field with an inductor to provide the required equilibrium vertical field. 
The ellipse had a constant elongation of 1.5 between 10 and 20 ms with the 
peak plasma current occurring at 16 ms. The elongation of elliptic dis
charges has been increased by passively adding a quadrupole moment to the 
shaping field, but for elongations greater than two a slow vertical motion 
is observed. Elliptic discharges with larger elongations also have a 
decreasing elongation as a function of time due to the current peaking 
which accompanies plasma heating. 
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FIG.2. Magnetic flux plot for a 140-kA doublet discharge. 

Large elongations with vertical stability were obtained in a doublet 
configuration. The magnetic boundary condition was adjusted by careful 
programming control to maintain the doublet configuration during current 
peaking. Figure 2 shows the flux plot for a lUO-kA doublet discharge. 
This plot was obtained from a fit of the magnetic data by a free-boundary 
MHD code using the plasma current and flux values on each field-shaping 
coil as input, and then adjusting the current density profile and poloidal 
P value to provide a fit to both the measured plasma pressure profiles 
and the 2h field-shaping coil currents. These measurements were taken at 
the time of the peak plasma current around 12 ms, and the elongation 
obtained is 2.9- The E-coil and the field-shaping coils are also shown in 
Fig. 2. This doublet was produced by applying a push with the two midplane 
field-shaping coils on the outside at the initiation of the discharge along 
with a small push with the four top and bottom coils. The value of the 
midplane push was externally programmed with a capacitor bank-transformer 
supply to maintain a nearly constant ratio of the flux on these coils to 
the plasma current. To maintain a constant vertical height throughout the 
discharge, a programmed SCR power supply was used to adjust the push applied 
by the top and bottom field-shaping coils. As the plasma current density 
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TABLE I. PLASMA PROPERTIES OF DOUBLET AND ELLIPSE 

Bt (kG) 

Ip(kA) 

T (eV) (center) 

T± (eV) 

n (cm ) (center) 

e (elongation) 

q. (limiter) 

q (center) 

p (i) (center) 

T (ms) (center) 

zeff < v v 

Doublet 

8.1 

1U0 

350 

180 

3-7 x 1013 

2.9 

6.5 

~ 1.2 

1.0 

U.O 

3-8 

Ellipse 

8.1 

75 

350 

180 

2.9 x io13 

1.5 

2.6 

< l 

0.8 

1.8 

3-8 

profile peaked during plasma heating, the ratio of the flux on the top and 
bottom coils to that on the midplane coils was increased to maintain the 
vertical position of the elliptic axes; otherwise, the configuration would 
make a transition into a "droplet" configuration with separate plasmas in 
the top and bottom of the device. If the additional push with the top and 
bottom coils was applied too early or was too large, the doublet was forced 
into a vertically unstable ellipse. 

A detailed comparison of the plasma parameters obtained from 
measurements at the time of the peak plasma current on the doublet and 
ellipse described above is shown in Table I. The measurements on the 
elliptic discharge were taken before and after the doublet measurements to 
insure that the machine condition was the same. The peak plasma current 
was lUO kA for the doublet and 75 kA for the ellipse. Radial profiles of 
the electron temperature and density were taken for each configuration at 
two vertical positions for the ellipse and three for the doublet using a 
Thomson scattering system. A temporal scan of the central parameters was 
taken in 1 to 2 ms steps and showed that the electron temperature reached 
100 eV at k ms for the doublet and 7 ms for the ellipse. The value at 
peak current was 350 eV for both configurations as shown in Table I. This 
central value is verified by the electron temperature obtained from soft 
x-ray energy analysis. The ion temperature averaged over several dis
charges was 180 eV for both the ellipse and the doublet as measured by a 
charge exchange neutral energy analyzer. The central electron density 
measured by Thomson scattering shows a factor of about 1.3 times higher 
density in the doublet. The radial profiles of both electron temperature 
and density are very similar for both configurations. 

The elongation of the outermost flux surface is 2.9 for the doublet 
and 1.5 for the ellipse. These values of the elongation along with the 
values of the safety factor were obtained from the fit using ttie MHD code. 
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The value obtained for the safety factor at the center of the elliptic dis
charge is substantiated by the observation of m = 1 activity on the mea
sured soft x-ray output. This activity was not as prominent in the doublet. 

The central p-value, the ratio of peak plasma pressure to total 
magnetic pressure, was 1% in the doublet compared to the 0.8$ in the 
ellipse with the increase resulting primarily from the increased plasma 
density. The central energy confinement time, T , is defined by: 

T E = 

W + W. e x 

i(, l i t ] ^ 5= 
J \ R dt / ~ dt " dt 

(1) 

where W and W. are the plasma electron and ion energy densities, j 
is the current density at the center, E is the electric field obtained 
from a one-turn voltage loop, R is the major radius, and i|f is the flux 
value at the plasma center. The dW./dt term was neglected in the calcu
lated values shown in the table, andKq. (l) does not include a correction 
for radiation losses. 

The value of Z e ff, defined as the ratio of the measured resistivity to 
the Spitzer resistivity for hydrogen, is the same for both discharges. No 
corrections were made for trapped particle effects. Additional information 
about impurity concentrations was obtained from measurements of impurity 
line radiation in the visible and ultraviolet. The dominant impurity in 
both discharges was oxygen. The concentrations of oxygen, nitrogen, and 
carbon in the doublet were comparable to those in the ellipse. Low 
concentrations of iron, chromium, and nickel were observed in both 
configurations. 

n» rc 
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0.5 

(x lo"crri3s) 

8 
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FIG.3. n e rE obtained in Doublet IIA as a function of elongation. 



322 FREEMAN et al. 

These recent studies of shaped plasma cross sections on Doublet IIA 
provide a detailed comparison of doublet and elliptic discharges, while 
previous results [U] provided a similar comparison of circular and elliptic 
discharges with a toroidal magnetic field of 7.2 kG. The elliptic plasma 
used in these earlier studies had an elongation of l.U. The plasma proper
ties of the circular discharges were similar to those obtained in contempo
rary tokamaks of comparable size. The major result of the comparison was 
the observation of increased values of plasma density, ne, and central 
energy confinement time, Tg, in the elliptic discharge. The present 
results from doublet discharges allow us to extend these results to larger 
values of elongation and a further enhancement of neTg is observed as shown 
in Fig. 3 where the neTg values are plotted as a function of elongation. 
The neTg value of the doublet is seven times the circular value and almost 
three times the value of the elliptic discharge. These results clearly 
show a significant enhancement of the neT-p product with increasing elonga
tion of the plasmas. The improved confinement and the increased plasma 
density are also obtained from a 2D transport code developed at General 
Atomic [5] and used to model the Doublet IIA elliptic and circular plasmas. 
The transport model employed was determined from an analysis of other 
tokamak data, such as that from Ormak and ATC. 

If a flatter current profile can be obtained, a further improvement in 
plasma confinement is expected due to the increase in poloidal magnetic 
field. Control of the plasma current profile is planned by use of rf 
heating or ac skin heating in Doublet IIA. 

Work supported by the U. S. Energy Research and Development 
Administration, Contract No. E(OU-3)-l67, Project Agreement No. 38. 
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Abstract 

EXPERIMENTS ON NON-CIRCULAR TOKAMAK AND RELATED TOPICS. 
Active control of the cross-sectional shape of plasma has been carried out in the non-circular tokamak TNT 

and the modified device TNT-A; D-shaped, elongated plasma equilibria have been obtained with considerably 
low safety factors (2—5). The relation between n-index and elongation degree has been studied. MHD properties 
of the elongated plasma have been found similar to those of circular tokamaks. In relation to these results, MHD 
properties inside the plasma have been studied in detail, using a small-scale tokamak with a circular cross-section. 
The direct measurement of the m = 2 magnetic island structure is reported. To complement these experiments, 
some theoretical work has been done: kink instabilities have been analysed for various current distributions; the 
resonant interaction of the plasma with the external helical winding has been studied; and the stability of the 
m = n = 0 mode coupled non-linearly with a higher kink mode has been investigated. This non-linear mechanism 
explains one type of disruptive instability. 

1. INTRODUCTION 

Tokamaks with certain noncircular cross-sections may introduce signifi
cant advantages relative to conventional tokamaks. For an elliptical cross-
section (with toroidal major radius R, major and minor semi-axes b and a, res
pectively, toroidal field B^, and total plasma current Ip), the safety factor 
at the plasma edge, q.a>is given by 

q - 2ffa*fo 1 *°< -+(b/a)i 

(i) 

under the assumption of a flat current profile. Then the plasma current and 
the current density of the elongated plasma can be larger than those of the 
circular one by factors 

Kl=(|.)"
3i±M5 and K ^ f D ^ l i ^ (2) 

respectively, with the safety factor, the toroidal magnetic field, the plasma 
volume, and the aspect ratio R/a fixed. Presently, it is of great importance 
to find out experimentally the advantages of noncircular tokamaks. Namely, 
their stability limits and confinement properties must be assessed in connec
tion with the standard tokamaks. A device named TNT [l] has been constructed 
to investigate what type of cross-section makes best use of the advantages of 

* Permanent address: Japan Atomic Energy Research Institute, Tokai, Ibaraki, Japan. 
'* Present address: Plasma Physics Laboratory, Princeton University, Princeton, NJ, USA. 
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FIG.l. Cross-sectional view of the TNT machine. T, toroidal coil; O, Ohmic heating coil; Si— Ss, shaping coils; 
C, Ohmic-cancelling coil; D, shaping decoupling coil; V, vacuum chamber; L, molybdenum limiter; CS, copper 
shell; I— III, positions of optical measurements; Z = 19,5 cm, 0 cm, -19.5 cm. Dimensions are in mm. A typical 
example of poloidal field measurements (in gauss) and a rough sketch of the magnetic configuration for the 
optimized plasma (nearly current-maximum stage) are illustrated. 

noncircular cross-sections. In order to analyse the detailed physics of kink
like and disruptive instabilities, MEED modes inside the plasma of a small-
scale tokamak named MINIMAK [2] have been studied by direct measurements of 
the current profile and the magnetic island, and are compared with some new 
theories about those instabilities. 

2. EXPERIMENTS ON TNT (Tokyo Noncircular Tokamak) 

Figure 1 is a cross-sectional view of the TNT. The machine parameters 
are summarized in Table I. The vacuum chamber is of a rectangular cross-
section (60 cm high and 2̂4- cm wide) of 6-8-mm-thick stainless steel with 
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TABLE I. BASIC PARAMETERS OF TNT, TNT-A AND MINIMAK. 

MAJOR RADIUS 

MINOR (LIMITER) RADIUS 

TOROIDAL FIELD 

JOULE TRANSFORMER 

CONTROL FIELD 

PLASMA CURRENT 

DISCHARGE DURATION 

ELECTRON TEMPERATURE 

TNT TNT-A 

UO cm 

28 cm x 10 cm 

h.k kG max, 130 kJ 

air core, 50 turns iron core, 0.15 V-s 

8 shaping coils, 25 kJ 

50 kA 

2.5 ms 

15 eV 

1*0 kA 

7~11 ms 

30 eV 

MINIMAK 

23 cm 

6 cm 

1.1* kG max, 2.2 kJ 

iron core, O.Olli V-s 

DC vertical, 7G max 

6 kA 

0.8 ~1.6 ms 

7 eV 

gaps. The plasma volume is limited by the molybdenum limiter with a rec
tangular aperture of 2a = 20 cm and 2b = 56 cm. Thus, the degree of elonga
tion b/a = 2.8 gives advantage factors of Kj. = 3.1 and }[%= 2.2. The plasma 
current is driven by an air-core transformer of fifty turns, powered by a 
25-kJ capacitor bank. The external shaping field is provided by eight shap
ing coils of ten turns each. Besides the strength of the field, the rise-
time and the shape of the field can be widely altered by use of taps. The 
copper shell (10 mm thick) with gaps is placed as an open shell on the inner 
side of the cross-section of the vacuum chamber. The vacuum chamber acts as 
a resistive shell with a time constant of 1 msec. Hydrogen gas is fed pul-
sively using two fast-acting valves. Filling gas pressure is (0.7~"7.0) x 10-^ 
Torr. Preionization is done using a 10-kW rf (800 kHz) oscillator and an 
electron gun. 

A typical example of the optimized discharge is shown in Fig.2(a). 
Under this optimized condition, each shaping coil, except Si|. and S5 in Fig.l, 
was carrying a total current of 10 kAt. The coils S^ and S5 were not used in 
this case. The probe measurement with no plasma current gave the vertical 
field of average strength 80 G and the average n-index of 0.1, where n = 
-(R/Bz)(9 Bz/9 R). The maximum plasma current was 50 kA corresponding to 
qa = 2.U for the toroidal magnetic field of 2.2 kG. The loop voltage at 
maximum current, 15 V, and the current density, 60 A/cm2, give the resis
tivity of 1 mXI'cm, which corresponds to the conductivity temperature of 
about 15 eV. The poloidal magnetic field distribution is measured by eight 
magnetic probes located inside the vacuum chamber and two movable magnetic 
probes outside the vacuum chamber. The result is shown in Fig.l. The ex
perimental data are compared with numerical calculations of free boundary 
MHD equilibria[3]. It can be inferred from Fig.l that there are two magnetic 
neutral points at top and bottom, nearly on the outer surface of the vacuum 
chamber. They stayed almost at rest during the discharge; they were absent 
with no plasma current. After 1 msec, when the shaping field was dominant, 
the plasma column was seen to move toward the inner or outer side for nonoptimum 
shaping field strength. The optimum shaping field maintained almost the same 
magnetic configuration throughout the discharge. The optical measurements 
were carried out using silicon p-i-n diode detectors at the three positions 
as shown in Fig.l. The intensity ratio of the total light from the plasma at 
the position I to II was 0.7~0.8 throughout the discharge, giving additional 
evidence for the elongation of the plasma column. 

These results show that the plasma was actively controlled, and that the 
optimum configuration of the external shaping field could maintain the D-
shaped, elongated plasma. 
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FIG.2. Typical examples of plasma current Ip(10 kA/div) and loop voltage Vz(10 V/div). (a) TNT: Bt 

(b) TNT-A: Bt = 3.7 kG. Time scales are (a) 200 (is/div, and (b) 1 ms/div. 
2.2 kG; 

FIG.3. Time evolution of the kinklike mode instability in the current-growing stage. Each curve represents 
the duration of the m-mode. 
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shaping —>i 4 -1 

1.0 1.5 2.0 V j ( k v ) 

FIG.4. Maximum plasma current versus charging voltage of Joule system, Vj, toroidal magnetic field being the 
parameter. The ratio of each shaping coil current is shown. 

The low-frequency (f^lOOkHz) MHD oscillations with positive spikes on 
the loop voltage and dips on the plasma current in the ,current-growing stage 
(Fig.2(a)) were studied by eight magnetic probes. The time evolution 
of the oscillations are summarized along the trajectory of the discharge in 
Fig.3. The mode rotated in the electron diamagnetic drift direction,which 
is the same as that reported for the ST tokamak[i+], and n was always 1. The 
m = 2 oscillations were at high level near the current maximum and the current 
was limited at a level corresponding to qaCi2, which was practically independ
ent of the Joule-heating electric field. The typical frequency of the m = 2 
mode was 18 kHz. These MHD properties are similar to those of circular 
tokamaks[h]. 

Possibly the major semi-axis of the plasma cross-section b' may be less 
than b due to current shrinking. Then the actual safety factor Qa differs 
from the apparent one qa, calculated from eq.(l); the ratio is given by Qa/<la = 
(1 + £a)/(l + b2/a2) = (1 + €*)/8.8, with 6 = b'/a being the plasma elongation 
degree. An estimation of Qa, hence of 6 , is provided by the knowledge of 
MHD instabilities^]; if we assume the observed m = 2 mode to be kink mode 
(i.e. Qa = 2 at its onset), Fig.3 leads to 6 = 2.3 at t = 0.8 msec, or equiv-
alently, b' = 23 cm. This is the lower limit on b', since the m = 2 mode may 
(partly or entirely) be the resistive tearing mode, which starts at QaP

r2. 
In the latter half of the discharge, there appeared negative voltage 

spikes (~ - 20 V) on the loop voltage (Fig.2(a)). The magnetic probe signals 
show the following: (i) These negative spikes occurred when the m = 2 oscil
lations were almost damped down; (ii) these corresponded to the superposition 
of m = 0 expansion in the minor radius and an inward shift in the major radius 
(~ 2 cm); and (iii) n is 0. An increase of the ftp signal coincided with the 
spike. These observations show that this negative voltage spike is quite simi
lar to the "disruptive instability"[k] familiar in circular tokamaks. 

3. EXPERIMENTS ON TNT-A 

TNT was modified to TNT-A by introducing an iron core for the Joule 
transformer in place of the air-core winding, with other parameters unchanged. 
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FIG.5. Elongation degree e = &'/<* <?/ TNT-A plasma estimated from m = 2, 3 and 4 MHD instabilities (see text). 
Vacuum-shaping field is calculated and shown underneath for each configuration, together with current in each 
shaping coil (relative unit). The average n-index is —0.2 (case A); —0.1 (case B); and =0 (case C). 

FIG.6. Time evolution oft (elongation degree b'/a) for shaping current,shown in relative units. 
• : data calculated from poloidal field measurements; 
X: data estimated for the same shot from m = 2, 3, 4 kinklike instabilities. 
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FIG. 7. Rough sketch of magnetic surface at current maximum. The equi-psi surfaces are drawn for every 
•n X 10~3 V- sec. Numbers at arrows show the field component parallel to the arrows in unit of gauss. The 
shaping coil current is presented in kAt, and the minus sign means that the coil current is parallel to the plasma 
current. Coil current has up-to-down symmetry. 

As a result, the discharge duration was increased up to 7-11 msec. Since 
the vacuum chamber no longer acts as a shell, the plasma is now controlled 
mainly by the external shaping field; the plasma in TNT-A is actually more 
subject to the control field than it was in TNT. Thus the full study of the 
actively shaped plasma has become possible. Also, this modification made the 
system free from the stray field from the Joule transformer. Because of 
stronger coupling between Joule and shaping systems, the rise-time of plasma 
current now varies widely according to the shaping field configuration. 

A typical waveform of the quiet discharge for B-̂  = 3-7 kG is shown in 
Fig.2(b). This gives the conductivity temperature of ~ 30 eV. The disruptive 
instability is seen at t = U.7 msec. 

The maximum plasma current is represented in Fig.U as a function of 
B-t and Vj (the charging voltage of Joule system). Similar to the case of 
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TNT, the plasma current, Ip,is restricted by the m = 2 MED instability and 
associated disruptions. This accounts for the "levelling-off effects" of Ip 
seen in Fig.U as Vj is increased. The maximum value of Ip, however, is de
creased by a factor of two or so compared to that of TNT for the same value of 
B-j.. This suggests the reduction in the elongation degree £ = b'/a due to the 
absence of the shell effect. 

In TNT-A, m = 2, 3 and h magnetic oscillations (c*20 kHz) were clearly 
detected, and their behaviors were found to be essentially the same as those 
in TNT. As described in sect. 2, the value of Ip at the onset of each mode 
gives the estimation of 6 at that stage. Since the time of this onset varies 
depending upon B+ and VT, time evolution of € can be roughly determined for 
each shaping field configuration. This idea was carried out for three 
typical cases of shaping field; the result is shown in Fig.5 together with 
the vacuum field configuration numerically computed for each case. There 
the m = k, 3 and 2 modes were assumed to start at qa = k.O, 3.0 and 2.3, 
respectively, according to the data from MINIMAK [2]. A rapid decrease in 
£ , common to all cases, reflects the vanishing of the shell effect. However, 
the asymptotic value of 6 clearly varies according to the field curvature; 
the elongation increases when the n-index approaches zero. This demonstrates 
that the shape of the plasma in TNT-A is in fact actively controlled. The 
case C (nft:0), however, suffers from positional instability in the vertical 
direction (the plasma loses up-to-down symmetry and decays rapidly in the 
latter half of discharge). Thus, there seems to be an optimum region of 
field curvature. 

Another estimation of € is provided by measurements of the poloidal 
field distribution around the plasma. Figure 6 represents the time evolution 
of 6 thus obtained for a particular discharge, assuming a flat current profile. 
There the values of & determined from m = k, 3 and 2 MHD modes for the same 
shot are also shown. A systematic difference between these two estimations 
may be assigned to the effect of resistive tearing modes, to the nonuniformity 
of the current profile, and to the possible decrease in the minor semi-axis 
a. In any case, Fig.6 shows that 6 reaches a constant value around 1.6, after 
tcx.2 msec, indicating that the plasma is actively elongated, though not to 
the full extent (6 = 2.8). 

A rough sketch of the plasma shape at t = 3 msec (the current maximum) 
under a typical shaping field is illustrated in Fig.7. This was constructed 
from the estimation of € and of the positional shifts AT and <dz. There 
the plasma was assumed to have a flat current profile and an elliptic cross-
section in the toroidal geometry, and the copper open shell to remain fully 
conductive. Thus the D-shaped equilibrium is still realized in TNT-A, though 
the field configuration away from the plasma is different from that of TNT due 
to the presence of the iron core. 

Most of discharges ended in the disruptive instability (see Fig.2(b)) 
which appears to destroy the MHD equilibrium partially or completely. This 
instability is characterized by the inward shift of the plasma column {AT = 
1 to 1.5 cm), negative voltage spike (~ - 30 V) and an increase in £ (/l€ — 0.k) 
as shown in Fig.6. Moreover, the disruption was found to step up the up-to-
down asymmetry of the plasma, if there was any before the disruption. In TNT-
A, this instability usually followed a gradual growth of the m = 2 oscillation, 
which was damped off after the disruption. 

In conclusion, these results naturally extend the conclusion obtained 
with TNT. and further confirm that the D-shaped equilibrium is actively 
maintained, whose MHD properties are analogous to those of circular tokamaks. 

k. EXPERIMENTS ON MINIMAK DEVICE 

MINIMAK is a small-scale tokamak, constructed to study the detailed MHD 
properties of tokamak discharge. Its basic parameters are listed in Table I. 
This device is exclusively suited to the study of physical conditions inside 
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FIG.8. Magnetic oscillations Be (minor-azimuthal component) and BT (radial component) inside MINIMAK 
plasma measured by magnetic probes. Discharge conditions are indicated. Typical oscillation frequency of 
/ = 40 kHz gives \Bg I ̂  \Bt\ —10 G. Error bar stands for statistical average over ten shots. 

HrotB)z 

t (itfG-kHz/cm) 

f-divB 
f OOfe-kHz/cm) — 0.95 kG 

2 \].>¥S ^ (cm) 

F/G.P. Radial profiles of(rotB)z <*-Jz and divB, calculated from the curves fitted to data in Fig.8. Error bar 
includes uncertainty in fitting. 
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the tokamak plasma, because various probes can be inserted into plasma without 
causing noticeable disturbances. Gross MHD properties of MINIMAK are quite 
similar to those of larger devices, except that the m = 1 global MHD mode 
(may be of tearing or flute type), rather than m = 1 internal modes, is ex
cited when the safety factor at the magnetic axis reaches unity. 

A sharp and disruptive decay of the plasma current was induced at q_~1.7 
by external current (as small as 5% of the total plasma current) in the (m = 2, 
n = l) helical winding, which was placed at r = 9 cm in order to study the 
helical resonance effect discussed in section 5. 

Radial distribution of the poloidal magnetic field was directly measured by 
inserting a Bg magnetic probe into the plasma. Hence the current distribution 
and the magnetic surface structure were derived. These data clarified in 
detail the nature of the MHD equilibrium. Toward the latter half of discharge, 
concentration of the current profile was observed. This explains the time 
evolution of the mode diagram for the helical MHD instabilities^] (kink and 
resistive tearing modes) of small wave numbers, employing the theory pre
sented in section 5. These results were successfully applied to the analysis 
of TNT. 

One of the chief objectives of the experiment was the study of the m = 2 
resistive tearing mode, which is quite common to all tokamak discharges. In 
MINIMAK, this mode was observed when qa remained around 2.3, accompanied by a 
moderate m = 2 magnetic oscillation (frequencyCzkO kHz). In order to study 
the radial structure of this mode, drivable B$ and Br probes were inserted 
alternately into «the plasma under the condition of qa~2.3 for the hydrogen dis
charge. Another Ba probe was fixed at r = 7-5 cm in the same toroidal posi
tion as the reference. Shot-by-shot scan of the drivable Bg probe clarified 
that, at every radial depth, Bg oscillation had proper phase and amplitude 
relations relative to the reference signal. The situation was similar for Br 

oscillation. Especially, B$ oscillation showed clear phase inversions near 
the magnetic axis and near the radial depth where the q = 2 singular surface 
was expected to be present. The results of these measurements are summarized 
in Fig.8 under two different discharge conditions. It must be noted that 
near the magnetic axis, both | Be| and | B | are fitted linearly with the same 
coefficient of proportionality. 

Fitted curves in Fig.8 were used to calculate numerically the radial 
distributions of divB and (rotB)z, assuming Bz = 0 and neglecting higher 
harmonics. The results are presented in Fig.9. It is seen first that divB 
almost vanishes, a.s expected. Its slight departure from zero may be attribut
ed mainly to a slight difference in discharge conditions for Bgand Br measure
ments. Second, (rotB)zoejz shows a clear peak near the expected position of 
the q = 2 singular surface. 

Thus it was revealed that the "current bunching" of the order of j z = 
10 A/cm^ accompanied the m = 2 tearing mode, the higher filling pressure giv
ing the wider bunching region. (Since the unperturbed current density is 
jnci50 A/cm^, that perturbation amounts to 15~20% at the maximum.) Thus, 
the formation of the m = 2 magnetic island is a straightforward consequence 
of these results. The density profile was found to be rather flattened across 
the above-mentioned current-bunching region, suggesting a strong enhancement 
of particle diffusion due to the presence of magnetic islands. 

5. THEORY 

We study the MHD properties of tokamak plasma (radius a) under the cylin
drical approximation. By means of the neighbouring equilibrium method, cri
teria of kink instabilities for various current distributions are numerically 
obtained[6]. It is found that slightly skin-like distributions are more stable 
than flat current distribution. These results successfully explain the mode 
diagram of TNT, TNT-A and MINIMAK. 
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0KF<0.17, W has a minimum and this mode is stable and has finite amplitude. When F > 0.17 there is 
no equilibrium. 

We study the interaction of the plasma deformation with the external 
helical field[7]. We assume helical windings of the pitch (m, n) placed at 
r = d, each carrying the current 1^. The vacuum solution for the magnetic 
surface then becomes the sum of the contributions from the plasma deformation, 
from the external field and from the mirror current on the conducting bound
ary. Applying the self-consistent method, the plasma deformation £ a is solv
ed up to the lowest order in kr as 

Ja _ 1 /a V1 

a qm s -qa \d j 
2mh 

h 
(3) 

where q denotes the q-value of helical equilibrium without the external 
field. Equation (3) demonstrates the existence of "helical resonance" as ob
served in MINIMAK (section U), since the deformation is very large at q.a2£qms-

We investigate the stability of the nonlinear symmetric (m=n=0) perturb
ation, starting from usual MED equations. We take into account the ExB rota
tion of the plasma column with the frequency cJk (assumed to be given)[8]. We 
assume the presence of a helical perturbation (such as kink mode) of a single 
mode (m,n) with its amplitude nonlinearly saturated, and we neglect the non
linear couplings between different helical modes. The physical idea here is that 
the (m,n) helical mode acts as a "source" to produce through the nonlinear 
coupling the symmetric displacement of the plasma column. Then any physical 
quantity is expressed as (equilibrium value) + (symmetric perturbation) + 
(helical perturbation). We solve the basic equations under that guideline up 
to the 2nd order of perturbation. Using the variables £ =e° and "C = G\^ with 
o denoting the symmetric displacement, we obtain the following equations 
under some reasonable approximations: 

dt/dr2 = -dW(0/dr 

F = 
3Q Bi*el2 

2(2m-1)(m-q) I Bd
e 

(5) 

(6) 

Here CJA. is the poloidal Alfven frequency, B^is the poloidal field in equilib
rium, Bjmflis the perturbation due to the helical mode, and q is the safety 
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factor. Equation (h) means that W(£) acts as an effective "potential" for the 
m=n=0 displacement, and the "source strength" F is a parameter to determine 
the form of this potential. The curve W(^) vs.£ is shown in Fig.10 with F 
being parameter. Thus it is clear that there exists a threshold F* for the sta
bility against the symmetric displacement. From the requirement of toroidal flux 
conservation, the quantity F remains constant in MHD time scale, and changes 
slowly-as the equilibrium state changes. Then the potential W(4) changes. Once 
F reaches F , the m=n=0 expansion takes place. This is accompanied by a sudden 
deceleration of the rotation and the damping of the helical precursor mode. 
During the disruption, S(m=n=0 displacement)changes by/3d—F /k and the nega
tive spike A Vjg =-R» Ip- F /k appears on the loop voltage. When the current pro
file is nonuniform, the internal disruption can be analysed in a similar way. 

These characteristics closely conform to the experimental results on the 
disruptive instability. 
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Abstract 

SHAPING AND COMPRESSION EXPERIMENTS IN A TOKAMAK. 
Shaping and compression experiments on a plasma in a small multipole tokamak, TOSCA (R = 30 cm, 

rv = 10 cm), are described. Stable operation was obtained with plasmas of circular cross-section at currents of 
up to 25 kA, densities of ~ 1 —3 X 1013 cm - 3 and temperatures of up to 300 eV. Fluctuations, not MHD in 
origin, occur. 

Non-circular cross-sections have been produced by applying an approximately quadrupole field. A free-
boundary equilibrium calculation has been used to deduce the detailed plasma shape by comparison with the 
experimental data. Elliptic plasmas, produced with a reduced aperture, are found to be positionally stable for 
0.95 < b/a < 1.05. Growth times of axisymmetric modes Gs30 ;us) are in good agreement with theoretical 
predictions. Full-aperture plasmas were stable for b/a $. 1.5 if the primary windings were used as a passive feed
back system. This value of ellipticity is in agreement with predictions of a stability calculation which takes 
account of all currents induced in the passive windings by the shaped plasma. Calculations also demonstrate 
plasma formation with a magnetic aperture. 

Minor-radius compression experiments show stable detachment of the plasma from the material walls, 
heating, a reduction of fluctuation level and an improvement in the energy confinement time. 

1. INTRODUCTION 

A small multipole Tokamak, TOSCA , has been used to investigate the 

possibility of increasing the average g above that obtained in circular, 

large aapect ratio, deyices (< !£) • Using a set of multipole 

windings the plasma cross-section can be varied in an attempt to obtain 

improvements in (3 or q associated with differently shaped plasmas ' ' , for 

example D or pear-shaped. The value of 3^ and to some extent g, can be 

varied by the addition of compression heating in either minor, or minor and 

major radius. Isolation of the plasma from the walls or limiter, using either a 

small compression or by forming a magnetic aperture with the multipole windings, 

can be used to improve the efficiency of ohmic heating. 

In this paper the formation and maintenance of equilibrium with a circular 

(5 &} 

plasma cross-section is described ' . The results of experiments to pro

duce non-circular cross-sections are presented and a study of the effect of ellipti

city, both vertical and horizontal, on the gross stability of the plasma is 

reported. Finally, the results of compression experiments in which the toroidal 

field was increased are presented. 

* Permanent address: Institute of Physics, Milan, Italy. 
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2. DEVICE AND DIAGNOSTICS 

Figure 1 illustrates the windings and diagnostics used. The conducting 

vacuum vessel, radius rv, has a penetration time to poloidal fields of 7 us, and 

toroidal fields of 60 ys. Outside the vessel are placed 16 single turn 

coils, the primary and shaping windings, which are connected, either 

separately or in parallel series combinations, to capacitor banks. They 

induce the plasma current, initiated by a small filament, and also shape the 

cross-section. Equilibrium is obtained either by imposing a vertical field 

from the 4 series turn vertical field (Bz) winding, or by connecting the 

primary and shaping windings to simulate a shell with a penetration time of 

- 2 ms. A movable molybdenum limiter is positioned at the outer equator. 

The toroidal field (B,) is produced by 24 single-turn coils connected 

in series to a capacitor bank with a 2.5 ms risetime; the compression field 

rises in 150 ys. Diagnostics consist of small coils both inside and 

outside the vacuum vessel for shape determination and instability studies. 

Diaraagnetic loops internally and externally for fast compression measure

ments, 2 and 4 mm interferometers, laser scattering equipment, soft x-ray 

detectors, Langmuir probes and fast bolometers have been used. 

3. CIRCULAR OPERATION 

The machine has been operated with a circular cross-section plasma; 

equilibrium is maintained by either the externally imposed vertical field or 

by the induced currents in parallel connected primary windings . 

Stable operation is obtained at plasma currents up to 25 kA lasting 

for 3 ms, with an average density range in hydrogen gas of 0.6 to 
1 3 - 3 

5 x 1 0 cm . The electron temperature on axis has been measured by Thomson 

scattering to be 200 eV with a reduced plasma current ^ 12 kA, when the 

average conductivity temperature was 30 eV. Within the bounds of temperature 

distributions measured on other Tokamaks this implies a Z „,. of 2-3. Dia-
ef f 

magnetic temperatures up to 300 eV have been obtained with average values 
of 0 £ 1%. Normally g ^ 0.4 (error 10/0 %) at current maximum, and is observed 

approximately independent of the density a,nd current. Later in the pulse 

3T £ 1. If the radiated energy is uniformly distributed, as expected, then 

measurements with a bolometer (T . ^ 7 ys) indicate that > 50% of the 
rise 

power input is deposited on the walls. 

Two types of disruption are observed. The first occurs when the plasma 

is well centred, with, a small safety factor ~ q. With qCa) % 1 the disruption 

is consistent with an internal origin, occurring on a hybrid timescale (Alfven 

and field diffusion times), and is accompanied by axisymmetric (i.e independent 

of toroidal position) m=0, 2 perturbations. The second type occurs when the 
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plasma moves inwards so that wall contact occurs; the interaction between the 

vertical field and plasma current results in the complete radial collapse of 

the column. 

Experiments have been undertaken to correlate fluctuations of different 

quantities. Under most conditions fluctuations at 100-200 kHz are observed 

on magnetic coils close to the plasma (amplitude 0.2% of the poloidal field 
< 

with a correlation length ^ 1 c m ) , by a double Langmuir probe in the edge 

regions of the plasma and by a 4 mm Michelson interferometer. The fluctua

tions are independent of the current indicating a non MHD origin. The 

amplitude and frequency of the magnetic and edge density fluctuations decrease 

before a disruption. 

Operating regimes similar to those in T 6 ( 7 ) have been obtained in which 

positive voltage spikes occur. The spikes have risetimes of 2 to 10 us 

and are accompanied by hard x-ray emission. Local perturbations in the 

poloidal magnetic field, measured outside the vacuum vessel, were found. 

Diamagnetic and density measurements showed that there was no heating 

associated with the spikes, in contrast to the results of T6. 

4. SHAPING 

(a) Formation 

The plasma cross-section has been varied by controlling the currents 

in the shaping and primary windings, shown numbered in Figures 1, 5 and 6. Primary 

winding stray fields over the plasma volume are reduced by connecting outer 

windings in parallel and then in series with the inner set of six (numbers 6 to 11) 

Controlled breakdown is obtained by providing a field zero near the vacuum 

vessel centre. Equilibrium is maintained by energising the vertical field 

winding. 

The choice of primary winding imposes a certain cross-sectional shape. 

The elliptic component is characterised by the decay index n of the vacuum 

field (the field produced by all winding currents including those due to 

the presence of plasma): n = -(R/B ) 3B /3R. The vertical field is designed to 

maintain a circular plasma in equilibrium, with n - +0.6. Figure 2 shows 

the flux contours produced by 10 kA in the primary set (6 to 11) in series with 

windings 3 and 14 connected in parallel. The field distorts the outer plasma 

surface. It can also produce a separatrix inside the vacuum vessel (i.e. a 

magnetic aperature), when I , < 0.6 I . This condition is satis-
° plasma primary 

fied for times <, 300 us after breakdown. 

Windings 1, 16 and 4, 13, wound as a nett turn zero system, were used 

to generate an approximate quadrupole field to produce both horizontal and 

vertical ellipses. Windings 2, 5, 12 and 15 were available for parallel 
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RADIUS 

FIG.2. Contours of the flux produced by a current of 10 kA in windings 6 to 11, and 5 kA in windings 3 and 14. 
The position of the vacuum vessel is shown. 

connection to act as a "shell" and restrict gross axisymmetric plasma motion. 

Coupling windings of equal major radius, restricting motion in the vertical 

direction, does not affect the vacuum field. Windings of unequal 

radius,coupled to restrict horizontal motion, do affect the vacuum field 

configuration. 

(b) Experimental Results 

The shaping field produced by windings 1, 16 and 4, 13 could be applied 

at any time during the plasma lifetime. Early timing reduced the breakdown 

time, but resulted in a small plasma which moved either to the top or bottom 
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FIG.3. Experimental data showing the effect of shaping the plasma cross-section into a vertical ellipse: (a) the 
volts/turn; (b) the plasma current; (c) the shaping current in windings 1 and 16, both + ve, and 4 and 14, both - ve; 
(d) the current between windings 2 and 5; (ej the current between windings 2 and 15; (fj the major radial displace
ment; (gj Be at 9.6 cm, 9=270°; (h) Be at 9.6 cm, 8 = 90°. Results are shown both with and without a plasma. 

of the vacuum vessel and could not be controlled. The shaping was therefore 

applied after the plasma current was established. 

Figure 3 shows the electrical measurements for a case with windings 1 

and 16 positive, 4 and 13 negative, with a negative plasma current, to give 

a decay index n < 0. This produced an elliptic distortion with a semi-axis 

ratio b/a > 1 (where b is in the z direction, a in the R direction). A 
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shell consisting of windings 2, 5, 12 and 15 was present. The parallel 

connections were between 5 and 2, 2 and 15, 15 and 12, leaving a gap in 

the toroidal and poloidal directions. Currents between windings 5 

and 2 (Figure 3(d)),and 2 and 15 (Figure 3(e)), are shown. Coils measuring 

the poloidal field B inside the vacuum vessel at a minor radius of 9.6 cm 
B 

were used to infer gross motion: the major radial shift from R = 30 cm is 

displayed as At,, « B. (9 = 0 ) - x B„ (6 = 180 ), with x chosen so that the 

output signal is proportional to the displacement assuming the plasma to be 

a circular filament. Also shown are B. (9 = 90°) at the top and B (0 = 270 ̂  

at the bottom of the vacuum vessel, from which the vertical displacement A can 
z 

be derived. Traces are also shown with no plasma present; the current 

flowing between windings 2 and 5 is induced from the primary and vertical 

field circuits. 

The shaping current shown in Fig. 3(c) causes the plasma to become unstable 
and move downwards (A - ve) by as much as 4 cm: this is deduced from 

z 

both the B (90 ), B. (270 ) and the shell current between windings 2 and 15. 

If a small stray radial field is introduced to position the plasma slightly 

above the horizontal plane then the plasma moves upwards on application of 

the shaping current. Sets of B. coils spaced around the torus show the 

motion to be independent of toroidal position, i.e. n = 0. Analysis of A 

as a function of time shows it to be initially exponential, with growth times 

> 30 ps. 

The voltage waveform shows a disruptive instability, which is accompanied 

by a negative voltage spike. This phenomenon is of the second type discussed in 

'circular operation', being a collapse of the minor radius caused by contact 

with the vacuum vessel wall at the smaller major radius side of the plasma. 

Figure 4 shows the experimentally measured growth time, T against the 

normalised shaping current I , /I for cases with plasma currents ^ 15 kA 

and a reduced aperture (a £ 5 cm). Also shown is the displacement A , 200 us 

after initiation of the shaping current. Both curves show that a shaping 

current £ 0.035 I resulted in instability. When windings 2 and 15, and 5 and 

12, were connected to act as a shell to vertical, but not major radial, motion, 

the critical value of the shaping current above which instability occurred was 

0.055 I . Using a full aperture plasma and parallel connections the critical 

shaping current was increased to 0.17 Ip. 

By reversing the direction of the shaping current, the vacuum fields 

possess a decay index n !> 1 producing an elliptic distortion with b/a < 1. 

In this case a critical -shaping current - 0.07Ipwas found; values below 

this resulted in an n = 0, m = 1 mode in the major radial direction. The 
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FIG.4. Experimental points and a theoretical curve for the axisymmetric instability growth rate r as a function 
of the shaping current 1^,,, normalized to the plasma current Ip. The displacement, Az, 200 /ss after the shaping 
current initiation, is also shown. 

direction of the instability, either ± R (out or in), depended on the 

position of the plasma before application of the shaping field. 

(c) Equilibrium 

An evaluation of the plasma cross-sectional shape was made by comparing 

experimental data with predictions of an ideal MHD calculation. The input 

(8) 

to a free boundary equilibrium computation consists of the measured wind

ing currents, represented as filaments, the plasma current and a limiting box, 

one side of which coincides with the limiter. The plasma boundary is defined 

as the last closed surface which touches the rectangular limiting box. A 

general form of the toroidal current density, and pressure gradient, is used, 

permitting both flat and peak distributions. As well as 6 and I. (internal 

inductance) local values of field are calculated for comparison with experimental 

results. 

Figure 5 shows the flux contours computed using the measured currents 

in the windings. A flux independent toroidal current density and pressure 

gradient were used giving 3 = 0.26, a value compatible with diamagnetic 

measurements. Shaping of the outer surfaces is observed, associated with 
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FIGS. Flux contours produced by a measured primary current of 10.5 kA in windings 6 to 11 and 5.25 kA in 
windings 3 and 14, a vertical field winding current of 4.3 kA, and a plasma current of -16.0 kA. The broken 
line represents the plasma boundary: a flux-independent toroidal current density is used: j3j = 0.26. 

the radial field produced by the primary current. Figure 6 shows the 

flux contours for an experimental case with a shaping current of 2 kA (compared 

to a plasma current of - 14.3 kA) used to produce a vertical ellipse. In 

this case a flux dependent toroidal current density and pressure gradient 

were used to give 3T = 0.25. The elliptic plasma was unstable with a 

growth time - 30 ps. 

A comparison of the predicted properties, e.g. 3T, &., geometric dis

placement AJJ (from R = 30 cm), and angular distributions of B and B was 

made. Both 3T and I. axe. determined experimentally assuming a circular 

plasma, knowing A . Corrections for non-circular cross-sections are small 
R 

The displacement A is derived from the difference in B. ( 0 = 0 ) and B 

(6 = 180 ) due to the plasma alone, assumed to be a circular filament of 

major radius (30 + A )cm. Predictions of the equilibrium computations 

show that the filament model leads to errors of $ 3 mm, except for 

horizontal ellipses. 

(9) 
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FIG. 6. Flux contours produced by a measured primary current of 7.5 kA in windings 6 to 11 and 3.75 kA in 
windings 3 and 14, a vertical field winding current of 2.77 kA, a shaping current of +2 kA in windings 1 and 
16, and -2 kA in windings 4 and 13, and a plasma current of —14.3 kA. The broken line represents the plasma 
boundary. A flux-dependent (peaked) current density is used: /3j = 0.25. 

Figure 7 shows; the computed semi-axis ratio b/a, as a function of the 

shaping current, for the computed full aperture equilibria. All harmonic com

ponents of the shape m » 2 contribute to b/a. The two curves are for peaked and fla 

toroidal current distributions, with 3 ^ 0.2. Increasing I. (more 

peaked current distribution) and $ ,reduces b/a. Also shown are points 

obtained by assuming the plasma to be a single circular filament, positioned 

so that it is in equilibrium in the vacuum field. This gives a good appro

ximation to the complete equilibrium computation. 

The critical shaping current at which instability occurs can now be 

interpreted as a semi-axis ratio (see Figure 4). For stability with no parallel 

connections except between windings 3 and 14, 0.95 £ b/a £ 1.05. The upper limit 

is increased by parallel connections between windings 2 and 15, and 5 and 15, to 

b/a £ 1.2 at reduced aperture and b/a £ 1.5 at full aperture. 
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FIG. 7. The computed semi-axis ratio b/a of the equilibrium plasma surface, as a function of the shaping 
current Ishape, for experimentally measured cases with plasma currents ~15 kA. Two current density distributions 
are used, flux-independent (flat) and flux-dependent (peaked), with j3j ~ 0.2. Also shown are points derived from 
a filament calculation. 

(d) Stability 

The analysis of axisymmetric modes using the energy principle has been 

performed by Rebhan and Salat . Using a constant pressure and surface 

current model, the minimising pertubations are found to be vertical shifts 

for vertical ellipses, and major radial shifts for horizontal ellipses with a 

vertical stretching or shortening or both superimposed. Calculations 

by Wesson for the aspect ratio of JET ' (R/a ̂  2.4) show that the minimising 

perturbation becomes a rotation in the poloidal direction. Stabilisation due 
(13) to a shell has been considered '. 

In the experiment, with no parallel connections between separate windings, 

the only restriction to gross motion is the all metal vacuum vessel which acts 

as a thin resistive shell. The driving force for the axisymmetric instability 

in the vertical direction is the interaction of the vacuum radial field, expressed 

through the decay index n, and the plasma current. The induced currents in 

the vessel can be derived, if it is assumed that toroidal effects are negligible 

and that flux is conserved. The linearised equation for the growth 

time x can be reduced, with the condition that the Alfven transit time 
8 

in the poloidal field is much less than the field penetration time through 
2 2 ^^D 3 

the vacuum vessel, to give T 'V T (2R /nr )/(£n — £ + H./2 + g - -̂  ) where 
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.a) -FD reduced aperture 

) -FD full aperture 

1-4 1-6 1-8 
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FIG. 8. The destabilizing force FD acting on a displaced conductor of elliptic cross-section, initially in 
equilibrium, as a function of the semi-axis ratio b/a. Curves are shown with two geometric contraints: 
(a) a < 4.5 cm, RQ — 29 cm and (b) b < 9 cm, Ro — 30 cm. The restoring force Fs produced by connecting 
windings 2 and 15, 3 and 14, and 5 and 12 in parallel is also shown for the two cases. The restoring force 
resulting from all 16 primary windings, acting as a complete shell is shown for case (b). All forces are normalized 
to the stabilizing force FQ acting on a displaced filament inside a perfectly conducting shell of minor radius 13 cm. 

i is the vacuum vessel penetration time,;with no plasma present ^ 7 ys. A 
S. . . (12) 

similar expression has been given by Wesson which relates x to the semi-

axis ratio b/a. To compare the theoretically predicted growth times with 

those measured experimentally, the shaping current must be related to a decay 

index n. The vacuum field was evaluated for each experimental case including 

the effects of induced currents; an average n over the plasma volume is then 

obtained, and a theoretical growth time derived. In Figure 4 the full curve 

depicts the resulting dependence of T on I , /I from which it is concluded 

that the vacuum vessel does act as a resistive shell, the growth time being 

inversely proportional to the shaping current. 

The effect of simulating a shell by parallel connections between the 

windings has been calculated using a multi-filament plasma model . A 

number of circular filaments ('v 50) is chosen to represent a current dis

tribution and cross-sectional shape. The plasma, maintained in equilibrium 

by currents in external conductors, is moved rigidly, and a new plasma 

current distribution derived which conserves flux. The force acting on the 

plasma at its displaced position is then calculated. This force is illustrated 

in Figure 8 as F . To estimate the effect of any restoring force resulting 
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from parallel connections in additional external windings, the induced 

currents are derived from an inductive circuit analysis to give the 

stabilising force F . Both forces are shown normalised to the restoring 

force F acting in a filament in a cylindrical shell. Instability occurs if 

- F > F . Throughout the analysis geometric constraints are used to si

mulate experimental conditions. The necessary but not sufficient calculation 

shows that for stability with no shell or conducting vacuum vessel b/a <6 1.05, 

which agrees with the value obtained by Shafranov . The parallel winding 

configuration used as a passive feedback system allows stable, small-aperture, 

plasmas with h/a £ 1.2, and full aperture plasmas with b/a -6 1.5. These 

predictions are in good agreement with the experimental results in section 

4(c). 

Preliminary results indicate that the confinement and fluctuation levels 

are the same for both circular and stable elliptic plasmas. 

5. COMPRESSION 

Minor radius compression experiments of circular plasmas have been performed to 

increase the plasma energy and isolate the edge from the material walls 

A one dimensional simulation was used to predict the properties of the com

pressed plasma. This indicated temperature increases greater than adiabatic, 
( \Q) 

as found experimentally on TUMAN , resulting from reduced loss. Small 

current redistributions were also predicted. 

The initial toroidal field B,1 was increased by up to a factor 2, to 
f * . . . 

B, in 150 us for a variety of plasma conditions. A dielectric switch 

was used to crowbar the toroidal field, resulting in decay times ^ 6 ms. 

Figure 9 illustrates the change in plasma parameters resulting from such an 

increase in the toroidal field. The plasma volts per turn remain constant, 

while the plasma current drops by ^ 15%. With the vertical field remaining 

constant the plasma moves outwards in major radius by typically 2 cm, with 

no motion in the vertical direction. This value is reduced if the windings are 

connected to act as a resistive shell to major radial motions, to ̂  1.5 cm, A 

density increase consistent with an adiabatic compression is observed. An 

increase in plasma energy was deduced by comparing the experimentally 

measured displacement outwards with that predicted by equilibrium theory. 

Using the measured initial value of $T and assuming 9.; is constant during the 
f i 0 l"\ 

compression, then $T increases approximately as (B<j, /B^ )
z / - 3 . 

A double Langmuir probe situated at r = 7.3 cm indicated stable plasma 

detachment from the material wall (Figure 9(e)). The r.m.s. voltage 

fluctuations were reduced, although a negative voltage spike ^ IV was 
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sometimes seen. Fluctuations of the poloidal magnetic field inside the 

vacuum vessel showed that 6B./BQ decreased from 1 to S 0.2%. This re
ts y 

duction is interpreted either as reduced magnetic activity in the plasma 

or the movement of an active region with azimuthal mode number m > 10 (see 

section 3) away from the coils. 

The overall effect is one of improved energy confinement time associated 

with the compression, by ^ 2. By increasing the vertical field during the compression 

it was possible either to keep the plasma at a fixed major radius or to 

obtain a small major radius compression as the plasma aperture was reduced 

by the minor radius compression. 

CONCLUSIONS 

(1) Circular cross-section equilibria have been established for several ms 

with a simulated shell or externally imposed vertical field with a vacuum 

vessel time constant of 7 us. 

(2) Shaping experiments show that the plasma, with no passive feedback, is 

positionally unstable unless 0.95 < b/a < 1.05. The measured growth times 

outside these bounds are in good agreement with theoretical calculations. 

(3) Using some of the windings to act as a passive feedback system stability 

for a vertical ellipse was obtained with b/a £1.5. This value is in 

accord with the results of a force calculation for the instability 

behaviour, taking into account the induced currents in the windings. 

(4) Minor radius compression experiments show a density increase, displacement 

consistent with an adiabatic compression, detachment, a decrease in 

fluctuations and an improvement in energy confinement time. 
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Abstract 

ENERGY CONFINEMENT AND BETA LIMIT IN THE BELT-PINCH EXPERIMENT TENQ. 
In the belt-pinch experiment TENQ a stationary phase is observed, where the poloidal beta remains constant 

at a value of about two, indicating that the Joule heating balances the losses during this period. Prior to this phase, 
the poloidal beta decays rapidly from values approaching the critical beta to the equilibrium value of two. During 
this time interval the appearance of a reverse toroidal current near the inner edge of the plasma is observed. 

Introduction 

Recently, relatively high values of the poloidal beta (3P -2) 
have been reported from some Tokamaks operated at high densi
ties [1 , 2j . It has been suggested that the parameter of col-
lisionality, the ratio of collision frequency to bounce fre
quency, has to be large (v /u>, > 1 ) to achieve 3 > 1. In a 
belt pinch, this parameter is even higher than in the experi
ments mentioned above. We have studied the possibility of maintain 
ing similar high-poloidal beta values in a belt pinch during 
the ohmic heating phase. The quite different initial conditions 
of a belt pinch compared to a Tokamak plasma might help to 
identify the effects which should be attributed to the dynamic 
phase of the discharge rather than to its quasi-stationary 
phase. 

Apparatus 

The vertical field configuration is produced by a multipole 
coil-system S , S. and S„ (Fig. 1 ) . The elongation of the cross-
section is controlled by the currents in S.. S is a helical 
part of the main coil which generates a toroidal field B up 
to 7 kG at the magnetic axis. The plasma current (I = 140kA) is 
induced by the currents in S , S. and S . I rises simultaneous
ly with the magnetic field in 9 usee to its maximum value. 
Another coil produces initially a slow toroidal bias field B. 
up to 800 Gauss. All coils can be clamped with decay times 
500 usee for the currents. The gas is ionized and preheated in 
toroidal electric and magnetic fields. The material of the 
vessel is glass and ceramic. No limiter is used. The dimensions 
of the plasma torus in equilibrium with the field configuration 
are R = 4 0 - 4 6 cm, a = 7 cm, b = 28 cm; the safety factor q 
is 2.§. 

> 

351 



352 GRAFFMANN et al. 

1m 

Main Coil 

Vacuum C h a m b e r ^ , | a s m a t o r ^ 

Si-

FJG.l. Apparatus. 

Diagnostics (Fig. 2) 

The plasma parameters n and T were measured by Thomson scat
tering at R = R = 4 6 cm and z = 0. Some information on the 

o 
radial profiles was obtained by varying the vertical field and 
thereby R . Supporting results were obtained by standard spec
troscopic techniques. The magnetic field distribution was 
measured by multi-probes inserted horizontally at different z. 
The poloidal beta was derived from comparisions of the measured 
magnetic profiles with numerical equilibrium calculations using 
the Lackner code [3] . An estimation of B using the pressure 
balance gives 

(1 + AB 2/B 2)aR + AB /B (R2 + a2] 
n p po p PO 

aR 2 2 
2 + AB /B 

p po 

with 2AB = B (R +a) - B (R -a) and 2B = B (R +a) 
B is the poloidal field measured at z = o. 

i (R -a) 
P o 

For t > 45 ys, streak photos reveal a rather fast contraction 
of R in the presence of magnetic probes, but show a constant 
R , if the magnetic probes were removed. At these times the i n -
o 

teraction between probe and plasma seems to reduce the beta-value 
strongly. To determine 3 for t > 45 ys in absence of magne
tic probes, we used the linear relationship between 3 and the 
radial displacement of the plasma column which was measured by 
a streak camera. 
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Plasma 

FIG.2. Diagnostics. 
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FIG.3. /?„ as a function of time for different values of the initial toroidal field BTo (+, X and o are probe 
measurements; ® and ® are optical measurements). 

R e s u l t s 

a) equilibrium: The fast magnetic compression of a nonmagnet-
ized plasma results in high 3~values which are incompatible with 
the equilibrium conditions of axisymmetric toroidal confinement 
Therefore we used a toroidal bias field BT parallel to the 
main field BT to limit the 3 obtained at the end of the com
pression. By varying B , a large range of initial 3-values 
above and below the critical value 3 Cfor the occurrence of a 
second magnetic axis) could be obtained. The transition of the 
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Theory predicts the phenomenon of current reversal in toroidal 
high-beta plasma [j5, 6 , 7] . It should not be mixed up with the 
reversal of B for some values R < R , which is equivalent to 
the appearance of a second magnetic axis at too high beta values 
and means a destruction of the confining configuration, thus 
defining 3 

pc 
In fact, Fig. 4a shows that in our case B does s p 
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not, although j does, reverse its sign in the region R < R 
Calculations by Haas [7~\ show that the phenomenon of current 
reversal occurs when 3 approaches the value 

2 ,JZ 
1 +a /b 

2 2 
3 + a /b 

pc 

(a minor, b larger half axis of an elliptic plasma cross-sec
tion) which gives 3 = 3 /2 for circular and 3 = 3 /3 for 
modestly elongated cross-sect ions. With our experime values 
b/a = 3.5 and A = 5.5, we deduce 3 = 5.5 and 3 = 2, in agree
ment with the experimentally observed limit of the appearance 
of a reverse current. 

Fig. 4b shows a second positive maximum of the current density 
at the inner edge of the plasma column. This second maximum 
cannot be described by Haas' theory with the current function 
used t here. 

By additional measurements with pairs of magnetic probes at 
Z = ±16 cm and Z = ±32 cm, it was shown that during the period 
of observations the vertical displacement of the plasma column 
and the variation of the length of the half-axis b were negli
gibly sma11. 

For technical reasons T and n could be 
e, e . 

plasma column. In the stationary phase,_30 yi 
get T = 5±1.5 eV and n = (4± 1 ) •A 0 cm . TI 

b] energy balance 
measured by laser scattering only in the outer region of the 

is < t < 60 y s , we 
he value of the 

plasma pressure, calculated from these data, fits sufficiently 
well in the pressure profile, derived from the probe measure
ments. During the preceding phase, when 3 decays from 5.5 to 
2, T decreases by a factor 2 . 5± . 5 and n By a factor 1.2±.3. 

e e 
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Finally we want to mention that the impurity content was mea
sured to be 1% of oxygen, which was ionized up to 0V. There
fore Z „„ was practically equal to one. 

eff 
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Conclusions 

Independent of the initial conditions, in TENQ a quasi-statio
nary phase is observed, where 3 remains constant at a value of 
about 2 for more.than one energy containment time. Similar high-
poloidal 3-values have been reported from Tokamaks operating at 
•high densities [1 >2^ . As a consequence of the elongated cross-
section, the total 3 is, however,larger by an order of magnitude 
(see Fig. 3). The operating conditions of these experiments are 
rather different: A Tokamak plasma is limited by a material 
limiter, a belt-pinch by a separatrix; the experiments differ 
largely in their plasma parameters and in the sources and 
amounts of impurities. It should further be noted that the 
stationary $ -value is approached from below in a Tokamak, but 
usually from above in a belt-pinch. It is interesting to note 
that the balance of losses and energy input by ohmic heating 
should result in equal 3~values under such different conditions. 
Comparing our belt-pinch results with those of the high-density 
Tokamaks [j , 2] , a low Z and a high parameter of collision-
ality seems to be necessary for a poloidal beta larger than 
one. Our experiment suggests further that the appearance of re
verse currents near the inner edge of the plasma torus may 
constitute an effective limit of beta at about one half to one 
third of the critical beta. 
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Abstract 

STUDY OF STABLE EQUILIBRIUM CONDITIONS IN THE SMALL-ASPECT-RATIO ERASMUS TOKAMAK. 
Experimental evidence is presented for the first time showing that stable tokamak discharges can be 

achieved with an aspect ratio lower than 2.5 and a safety factor at the edge equal to 4. These results have been 
obtained in the Erasmus tokamak characterized by a large vessel volume (0.8 m3), a low toroidal field 
(BT < 4 kG) and low collisionality (<1). Results on the feedback stabilization of the up/down position of the 
plasma as well as the increase of the plasma density by pulsed gas injection are also presented. 

359 

1. DESCRIPTION OF THE DEVICE 

The ERASMUS tokamak [1] is conceptually similar to the VERSATOR and 

RECTOR machines of M.I.T. [2]. It is characterized by a toroidal field coil 

which is wound on the vacuum chamber itself and an air-core,ohmic-heating 

(OH) transformer (see fig. 1). The electropolished stainless steel vessel 

has a cross section of SO am * SO cm, a major radius R = SO am and a maxi-
o 

mum plasma volume of 0.6 m3. There is one voltage gap between the two halves 

of the torus. There are 24 ports of dimension 32 x 4 am2- at eight locations 

around the machine providing perpendicular as well as parallel lines of 

view on the plasma. This unusually large access will be an asset in carrying 

out the planned RF heating experiments on this low aspect ratio machine. 

The vessel is evacuated by a turbomolecular pump system to a base pressure 

of about 2 x 10~7Torr. No copper shell is used but the radial and vertical 

position control is provided by the external fields created by the Bv and 

£„ coils respectively. The BmJ 0E3 BT/ and B„ coils are energized by means 
a 1 v it 
of condenser banks (B„ : 124 kJ in 1 bank ; OH : 70 kJ in 3 banks; B„ : 8 kj 

* On leave of absence from the Laboratorio di Cosmo Geofisica and University of Torino. 
** Maitre de Recherches au Fonds National de la Recherche Scientifique. 

t On leave of absence from the "Bhabha Atomic Research Centre", Bombay, India. 
f t Research scientist employed with the Belgisch Nationaal Fonds voor Wetenschappelijk Onderzoek. 
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FIG.l. Schematic experimental set-up. Coils 1: the OH transformer, coils 2: the By coils, coils 3: the 2?H 

coils, loops 4: the in/out sensing loops, loops 5: the up/down sensing loops. 

in 2 banks, Bu : 1.5 kJ in 1 bank). The Bu bank is needed to compensate a 
ti H 

radial field error of 'v 50 G in £„,. 

Before the tokamak plasma operation, vigorous discharge cleaning is 

used to achieve a good wall conditioning. In the presence of a small do 

toroidal field (̂  60 G) a C.W. glow discharge in H0 (filling pressure 

= 4 x 10~HTorr) is produced in the vacuum chamber by means of a 20 kWs 

12 kHz oscillator. The OH coil itself forms the inductance of the oscilla

tor. Mass analysis shows that this C.W. discharge cleaning in #_ [2,3] 

lowers, in particular, the C - and 0 - impurity content by forming gases 

which are pumped out. This allows low Z „„ tokamak operation. The same 

power oscillator is also used for preionization. 

The mean position of the plasma current channel is obtained by compa

ring the mutual inductance between the plasma and various diagnostic loops 

which are placed at each side of the machine and are properly decoupled 

from signals induced by the field coils. The loop voltage is measured by 
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means of two loops placed at R = R on the top and the bottom of the machi

ne. The plasma density and its profile are measured with a movable 4 mm 

wave interferometer, probing the plasma vertically through a top and bottom 

glass window. The light output is recorded by a Si- photodiode. Soft and 

hard X-ray spectra are obtained by pulse-height analysis. The hard X-ray 

emission is measured by a Na I(Tl) detector with a photomultiplier placed at 

a distance of 3 m from the machine. The soft X-ray spectrum as transmitted 

through 3-mil Be foil and 0.7 cm of air is recorded by a Je-filled propor

tional counter. The poloidal beta, g -,, is measured by a single turn loop 

placed outside the vacuum chamber. Compensation for the flux due to B and 

for the time constant of the wall is made. T. measurement by charge exchan

ge and T measurement by Thompson scattering will be implemented in the 

near future. 

2. TYPICAL RESULTS 

Tokamak discharges of up to 20 ms have been obtained in a wide range 

of discharge parameters. The toroidal field B„ on axis ranges from 1.7 kG 

to 3.8 kG ; remember that it is 2 times higher at the inner part of the 

torus and 0.67 times lower at the outer part. The maximum plasma current 

I ranges from 15 kA to 50 kA and the hydrogen filling pressure from 

6 x 10~5 to 2 x lO-^Torr. The peak density is about 1 x 1013om~3 and the 

range of poloidal beta is 0 < g - ̂  0.3. Figure 2 shows the plasma profile 

obtained after Abel inversion for a typical 30 kA discharge. It is seen 

that the profile is parabolic and that an effective plasma radius of 20 cm 

or more can be obtained corresponding to an aspect ratio of 2.5 or less. 

For the same discharge, figure 3 gives the temporal evolution of the plasma 

current J , of the loop voltage 77,of the safety factor at the plasma edge 

q (a = 20 cm) and of the mean radial (A = R - R ) and vertical (s) position 

'E 

-20 -16 -12 - 8 - 4 0 4 

-» RADIAL POSITION [cm] 

12 16 20 

FIG.2. Density profile at different times of a typical 30 kA shot. Discharge parameters: neutral pressure: 
1.8 X 10'4 ton, BT ~ 3.5 kG on axis. 
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FIG.3. Time evolution of various parameters for the same shot as that of Fig.2. 

of the current channel. The value of 3 *, the light output and the hard 

X-ray signal (photomultiplier output) are also shown. The hard X-ray emission 

near the outside surface of the vessel correspond to a dose of *v» 0. ZmR/shot 

which increases to <\» lmR/shot when the neutral pressure is lowered to 

6 x ICT^Torv. 
'Xj 

The soft X-ray spectrum yields a central temperature of T = ZOO eV 

when averaged over the total shot time. From the resistivity, using a 

trapped particle correction of the form ( 1 + ( •=— ) we deduce on the 
o 

other hand the following peak temperatures : with a temperature profile 
,2 T = T (1 -e eo — ) and Z „» = 3, one obtains T = 235 eV, with T = T 
2 eff * eo ' e eo 

(1 ) 2 and Z __ = 2. one obtains T = 285 eV. This shows that a good 
„2 eff e° 

agreement with the soft X-ray data requires a low value of Z 
eff 2 or S. 

Note that a low value of Z „« has been observed to be consistent with the 
eff 

rapid decrease of electron density N (see figs.2 and 7) during the shot 
[4], An estimation of the relative error on the 6 * measurement yields a 

rather large value of about 0.1/8 ,. Nevertheless the value of T estima-
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ted from g - is also consistent with the two other measurements ( for 
poL 2 

3 - = 0.2, N = 5 x 1012am~3 and T = T (1 - — ) . T + T. = 270 eV). vol ' eo e eo ? ' eo %o 

The loop voltage at peak current remains as low as 2 to 2.5 Volts over a 

wide range of I . It increases markedly for I >40 kA when many disruptions 

occur during a shot. 

A search in the X-ray spectra for the occurrence of runaway electrons 

revealed the presence of minority populations with energies of <v 75 keV 

and > 200 keV, the contribution of which increases with decreasing pressure. 

Nevertheless, they always constitute a small fraction of the total electron 

distribution. Runaway discharges like those in T6 [5] have not been obser

ved in spite of the rather low electron densities at which we are operating. 

This might be explained by the rather large B„ ripple (15 %) existing near 

the two flanges of the vessel and by the use of preionization. 

3. STUDY OF EQUILIBRIUM AND STABILITY 

The vertical field is quite adequate in maintaining the radial equi

librium and can be programmed to stably locate the mean position of the 

current channel at desired position in the range - 10 am < A < 2 am. The 

mean equilibrium position A - R - R of the current channel is shown versus 

T_T, /I in fig. 4 at various instants during the discharge by the solid 
DV P 
lines going through the experimental points (i"„T/ : current in the vertical 

DV 

field coils). The early time behaviour is marked by the finite penetration 

time of the external vertical field through the vessel. Using the thin shell 

formula of Shafranov [6] expressed in MKS units 

V I 8R - . , , 
with % = -££(ln-£-+ "pal *• -T - 2-5)> BV = BV (1 ~ * /TW)> 

BT. = 2 y- lCT^I ,we o b t a i n the fo l lowing r e l a t i o n f o r t he t ime e v o l u t i o n 
V DV 

of t h e plasma 

W p c p 

Here A' = R - R is t he d i sp lacement of t he c e n t r e of t h e plasma column 

with respect to the centre of a metal shell of radius b. A is the amount 
o 

of displacement in an ideal shell and T „ is the time constant of the wall. 

When comparing the experimental A with the theoretical A' we note the impor

tant point that their slope as a function of I-ay/I is the same for both when 
T „ is set equal to 'v- 1.6 ms. With this value of Tr.and using b = 25 am. 

W W 
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IB V / Ip [A/kA] 

FIG.4. Radial position relative to the centre of the vessel (R0) of the experimental mean position of the current 
channel A and of the theoretical mean position pressure profile A versus I^y/Ip-

FIGS. Occurrence of disruptive instabilities in an I„, BT diagram. The insets show typical current traces for 
(a) BT = 3.8 kG; (b) BT = 3.5 kG; (c) BT = 2 kG. 
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a = 20 am and an average £ + -5— of 0. 63 A' as computed from Eq.(2) is shown 

by the dashed lines in Fig. 4. Prominent is the rather large outward displa

cement of the centre of the plasma surfaces A' with respect to that of 

the current A. This might be due to the approximations used in deriving 

Eq. (2), to some stray vertical field but above all it is a consequence of 

the low aspect ratio combined with the large minor radius. Indeed the theory 

for sharply curved toroidal devices of [7] leads not only to a displacement 

between the plasma centre and the current profile, but also to the fact 

that the presence of an external vertical field results in a shift having 

approximately the same slope versus JDT/J as the one given by Shafranov's 
BY p 

formula (2). A - A' can be approximated by YR2 - a2 - R , i.e. - 6.7 cm 
r2 

for a = 25 cm and - 4.2 cm for a = 20 cm, when pa(l -%Jand J^Cl -
2 a 

r ^ 
—z-)/R. This agrees with the shift h = - 4 cm obtained experimentally for 
a2 

the best centred density profiles. 

When, for given B„, the current I is increased above a given level 

disruptive instabilities start to appear with the characteristic inward 

shift of the column. This occurs when rather low a values are reached. 

We plot in fig. 5 their position of occurrence in a B„, I diagram for a 

large number of discharge conditions. Stable quiet discharges are possible 

for q > 4 and for 3 < q < 4 the discharge can recover, even several times 

during a shot, from disruptive disturbances. The insets of fig. 5 show 

current traces for shots at q - 3 at decreasing values of 5_. The best fill

ing pressure to ensure quiet shots at lowest q is around 1.8 x 10~h'Tow. 

4. FEEDBACK STABILIZATION OF THE VERTICAL POSITION 

The discharge always ends with a rather sudden vertical displacement. 

A feedback system has been designed to control this displacement. The hori

zontal control field is energized by a 50 kW3 400 Hz three phase generator 

which is controlled by the conduction angle of 6 silicon controlled recti

fiers (SCR). The SCR controlled current is fed to the primary of an air-core 

toroidal transformer whose secondary is connected in series with the Bu bank. 
ti 

Remember that the Bn bank compensates the radial error field of the Bm coil. 

The control signal consists of a linear combination of the up/down signal 

and its derivative. Fig. 6(a) shows a feedback controlled shot with the 

up/down signal and the control current from the SCR. Note that this current 

is constituted by short pulses controlled by the SCR. Fig. 6(b) shows the 

effect of increasing the gain of the feedback loop on the time evolution of 

the up/down position. The horizontal feedback system increases the length 

of the current pulse by a few ms and is able to maintain the plasma well 
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FIG. 6. a) Plasma current, up/down trace (zlp) and feedback current 7F of a typical feedback-controlled shot, 
b) up /down traces for different gains of the feedback loop. The gain is increased from top trace (zero gain) 
to the bottom one (oscillation of the feedback system). 

U 6 8 10 
• TIME (msec] 

12 14 16 

FIG. 7. Peak density versus time for different steady-state neutral pressures of Hi. 

centred, except at the end of the pulse where the response of the system 

might become too slow to be effective. We further plan to provide feedback 

stabilization on the radial position as well. 

5. PULSED GAS INJECTION 

Fig. 7 shows the temporal evolution of the peak density at various 

preset base pressures of Hp. Due to the lack of sufficient wall recycling 
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FIGS. Time evolution of peak density and L with and without neutral gas injection during the discharge. 

the plasma density N decreases exponentially to a value of i 2 x 101 am~3 

which must correspond to the neutral flux coming from the wall. Refueling 

by pulsed gas is necessary in order to maintain or even increase the densi

ty. For this purpose a volume of ̂  125 errfi is filled by ffg at a pressure 

p„ = 100 Torr and a pulsed valve is opened at an appropriate time t . By 

adjusting p . and t it is possible to gradually change the mean level and 

the shape of the curve giving density versus time. Fig. 8 shows a case 

with and without injection during the pulse in which the density is increa

sed well above its minimum value. The curve of the corresponding value of 

g 7 is also given and it shows a marked increase of 8 - when neutrals 

are injected during the discharge. 

6. CONCLUSION 

The above experiments show that stable tokamak operation is possible 

at low q value ('v 4) for a small aspect ratio machine (< 2.5) with no 

copper shell. As far as the plasma performances are concerned, ERASMUS, 

with its small aspect ratio and low magnetic field, scales [8]as most of the 

other more powerful but more slender machines. It seems therefore that, 

after some more refinement of the diagnostics, we might be in a position to 

extrapolate to higher field devices, in particular concerning the implica
te 

o 
tions of the collisionality C = R q(r>) ( ,>3/2 X \ (A . : electron ion 

ex. ev 

collision m.f.p.). An evaluation of C at different radii for two tempera

ture profiles is given in table I. 
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TABLE I. COLLISIONALITY C VERSUS r FOR N e 0= 5 X 10
12 cm-3, 

Te0 = 300 eV, a = 20 cm 

z* 

C for 

Ta = T(l - -- ) 
e eo o 

a'-
and Z - 3 

C for 

T = T (i - - - ; 2 

e eo ? 

and Z = 2 

5 cm 

0.4C 

0.30 

10 am 

0.32 

0.38 

15 am 

0.42 

1.4 

This indicates that the machine operates in a regime intermediate 

between the plateau and the banana regime [9] and that, if sufficient ex

ternal heating is applied, trapped particle effects might become dominant. 

Acknowledgements 

Stimulating discussions with Prof. R.J. Taylor and Mr R. Koch are 

acknowledged. We thank A. Leskens, J. Neefs, A. Paes, C. Pleurdeau, 

F. Van Goethem and F. Van Thillo for their valuable technical assistance. 

REFERENCES 

[1] V.P. BHATNAGAR, G. BOSIA, A.M. MESSIAEN, P.E. VANDENPLAS, R.R. WEYNANTS, 

R.J. TAYLOR, B. COPPI, Proc. VII Eur. Conf. on Fusion and Plasma 

Physics (Lausanne 1975) Vol II p. 283. 

[2] ASCOLI-BARTOLI et al., Proc. of the Fifth Int. Conf. on Plasma Physics 

and Controlled Nuclear Fusion, Tokyo, Japan 1974 (IAEA, Vienna, 1975) 

Vol I p. 191,. 

[3] R.J. TAYLOR, Private communication (1976). 

[4] A.A.M. OOMENS et al. , Phys. Rev. Letters 3j5 (1976) 255. 

[5] V.S. VLASENKOV et al., Nuclear Fusion L3 (1973) 509. 

[6] V.S. MUKHOVATOV, V.D. SHAFRANOV, Nuclear Fusion _11 (1971) 605. 

[7] J.D. CALLEN, R.A. DORY, Phys. Fluids 13 (1972) 1523. 

[8] C. DAUGHNEY, Nuclear Fusion J3 (1975) 967. 

[9] B.B. KADOMTSEV, O.P. POGUTSE, Nuclear Fusion 11 (1971) 67. 



DISCUSSION 

ONPAPERSIAEA-CN-35/A 1 0 - 1 , A 10-2 , P D - 1 , A 10-4 , A 10 -5 , A 10-6 , A 10-7 

R.J. TAYLOR: In view of the fact that j3p seems to be determined by density in Ohmically 
heated tokamaks, what scientific significance is there in comparing j3p values at all if they are 
not the critical ones? Is it possible today to compare circular and non-circular tokamaks on the 
basis of limiting j3? 

D.C. ROBINSON: If you take circular and non-circular tokamaks at a given density 
(and /3P), the value of j3 is nearly twice as large for an elliptical plasma (as observed on T9 and 
Doublet HA) as for a circular plasma. These values are not as yet the critical |3 values. On the 
belt pinches large values of/? (> 10%) are obtained with highly elongated cross-sections — much 
larger than those obtained on circular high-j3 tokamaks. 

K. LACKNER: The growth rate of axisymmetric modes should probably be a strong func
tion of the residual conductivity in the region beyond the assumed plasma boundary. Do you 
have any estimates of its values in the belt pinch experiments? 

D.C. ROBINSON: Thomson scattering measurements on the Julich experiment show 
temperatures of ~ 5 eV outside the main plasma column, but on the Lausanne and Garching 
belt pinches somewhat higher values are obtained. None of these experiments indicates 
significant plasma currents outside the main body of the plasma. Given the parameters of these 
experiments, the time scales for the equilibria to become resistively unstable to modes with 
m > 1, n = 0 would be in the range 15—50 us. The Lausanne experiment clearly shows an 
MHD axisymmetric mode. 

F.G. WAELBROECK: In the comparison of experimental and theoretical limits for the 
development of axisymmetric modes as a function of elongation, to what extent was different 
triangularity (leading to a D-shape) taken into account in the different devices? 

D.C. ROBINSON: In the comparison of experiment and theory on the Tosca device, 
triangularity was taken into account and a D-shaped plasma was found to be slightly more stable 
than a pure ellipse or inverted D. However, in the comparison that I made between experiment 
and theory for axisymmetric modes at high elongations and j3p for the belt pinches, I did not 
take triangularity or rectangularity into account. 
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Abstract 

EXPERIMENTS ON THE ATC TOKAMAK. 
A study of electron density fluctuations in the ATC is presented, using both microwave and C02 laser 

scattering. Fluctuations are observed with wavelength between 2 cm and 0.3 mm and with frequencies up to 
1.5 MHz. Their amplitude rTe/n e is of the order of 10"2. Local measurements of the safety factor q and Zeff are 
also reported. The value of q was obtained from the shifts of injected ion orbits relative to the magnetic surfaces; 
Zeff was obtained from the scattering rate of radially localized injected ions. Both these measurements indicate 
a peaking of Zeff on axis. Finally, measurements of the parallel and anti-parallel fast neutral spectra are presented 
which indicate very different profiles for Ty) and Tyf. 

1. SMALL-SCALE TURBULENCE 

Recently we reported on the existence of a small-scale turbulence in 
the Adiabatic Toroidal Compressor (ATC).[1] Here we present additional 
results which were obtained with an improved microwave scattering system 
and with scattering of a CO2 laser. 

The differential cross-section for scattering of electromagnetic waves by 
plasma density fluctuations is [2] 

0 = 0 T S(£,co) 

where c is the Thomson cross-section and S(k,to) Is the spectral density 
given by 

* Work supported by USERDA, Contract E(l l - l ) - 3 0 7 3 . 
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-> 2 i -»- i 2 

S(k,o)) = lim ^ |n (k,u)| 
V -> <» 

with 

ne(£,(•>) = I dt I dr exp[-i(u)t+k.r)] n (r,t) 

The frequency « and the wavevector k must satisfy the energy and momentum con
servation; that is oi = <a - Uj_ and k = ks - k±, where the subscripts s and i 
refer to the scattered and incident wave respectively. 

The total mean-square density fluctuation is given by 

<| nj ~> = (2TT)"4 / S(k",0))dk~ da) >ir) 4 / S(k",a (1) 

where the region of integration is the entire (k,co) space. 

1.1. Microwave scattering 

The array of antennae shown in Fig. 1 was used for launching a 70 GHz 
wave into the plasma and for collecting 
waves which were scattered by fluctua
tions of the plasma density. The inci
dent wave had a power of 10 W and it was 
polarized in the ordinary mode. The 
wavevector k = k - k\« was mainly along 
the poloidal direction when the plasma 
torus had a major radius of 80 cm. Fojr 
different major radii the wavevector k 
had a component along the normal to the 
magnetic surfaces. Except for the small
est scattering angle (0S = 11°), the scat
tering volume was confined to the plasma 
region which was below the equatorial 
plane, as shown in Fig. 1 for the case 

es = 40°. 

A heterodyne detection system was used 
in which the received wave was mixed with 
a larger reference wave having a differ
ent frequency from that of the incident 
wave. 

FIG. 1. Array of antennae used for microwave 
scattering. The antennae on the bottom were used for 
launching the wave and those on the top were used 
for collecting the scattered waves. The shaded area 
was the scattering region for a 40 scattering angle. 
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An uncompressed ATC discharge [3] was used in this study where (with stan
dard notation) a = 15 - 17 cm, R = 70 - 90 cm, B T = 16 kG, I = 65 kA, neo = 
1.4 x 1013 cm"3, Teo => 750 eV, T±o = 200 eV, q - 3.5, Z e f f = 2. In Fig. 2 some 
characteristic plasma parameters are shown as a function of the minor radius. 

These include the ratio of the 
electron streaming velocity to 
the velocity cs = (Tg/Mi)

1'2, 
the ratio v* of the effective 
collision frequency of trapped 
electrons to their bounce fre
quency, the shear parameter de
fined as the ratio of the densi
ty scale length Ln = (din ne/dr) 
to the magnetic shear length 
L = (qR/r)(d ln q/dr) . 
In this range of parameters we 
expect a large variety of micro-
instabilities. The magnetic 
shear is too small for stabiliz
ing such collisionless drift waves as 
the universal mode [4] or the 
current-driven mode [5]. More
over, in a large region of the 
plasma column v* < 1, so that we 
anticipate the appearance of the 
dissipative trapped-electron 
mode [6]. 

5.0 10 
MINOR RADIUS [cm] 

FIG.2. Some plasma parameters versus the 
minor radius. Ln = (d In njdr)'1 is the density 
scale length; L& = (qR/r) (d In q/dr)'1 is the 
shear length; u is the electron streaming velocity 
due to the plasma current; cs = (TJM))1!2; v*is 
the collisional parameter of trapped electrons. 

The frequency spectra of microwaves scattered by density fluctuations with 
X = 1 cm in a discharge with R = 80 cm are shown in Fig. 3. The only difference 
between the two cases shown in Fig. 3 was the direction of the toroidal magnetic 
field. Phase velocities along the electron diamagnetic velocity correspond to 
positive frequencies in case (a) and to negative frequencies in case (b). These 
results indicate that the bulk of the turbulent energy is carried by waves moving 
along the electron diamagnetic direction. This is what we expect for a turbu
lence caused by drift-waves. Nevertheless the spectral asymmetry could also be 
explained with a Doppler shift due to a negative space potential of - 16 volt/cm. 

The spectra of Fig. 3 also show waves with phase velocities along the ion 
diamagnetic direction. This might indicate the presence of more than one type 
of instability. Another possible explanation is a spectral broadening produced 
by the large growth rate of the instabilities that cause the observed turbulence. 
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FIG. 3. Frequency spectra of microwave signals pro
duced by density fluctuations with \=1 cm. The 
toroidal magnetic field had opposite directions in the 
two cases. Phase velocities along the electron dia-
magnetic velocity correspond to positive frequencies in 
case (a) and to negative frequencies in case (b). 

The frequency spectra of the sig
nals produced by fluctuations with X ~ 
0.7 cm at different regions of the plas
ma column are shown in Fig. 4. We 
achieved these results keeping the scat
tering region (and the vector k) in a 
fixed position and changing the major 
radius of the plasma torus from 70 to 
90 cm. The locations of the -scatter
ing regions together with the scat
tering volumes as a function of the 
plasma minor radius are shown in Fig. 4. 
As we mentioned earlier, the radial and 
poloidal components of the wavevector k 
varied with the position of the scatter
ing region relative to the plasma column. 
The components of k along the minor 
radius were maximum for R = 70 cm or 
R = 90 cm. 
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FIG.4. First line: frequency spectra of microwave signals produced by fluctuations with \=0.7 cm. Second 
line: scattering regions. Third line: scattering volume versus minor radius. The total scattering volume is given 
by0f

aVwe(r)dr. 
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The spectral density in the k-spape, S(k) = (1/2TT) l^, S(k,u))dw, is 
shown in Fig. 5 for several values of k and plasma positions. These data 
suggest two very important features of the turbulence present in ATC. The 
first one is that its level is larger on the outer half of the plasma 
column than on the inner half. The second characteristic is that the 
intensity of the turbulence remains large even in the spectral region 
where the k-vector makes large angles (- 45°) with the poloidal direction. 
Since we do not know the entire spectrum of these fluctuations,it is im
possible to obtain the total density fluctuation from Eq. (1). Nevertheless 
from the data of Fig. 5 we can estimate a lower and an upper limit. The 
lower limit is obtained assuming that the observed turbulence has a one-
dimensional K-spectrum as given in Fig. 5. In this case for the root-mean-
square density fluctuation we get the value of - 2x10" ne on the inside 

part of the column and - 10-/-ne 
on the outside part. We obtain 
the upper limit assuming that 
the turbulence is isotropic 
on the poloidal plane. In this 
case we get the value of - 10~2n£ 
on the inside of the plasma 
column and - 5 x 10""̂  fie on the 
outside. 

FIG. 5. A mplitude of density fluctuations 
obtained keeping the scattering region in a 
fixed position and changing the plasma major 
radius (R). OR=90 cm; »R = 85 cm; 
*R=80cm; oR = 75 cm; XR = 70 cm. 

1.2. CO2 Laser Scattering 

Scattering of CO2 laser radiation at small angles was used to study 
electron density fluctuations in the ATC. Using heterodyne detection we 
are able to study electron density fluctuations with wavelengths between 
1 cm and 10 3cm> frequencies between 10 kHz and 1 GHz and fluctuation 
amplitudes n /ne as low as 10"

5. [7] 

The experimental apparatus 
is shown in Fig. 6. A 

5 t k 2 _ _ _ Detector 300-W CW C 0 2 l a s e r b e a m , I , 
— • — - ^ 

CO, Laser 

is directed vertically 
through the plasma at a 
position on the major radius 
which can be varied from 
90 to 101 cm. 

FIG. 6. The arrangement of the CO2 
scattering apparatus is shown. The laser, 
detector and optics move as a unit so that 
the beam can scan an 11-cm distance 
across the minor cross-section of 
the plasma. 
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Scattered radiation, S, oriented at a small angle <j> with respect to I is 
directed with mirrors to the Ge:Cu:Sb photoconductive detector where a 
photocurrent is produced which is proportional to the square of the sum 
of the electric fields of S and a local oscillator beam LO. The wave-
vectors k of the detected density fluctuations are oriented in planes 
perpendicular to the direction of I. The mirror M is moved to observe 
components of £ either parallel (kjj) or perpendicular (kr or kQ) to the 
toroidal field Bj.. Using a 10-m beam path from the scattering volume to 
the detector, we are able to resolve scattering from density fluctuations 
with wavelengths as long as 1 cm (a k resolution of 5.5 cm--'- HWHM) . For 
scattering from density fluctuations with wavelengths between 2 mm and 
1 cm,the beam diameter of I in the plasma was 7 mm (FWHM). At small 
scattering angles a 20:1 attenuator A was used to make the photocurrent 
produced by the beat of S and LO large compared to that due to the beat of 
S and I. For these long wavelengths (X>1.5 mm) the scattered radiation 
is collected from the entire path of I through the plasma so that no 
localization of the fluctuations is possible. As shown in Fig. 6, when 
I passes through the center of the plasma, scattering from k Q and k|| 
fluctuations can be studied and when I transverses the outer edge of the 
plasma the scattering is predominantly due to kr and k|j. 

Scattering was observed corresponding to fluctuation wavelengths 
between 2 mm and 10 mm and frequencies between 10 kHz and 2 MHz. These 
fluctuations are similar to those discussed above in 1.1. Shown in Fig. 
are spectra of the heterodyne photocurrent which is proportional to the 

density fluctuation amplitude 

2ir 

ko 

n(ko»0)) (shown in arbitrary units) at 
fixed scattering angles. The 
observed scattering was nearly con
stant1 throughout the ATC discharge 
and the|points in Fig. 7 are averaged 
between 25 and 35 msec from the begin
ning pf the discharge. The band-
widths are 3 kHz at frequencies up to 
100 kHz and 10 kHz at larger frequenr 
cies. These data are taken with the 
major radius of the plasma at 88 cm. 
The solid circles xiere obtained with 
the beam I at 90 cm and thus corres
pond primarily poloidally directed 
fluctuations with wavevectors kQ. 
With the beam at 101 cm, the open 
circles were obtained and correspond to 
radially directed fluctuations with 
wavevector kr. In both cases no 

600 900 
^ ( k H z ) 

1200 
FIG. 7. The frequency spectrum of the fluctua
tions at fixed wavevector is shown. The solid 
and dashed curves are guides to the eye. 
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scattering is observed in the k|| direction and the k resolution in these 
experiments allows a limit of ±10° to be set on the extent to which the 
fluctuations extend out of the plane perpendicular to the magnetic field. 
This corresponds to a parallel wavelength longer than 10 cm. Shown in 
Fig. 8 are the spectra to the heterodyne photocurrent at fixed frequency 

as a function of wavevector. The 
widths of the observed peaks are 
limited by the k resolution of the 
apparatus which is 5.5 cm~l HWHM. 
The solid and open circles have the 
same meaning as in Fig. 7. The data 
shown in Figs. 7 and 8 are for a 
filling gas of H2, a center density 
of 2.2 x lO-*- cm--', an electron tem
perature of 800 eV, a plasma current 
of 70 kA, a toroidal magnetic field 
Bij. of 16 kG and the minor radius to 
the limiter was 18 cm. Integrating 
the spectra in Fig. 7 over frequency 
and wavevector and using the fact 
that a nearly isotropic distribution 
of wavevectors is observed in the 
plane perpendicular to B™, we obtain 
an average value of ne/iie of 3x10"^. 
Spectra similar to those shown in 
Figs. 7 and 8 were observed in D and 
He plasmas and in a H plasma with 
1% of oxygen added. 

FIG. 8. The wavevector spectrum of the electron 
density fluctuations at fixed frequency is shown. 
The solid and dashed curves are guides to the<eye. 

<^-

As shown in Fig. 7, there is not a single frequency but a broad range 
of frequencies of width Aai associated with a particular wavevector. If the 
width Aw is due to a growth or damping, these fluctuations will have a 
relatively large effect on electron transport since the diffusion coefficient 
will then be proportional to Ao>. Linear shear stabilization models for the 
radial mode structure predict at all frequencies that the kr spectra should 
peak at kr equal to zero. As shown in Fig. 8, the kr spectra peak at non
zero values of kr,which appears to contradict these predictions. The kr 

and kg spectra are nearly identical in level and spectral shape, indicating 
that the turbulence is nearly isotropic in the plane perpendicular to By 

A scan to the inside and outside of the major radius was made to study 
the effects trapped particles might have on the amplitudes and spectra 
of these density fluctuations. Optical access on the ATC only permitted 
a symmetric scan of plasmas with a major radius of 96 cm. Scans were made 
from 90 to 101 cm on a plasma centered at 96 cm, having a center density 
of 1 x 10-*-3cm~3, a peak electron temperature of 700 eV, an 11-cm minor 
radius to the limiter, and a toroidal field of 13 kG. The filling gas 
was H2- The scan covered the diameter of the plasma to the half density 
points. The observed spectra and levels of the density fluctuations were 
similar to the solid curves in Fig. 7 for the beam I at the plasma center 
and at the outside half density point. With the beam I at the inside half 
density point, the spectra showed increased levels at low frequency and 
decreased levels at frequencies above 100 kHz for fluctuations with wave
lengths near 1 cm. The integrated density fluctuation fie/ne at the inside 
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half density point was approximately 50% greater than that at the outside 
and center of the plasma. These results are markedly different from those 
obtained with microwave scattering and shown in Figs 4 and 5 of section 
1.1,where the amplitudes increase by a factor of three from the inside to 
the outside of the plasma. There are two obvious differences between the 
microwave and CO2 laser scattering experiments. Firstly, the wavevectors 
and portions of the plasma probed are different in the two experiments. 
Secondly, the plasma aspect ratios a/R are different: 0.11 for the CO2 
laser experiment and near 0.2 for the various plasmas for which data is 
shown in Figs 4 and 5. 

During the course of the CO2 scattering experiments, rf heating studies 
were in progress on ATC at a frequency of 25 MHz (near the ion cyclotron 
resonance) and at 800 MHz (near the lower hybrid resonance). We were 
able to investigate changes in the amplitude and spectra of the low fre
quency fluctuations due either directly or indirectly to the rf pulses. 
The rf power levels were 80 kW at 25 MHz and 100 kW at 800 MHz. The 
observed modifications in the low-frequency fluctuations were predominantly 
increases of up to a factor of three in n(k,u) near the outside edge of the 
plasma, i.e. increases in the radially directed fluctuations. No effects 
on the observed fluctuations were found when the beam I passes near the 
plasma center where scattering is from predominantly poloidal fluctuations. 
The time dependence of the increases in n(k,io) varied with the radial 
position of I, the wavevector k, frequency u, plasma parameters, and the 
rf conditions. The measured turbulent increases did not correlate with 
increases observed in the Doppler broadening of C-IV and 0-VII 
emission from the plasma. This eliminates the possibility that increases 
in impurity ion Doppler widths observed during the heating experiments were 
due to the turbulent electric fields in the plasma. 

In the lower hybrid heating experiments, a directly driven 800 MHz 
wave is expected to be excited in the plasma by the 4-port microwave array 
operating at powers up to 150 kW. The array is predicted to excite an 
electrostatic wave with a wavelength parallel to B T of 6 cm. At the 
position of the laser interaction volume, 135° around the torus from the 
microwave array, the 800-MHz wave is predicted to have a radial wavelength 
of 1 to 3 mm depending on the plasma parameters. A search was made for 
scattering from density fluctuations with radial wavelengths between 1 and 
10 mm and no such scattering was observed. This sets an upper limit of 
ne/ne of 1x10~3 which is a factor of five less than the theoretically 
predicted value. 

The thermal ion feature in the scattered spectrum, which in principle 
yields the ion temperature and impurity content of the plasma, is pre
dicted to be about a factor of ten below the noise level for the ATC plasma 
and the scattering apparatus employed. A negative search was made for the 
thermal ion feature, and this implies the absence of any ion-acoustic wave 
turbulence during the ATC discharge at levels larger than ten times the 
thermal level. 

2. MEASUREMENTS OF q(r), Zeff(r), fi||(r) 

A narrowly collimated 30-keV neutral deuterium beam [8] and a multi-
sight-line fast neutral detector have been installed on tangential ports on 
ATC. The deuterium beam is capable of putting out 300 mA of fast neutrals 
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aimed at an area 4 cm high x2 cm wide within the ATC plasma. The cylindri
cal plate fast neutral detector has up to four separate sight-lines which 
form chords across ths plasma mid-plane, separated at their tangency points 
by 4 cm [Fig. 9(a)]. The analyser has an energy bandwidth of 1.6%, and 
spatial resolution < 1 cm. 

2.1. q(r) 

This system has been used to perform three different experiments on 
ATC. In the first experiment we measured the displacements (A) of co-
injected ion orbits from the plasma's magnetic surfaces, in order to 
determine q at the location of the orbits. This was facilitated by the 
fact that the ion source actually puts out 5 different species of fast 
neutrals: D° at EQ, D° at EQ/2, D° at EQ/3, D^ at E Q and D| at 2EQ/3. 
By aiming the injector at R=84 cm and moving the plasma position from 
77 to 81 cm during the injection pulse, it is possible to cause the edges 
of the five distinct ion drift surfaces tq sweep across the tangency of 
a detector aimed at 80 cm [Fig. 9 (b) ] 

ATC FAST ION DIAGNOSTIC 

Concentration of 
Fast Ions 

In this way we can measure 
the relative shifts of ions with 
different momenta. The molecular 
ions traveling in the plasma 
break up due to electron impact 
giving rise to detectable neut
rals, and the atomic ions 
charge-exchange on background 
neutrals giving rise to fast 
neutrals also. In order to 
distinguish recently injected 
atomic ions from older ones that 
have diffused in energy in such 
a manner as to be still within 
our bandwidth, we chop the in
jected beam with a period of 
300 microseconds. We determine 
the location of the edges of the 
drift surfaces by the appearance 
of modulation in the fast neutral 
signal. 

FIG. 9. (a) Geometric configuration of injector 
and detector, (b) Initial orbits of 5 species 
of fast ions. 

In principle, it is possible to interpret the resulting data by 
plotting required plasma shift vs. particle momentum. Then using the 
formula A = qy^/Q., the best fit straight line gives q. In practice, however, 
the orbits sample a sufficiently large area of the plasma that there is 
not a single q for all of them. The alternative we employ, for orbits 
near the center of the plasma, is to assume j« [1- (r/a)2pcllimiter' IC0) ~ 1-1 
and calculate plasma shifts for different q(0)'s. In Fig. 10 we show a 
representative case of a best fit q(0). Due to both mechanical and physical 
reasons it is hard to measure the position of the magnetic axis accurately, 
but it is possible to make good relative measurements of its motion using 
magnetic loops. Thus it is the relative shifts of ions of different momenta 
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that give q, and, accumulated 
over many I shots, permit 
the absolute calibration of 
the plasma position loops 
to the detector alignment. 

Some results from this 
experiment are plotted in 
Fig. 11. It is particularly 
encouraging to see the good 
agreement between the 
appearance of the soft x-ray 
sawtooth fluctuations and 

FIG. 10. Plasma position versus ion 
momentum for observation of fast neutral 
modulation. R(inj)- 83.5 cm; 
R(det) = 80.5cm. 

q=1 on axis. The general trend of these results suggests that slowly 
varying transport processes govern the q profile so long as q(0) > 1, but 
that when q begins to go below 1, strong MHD activity prevents further 
decrease in the safety factor. At the lowest limiter q, the characteristic 
curvature of A vs. (EAJ5 that is associated with a q profile disappeared 
and orbits over a large area near the center of the plasma showed a uniform 
q=l. These results strongly confirm the hypotheses of Ref. [9], which 
were based on soft x-ray data alone. 
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Another interesting feature of these 
results is the clear discrepancy 
between q(0) as deduced from laser 
profiles, making the usual assump
tions of uniform Zeff and toroidal 
electric field, and the q(0) 
deduced from orbit shifts. The 
discrepancy suggests a peaking of 
zeff o n axis of 1.5 to 2 over its 
average value. This is in agree
ment with the peaking deduced 
from comparing the location of 
m =1 soft x-ray fluctuations in 
ATC with the q = 1 location deduced 
from laser scans [10]. 

FIG. 11. Measured q(0) versus q(limiter) 
for various conditions. 
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2.2. Zeff(r) 

The second experiment that we performed using this apparatus per
mitted a direct measurement of the Zeff profile by measuring the scatter
ing rate of fast atomic ions injected at various different minor radii. 
Using the geometry of Fig. 9(a), we injected fast hydrogen atoms (to 
minimize orbit shift in this case) tangent outside the magnetic axis of 
ATC. We then examined the time-and energy-dependent fast neutral spectra 
detected along each chord. Over the energy and angular range we use, the 
fast ions do not significantly depart from their initial orbits, so the 
different chords do not view different spatial locations of fast ions, 
but different pitch-angles at the one radius of concentration. In this 
way we can determine the local scattering rate, which depends directly 
on Zeff. The extraction of Zeff from the data involves a computer code [11] 
which calculates deposition profiles, analytical solutions to the Fokker-
Planck equation and attenuation of outgoing fast neutrals at each angle 
and energy. The code uses electron temperature and density profiles from 
laser scans, but it has two adjustable parameters; Zeff and the neutral 
density n0. A single angular channel of data is insufficient to deter
mine both of these parameters. With two or more channels, however, 
Zeff and nQ are uniquely determined. The slope of the spectrum below the 
injection energy in the most parallel channel is increased by higher 
zeff anc* no» since both take ions out of the parallel spectrum as they 
slow down. On the other hand, the relative magnitudes of the spectra in 
other channels are increased by Zeff due to scattering, and decreased by 
n0, since greater charge-exchange loss lowers the probability that a 
particle will scatter in angle before being lost. These opposing ten
dencies ensure the uniqueness (but not the existence) of a good choice 
for nQ and Zeff. The measured spectra show excellent agreement with 
classical slowing-down theory (Fig. 12), and they permit a determination 

of the local Zeff to 20%. The spatially 
averaged Zeff is close to the Zeff 
deduced from laser profiles over a 
range of discharges having Zeff= 3 to 
7. The orbit shifts for the circulating 
ions cause them to sample 5 cm of 
plasma, so only a rough profile can be 
deduced. The results, however, typi
cally show a central peaking of some
what greater than 50% on axis, pro
viding a consistent explanation for 
the q(0) discrepancy, given the 
uncertainties in the measured quantities 

and in EA(r). 
E (keV) 

INJECTOR AIMED AT r = 10 cm, OUTSIDE PLASMA AXIS 

INJECTOR AIMED AT PLASMA AXIS 

— Theory, Ze f f = 5 .0 

FIG. 12. Fast neutral energy and angular spectra for 
ions circulating (a) near the plasma center, and (bj 
approximately half way out from the center. Each curve 
is labelled with the minor radius of its detector's sight-
line's tangency. The top curve's tangency is the same 
as the injector's, and the other two look 4 and 8 cm 
further in, in major radius. 
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2.3. fjn(r) 

The third experiment that we performed with this apparatus was the 
classical charge-exchange determination of ion temperature. For this ex
periment we did not use the neutral beam, but exploited the tangential 
detector to give radial profiles of parallel and anti-parallel neutral flux 
(fill and f-ĵf ) on the outer half of the plasma column. In the anti-parallel 
direction we obtained what we expected: ion temperature profiles somewhat 

flatter than parabolic and a flux of 
energetic ions falling off quite 
strongly as the detector tangency 
approached the outer region of the 
plasma. Theoretical predictions based 
on a previous calculation of the neu
tral density profile 112] indicated 
that the apparent ion temperature 
would be within 5% of the actual tem
perature at the detector tangency, 
and gave relative fluxes at the dif
ferent sight-lines in good agreement 
with experiment (Fig. 13). 

0 5 10 15 
DETECTOR SIGHT-LINE TANGENCY (cm) 

FIG.13. (a) Measured T\\(r) and T$(r) for similar 
plasma conditions, and predicted measurement for 
given T[ profile, (b) Measured fast neutral flux 
at 1000 e V versus minor radius, and theoretical 
prediction. 

In contrast, the parallel fast 
neutral spectrum was quite surprising. 
The measured ion temperature gave a 

DETECTOR SIGHT-LINE TANGENCY (cm) uniform T± to within 1 cm of the 
limiter, and the flux of 1000-eV ions 

held up to the plasma edge, dropping off there quite abruptly. The spectra 
in the energy range measured, 600 to 2200 eV, exhibited good Maxwellian 
shapes. Conceivably one could ascribe the difference in apparent tempera
ture profile to bulk plasma rotation. This requires a rotation faster than 
the ion sound speed, at r = 13 cm, and no rotation at r = 0. The calculation 
shows that, at r(tan) = 13 cm, fin(l keV)/f1>r(l keV) = 2.5 x 10^ for a plasma 
with the required rotation, since in the parallel case the detector views 
nearly bulk energy ions, while in the anti-parallel case it looks at the 
far tail. The experimental value of this ratio is 8.7. 

We propose an alternative explanation for the different temperature 
profiles. 1500 eV deuterons in ATC have "World's Fattest Banana" orbits 
[13] which are larger than half the plasma radius, and the ions are suf
ficiently collisionless to execute these orbits. It is thus possible that 
there is a significant source of parallel fast ions, in the energy range 
that we measure, being deposited in the outer half of the plasma by orbits 
originating at the center. These could dominate the bulk plasma spectrum 
in the range of 1000-2000 eV and produce the observed flat temperature 
profile. This possibility is presently being investigated using a Monte-
Carlo orbit following code. 

T r 
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DISCUSSION 

ON PAPER IAEA-CN-35/A 11 

B. COPPI: The interpretation of the fluctuations you measure in ATC depends critically 
on the value of v*. Could you indicate how you evaluate this and how your derivations change 
as v* is increased? 

E. MAZZUCATO: The localization of the observed turbulence on the outer half of the 
discharge is a strong indication that trapped-particle instabilities play a dominant role; never
theless, further experimental studies will be needed before we can hope to identify these 
instabilities clearly. 

A. SAMAIN: Is the observed fluctuation level reproducible from shot to shot, and is it 
possibly correlated with the energy life-time? 

E. MAZZUCATO: Yes, the level of the observed fluctuations is reproducible from shot to 
shot. Quasi-linear estimates indicate that the measured levels are sufficient for explaining the 
anomalous transport in ATC. 
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Abstract 

SPECTROSCOPIC STUDIES OF ADIABATIC COMPRESSION IN A TOKAMAK. 
The line radiation of impurity ions in the visible and ultraviolet regions was measured during adiabatic 

compression of a plasma in the Tuman-2 tokamak. This enabled the radial distribution of the electron temperature 
to be determined. The marked asymmetry of this distribution along the major radius in the compressed plasma 
column is due to outward displacement of the magnetic surfaces as a result of the increase in /3j during compression. 
Calculations show that during compression j3j increases from 0.6 to 2—2.5. The maximum electron temperature 
in the compressed plasma, «» 400 eV, is 1.7 times higher than that calculated on the assumption of purely adiabatic 
heating. This indicates that the heat insulation of the plasma is improved. The energy life-time increases from 
150 ixs during Ohmic heating to 800 us in the compressed plasma. Spectroscopic measurements also show that 
the flux of lightweight impurities penetrating the plasma is halved during compression. 

1. INTRODUCTION 

The first results of experiments on adiabatic compression of a plasma by increasing the 
toroidal field with time on the Tuman-2 tokamak were presented in Ref. [1 ]. This device has a 
major radius R = 40 cm and a limiter radius a = 8 cm. The ion temperature increased adiabatically 
and the heating of the electron component was found to be substantially greater. 

The arrangement of the device did not enable the profile Te(r) to be determined by using laser 
diagnostics techniques. Data on heating of the electrons presented in Ref. [ 1 ] were mainly obtained 
from laser measurements of the electron temperature near the axis of the discharge chamber. 
From these measurements it follows that the heat insulation of the plasma was substantially 
improved during compression and j3i increased from 0.6 during Ohmic heating to 1.6 in the compressed 
plasma. A noticeable outward displacement of the internal magnetic surfaces may be anticipated 
at high values of ft [2] and the electron temperature distribution along the major radius of the 
torus should be asymmetric. When this is the case it is unquestionably of interest to determine 
the profile of Te. 

In the present paper, the determination of the profile Te(r) by using spectroscopic methods 
is described. The impurity fluxes penetrating the plasma during Ohmic heating and compression 
are compared. Information is also obtained on compression of the material under conditions 
with low densities, also by employing spectroscopic methods. 

2. PROCEDURE 

According to the results of Ref. [ 1 ], the electron temperature in the discharge attained 
~ 300 eV. The ionization potentials of the ions, the spectral lines of which were chosen for 
recording, correspond to the range of temperatures being measured: Hp (X = 4861 A, Ej = 13.6 eV), 
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C III (X = 4650 A, Ei = 47.8 eV), O V(X = 2781 A, Ei = 113.7 eV), and C V (X = 2271 A, 
Ej = 392 eV). Information on the peripheral regions of the plasma column was obtained from 
the radial intensity distributions of the Up and C III lines. The C V line describes the behaviour 
of the internal plasma regions. The methods of determining Te will be given subsequently. 

In the course of the measurements, the behaviour of the spectral lines with respect to time 
and space was investigated. The experimental arrangement is shown in Fig. 1. During the measure
ments a monochromator was moved from discharge to discharge along the major radius of the 
torus. Another monochromator, which recorded the intensity of the same line in a fixed region 
of the discharge, was used to control the reproducibility. This arrangement enabled the spatial 
profiles of the total intensity of the spectral lines over a chord to be determined. The spatial 
resolution was 5 mm. The degree of error for profiles plotted at a given instant in the discharge 
was less than 10—15%. 

3. OHMIC HEATING 

Results of spectral measurements are presented for a MHD stable discharge with the following 
parameters: toroidal magnetic field H# = 4 kOe, plasma current Ip = 5 kA, loop voltage Up = 4 V, 
average electron density over the diameter ne = 5 X 1012 cm - 3 , electron density at the column 
axis ne = 8 X 1012 cm"'3 and electron temperature determined from laser measurements T e = 
(110±20)eV. 

Oscillograms of the spectral line intensities are given in Fig.2. These show that, as the plasma 
is heated, the lines of the various ions appear one after the other according to the magnitude of 
their ionization potentials. 

The plasma temperature and density achieved steady-state values ~ 2 ms after initiation of 
the discharge. The radiation also becomes established at a certain constant level. The radial 
intensity distributions of the C III, O V and C V lines in this quasi-steady-state stage of the 
discharge obtained by means of an Abelian transformation from chord measurements are given 
in Fig.3. The intensity of the C III ion is localized in a narrow cylindrical layer and that of the 
C V ion in a central region with a radius of 2 cm. 

FIG.l. Spectroscopic diagnostics arrangement. 1) Light trap; 2) limiter; 3) quartz part; 4j monochromator. 
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FIG. 2. Oscillograms of discharge parameters in Ohmic heating regime. 
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FIG.3. Radial distributions of spectral line intensity in Ohmic heating regime. 
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FIG.4. Electron temperature profile in Ohmic heating regime. 
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FIG. 5. Oscillograms of discharge parameters upon application ofadiabatic compression. 

It is interesting to note that under our experimental conditions the error in determining 
the intensity of the O V line at the centre is 50% of I m a x whereas that for C III is less than 10-15%. 

Radial radiation intensity distributions for ions with different multiplicity factors in the 
form of cylindrical layers are characteristic of tokamaks. Spectroscopic investigations on devices 
with well-known spatial profiles of T e [3, 4] show that, for this type of distribution, the electron 
temperature in areas of maximum intensity is equal to or slightly less than the ionization potential 
of the corresponding ion. 

This enabled the radial profile of the electron temperature to be plotted from information 
on the radiation distribution of ions with different degrees of ionization (Fig.4). The values of T e 

at the axis of the column and also at a point 2 cm from the centre of the chamber cross-section 
were obtained from laser measurements. The profile of T e is noticeably narrower than the 
limiter and is a good approximation to the parabola: 

Te(r) = T e o ( l - - i ) 
bz b = 5 cm (1) 
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FIG. 6. (a) Electron temperature profile at the instant after the end of compression; (b) distribution of Te 

over the plasma column cross-section. The points denoted by ® were obtained by laser scattering; (c) spectral 
line intensity distributions along the chords at the instant after the end of compression. 

The plasma energy life-time calculated using this profile is rE — 150 jus. The ratio of the gas-kinetic 
pressure to the magnetic pressure of the plasma current is given as 

„ 8vr <nT> n , 
ft= ,T1 = 0 - 6 

4. COMPRESSION 

The plasma was compressed after the steady-state stage had been achieved in the discharge. 
The toroidal field was increased from H#* = 4 kOe to H$c = 12 kOe within 125 /is. The system of 
toroidal field coils was then short-circuited ("clamping") and the field decreased with a time constant 
of 2ms. The plasma current was kept constant in this case (Fig.5, left-hand figure). The transverse 
magnetic field was programmed to increase from 14 Oeto 30 Oe to conserve the equilibrium position 
of the column along the major radius during compression. 

Laser measurements [ 1 ] showed that the plasma was displaced by 2 cm from the equatorial 
plane during compression. This is evidently due to the influence of the stray magnetic field. 
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The electron temperature profile during compression, as determined from laser measurements, 
was noticeably narrower than that obtained during Ohmic heating. 

The chord distributions of the spectral line intensities for the steady-state stage which begins 
after compression has ended are highly asymmetric (Fig.6c) which means that it is not possible 
to perform Abelian transformations without making additional assumptions. It is therefore not 
possible to determine the temperature profile of a compressed plasma using a method such as that 
given in Section 3. The non-steady-state period when compression takes place accompanied by 
heating of the plasma was used to determine the electron temperature and its spatial distribution. 

When the density and temperature increase rapidly at the centre of the plasma, an increase 
in the intensity of the C V line should first be observed followed by a decrease due to ionization. 
In actual fact, oscillograms of the C V line during compression exhibit a highly characteristic peak. 
The average electron temperature during the "burn-out" time can be determined from the 
ionization rate of the C V ion. 

The question is considered in greater detail. 
The total intensity of the C V line along the chord can be represented as follows: 

^ C V - n e X n c y J (2) 

where ne and ncv are the electron density and density of four times ionized carbon ions, X is 
the excitation rate and fi is the dimension of the region from which radiation is observed. 

It is assumed that the distribution of ions over different degrees of ionization is due to 
ionization by electron collisions. In this case recombination and diffusion will be disregarded as the 
times under consideration are shorter than the diffusion and recombination times. Therefore 

d n C V _ „ „ o n n o , nCV d n e m 

~^~ _ n e n C i V bCW n e n C V b C V + ~^~ ~^T (-3-) 

where Scrv a n d Scv are the ionization rates of the corresponding ions. 
The variation in the density of C V ions is therefore due to their rate of formation from 

CIV ions, losses due to ionization to the next state and the rate of compression. In our experiments, 

1 d ne 1 d Ha . . § = 1 „ 1 0 4 s - i 

ne dt Ee dt 

From Eqs (2) and (3) we find that 

1 d l c v _ 2 d n 1 dX d T l d « n C I V 

lCV dt ne dt X d T e dt fidt n c v
 e C I V e c v 

Calculations made on the basis of existing results [5] show that in the initial stages of 
compression ionization of C V ions can be disregarded as this is 2 - 4 orders of magnitude less than 

and 

2 

ne 

1 

X 

d n e 

dt 

d X 

dTP 

dT, 

dt 
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FIG. 7. Oscillograms of C V line intensity obtained in observations along different chords: (1) the line of 
observation passes through the centre of the discharge chamber; (2) and (3) the line of observation passes along 
chords shifted 2 cm and 4 cm, respectively, from the centre towards increasing major radius. 

Furthermore, when the maximum compressive field is approached, these terms become small 
and the development of l e v should be due to ionization of C V ions, as n e has increased and, 
principally to Scv- We note that when T e increases from 100 to 300 eV, ne increases by a factor 
of approximately 20 and under the experimental conditions ne Scv > ne n crv / n CV Scrv. 

The calculations therefore show that the decrease in the spectral line intensity during com
pression of the plasma is due to ionization of the C V ion. 

The results of measuring l e v are shown in Fig.7. This gives oscillograms of the intensity 
of the C V line which were obtained from observations along different chords: 1 — along the chord 
passing through the centre of the discharge chamber, and 2 and 3 — along chords displaced by 
2 and 4 cm, respectively, from the centre in the direction of increasing major radius. The decrease 
in intensity on the oscillograms is suitably approximated by the segments of the exponent 
exp(- t/rO, where TJ= l/n e Scv (Te). As the ionization rate is strongly dependent on the electron 
temperature, the value of TJ is mainly dependent on the temperature of the hottest point along 
the line of observation. The procedure described is therefore local. Data on the ionization rate 
given in [5] were used to calculate T e . Information on the density was obtained using microwave 
and laser diagnostics [ 1 ]. At the centre of the compressed plasma, the density was ne — 2.2 X1013 cm -3 . 

The spatial distribution of the electron temperature thus obtained is shown in Fig.6a. This 
distribution is characterized by a considerable degree of asymmetry. The gradient of Te is 
considerably steeper on the outside of the torus than on the inside. The maximum temperature 
T e — 380 eV is slightly higher than that obtained by using lasers [ 1 ] and corresponds to the region 
outwardly displaced by 2 cm from the point where the laser measurements were taken. 

From the equilibrium theory developed by V.D. Shafranov [2] it follows that every internal 
magnetic surface in a tokamak is outwardly displaced with respect to an external magnetic surface. 
This effect should be particularly noticeable at high values of ft. Calculations of ft for our particular 
case give ft = 2.0—2.5 for a compressed plasma. This value corresponds to the degree of asymmetry 
observed for Te(R) (Figs 6a and b). In this case it is assumed that T e = const, on a magnetic surface. 

During the clamping stage after compression has ended, a quasi-steady-state period is established 
when the spectral line intensity varies slightly. The spatial intensity distributions at this stage of 
the discharge are markedly asymmetric in the direction of major radius as was noted previously 
(Fig.6c). The qualitative aspect of these distributions is attributable to the profile of Te (Fig.6a 
and 6b). The majority of the hot plasma is evidently located on the inside of the torus. 

The values of T e obtained in the present paper for a compressed plasma enable rg to be given 
more accurately. This is found to be rg = 800 /xs. 
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5. PENETRATION OF LIGHT IMPURITIES INTO THE PLASMA 

In the quasi-steady-state phase of Ohmic heating, the radiation intensity of the C HI and O V 
ions (Figs 1 and 5) is virtually constant. The radiation intensity is dependent on the flux of neutral 
atom impurities incident at the plasma boundary. During the clamping process following compression 
the intensity of the C III and O V lines is also constant over a certain period of time but is usually 
2 - 3 times less than during ohmic heating. We attribute this reduction in intensity to the decrease 
in the impurity flux during plasma compression. 

The flux of neutral atoms A incident at the surface of the plasma column per unit length 
can be related to the total line intensity over the central chord Ix for ions which have not achieved 
the limiting (for the given discharge parameters) ionization multiplicity factor as follows: 

A ~ r x | ^ l x (5) 

where r \ is the radius of the cylindrical layer in which the given line is intense, and S\ and X\ are 
respectively the ionization and excitation rates of the corresponding ion for T e = Te(R). Relation
ship (5) is valid provided that T*< TP where T^ is the ionization time of the ions beginning from 
the neutral atom and ending with the ions observed and r p is the particle confinement time in 
the plasma. This condition is clearly satisfied in the plasma in the Tuman-2 device. 

As the temperature in the region where the intensity of the ions considered is localized, is 
not dependent on the maximum temperature of the plasma and corresponds, as was noted previously, 
to the ionization potential of the ions, the following relationship can be given for the ratio of the 
impurity fluxes penetrating a compressed plasma Ac and those obtained during Ohmic heating A0: 

A r° T° 

Measurements of the intensity distribution of the C III and O V lines show that r? — r?. When 
this is the case, as can be seen from Fig.5,1?/I? — 2 for both of the lines observed. The impurity 
flux incident at the plasma boundary is therefore halved as a result of compression. It should be 
noted that this comparatively small reduction in the impurity flux is possibly due to displacement 
of the plasma from its central position during compression. As was shown in Ref. [1 ], the 
plasma is displaced by 2 cm from the equatorial plane during compression. 

6. COMPRESSION OF THE PLASMA BY A MAGNETIC FIELD 

Given the parameters of the standard discharge considered above, the ionization time of 
the C V ion in the hottest and densest part of the plasma was comparable with the plasma com
pression time. When the density decreases, conditions may be achieved where ionization can be 
disregarded during compression. If, moreover, the excitation cross-section is not strongly dependent 
on the plasma temperature (the term 

1 dX dTg 

X d T e dt 

in equation (4)), the variation in the profile of the line intensity during compression may be a 
convenient means of investigating the compression of the material. As ne ~ HQ, n ~ H# and 
9. ~ Hfl-1/2, in accordance with Eq.(2), it follows that an increase in the line intensity should be 
expected at the centre of the plasma l\ ~ Hp-3/2. 
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TCctii) 
FIG.8. C Vline intensity distributions along the chords: (1) Profile of line luminescence before compression; 
(3), (2) and (4) profiles obtained 130 us, 300 lis and 600 lis after the beginning of compression. 

In our experiments these conditions were achieved during compression of an MHD stable 
discharge with Ip = 2 kA, T e = (40-50) eV, ne = (1.5-2.0) X 1012 cm -3 , Hg = 2.4 kOe and 
H£ = 7.2 kOe. 

Under these conditions the O V line is intense at the centre of the plasma. Figure 8 shows 
the intensity distribution of the O V line over various chords. Curve 1 gives the intensity profile 
of the line prior to compression and curves 3, 2 and 4 give the profiles respectively 130 fxs 
(maximum compression), 300 and 600 [is after the initiation of compression. Increase in the 
intensity along the central chord during compression by a factor of approximately 5 corresponds 
to the rough estimate 1^ ~ Hg^2. Theoretical calculations show that under these conditions 
ionization is a slow process, TJ > 500 us. 

We observe that a very sharply defined, highly localized plasma column is formed during 
compression. Diffusion of material during compression can be disregarded which is in accordance 
with theoretical calculations of the diffusion time. 

CONCLUSIONS 

1. The radial distributions of the electron temperature during Ohmic heating and com
pression of the plasma have been constructed by spectroscopic methods using the results of laser 
diagnostics. The value of T e at the column axis increases from 110 eV to 380 eV. This is 
considerably higher than the value achieved during adiabatic heating due to the improved heat 
insulation of the plasma during compression. The energy life-time increases from 0.15 ms during 
Ohmic heating to 0.8 ms in the compressed plasma. 

2. The electron temperature profile is found to be essentially asymmetric. This asymmetry 
is evidently due to the outward displacement of the internal magnetic surfaces which takes place 
when ft increases in the compressed plasma to 2.0-2.5. 

3. The impurity flux penetrating the compressed plasma column is reduced. 
4. Compression of the material in the centre of the plasma was investigated by spectroscopic 

methods under low-density conditions. 
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DISCUSSION 

ON PAPER IAEA-CN-35/A 12 

H.P. FURTH: Could you comment on the rate of relaxation of the compressed density 
profile? It seems to me that the slowness of this relaxation may be related to other tokamak 
mysteries such as the build-up of central density in Alcator and Pulsator. An inward 
"pinching" effect may be at work in all these cases. 

M.I. VIL'DZHYUNAS: As far as the work described here is concerned, the data on the 
transverse density profile at various instants of time were obtained at low plasma density, and 
relaxation of the compressed plasma column was masked by the accumulation in the plasma of 
gas coming from the walls. A connection between this and the work on Pulsator and Alcator 
can nevertheless be discerned: during compression both the plasma density and the current 
density increase, and at the same time a substantial increase in T£ is observed. The reasons for 
this have not yet been investigated. 
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Abstract 

SYNCHROTRON EMISSION FROM TOKAMAK PLASMAS. 
This paper presents results of experimental and theoretical studies of the emission of synchrotron radiation 

from tokamak plasmas. In particular, experimental results obtained on ATC, Alcator, and PLT are presented, and 
compared with predictions based on simple tokamak plasma models and the Schott-Trubnikov formula for emission 
by electrons in a magnetic field. Also presented are theoretical studies of the non-linear evolution of runaway 
electrons and the associated time-dependent synchrotron emission. 

1.0 Introduction 

The recent interest in the emission of cyclotron and synchrotron [1,2] 
radiation from tokamak plasmas comes, in part, from the recognition that 
the measurement of the radiation yields useful information about such 
magnetically confined plasmas. These measurements provide a theoretically 
and computationally intensive diagnostic, since it is necessary to compare 
the detected radiation with that calculated from the Schott-Trubnikov 
formula using an appropriate electron distribution function to model the 
plasma. This is a complicated computational or analytical process even for 
the simplifying assumptions used to analyze the data presented here. This 
paper reports on measurements of the cyclotron and synchrotron radiation 
emitted by the ATC, ALCATOR, and PLT plasmas over a band of frequencies 
(35<f<600 GHz) that include the electron cyclotron frequency (o)c=eB/m) and 
its first few harmonics. It also reports results of related theoretical 
studies on cyclotron emission from tokamak plasmas. 

The same apparatus was used to observe radiation from all three 
Tokamaks: ATC, ALCATOR, and PLT. This apparatus consists of a five-channel, 
cryogenically operated InSb detector system (rise time<10 usee) [3] with 
fixed bandwidth wire mesh filters (f/Af%2) in each channel. The arrangement 
and method of using these filters and detectors is described elsewhere [4]. 
The radiation emitted by the plasmas is divided equally among the five 
channels that span the 35 to 450 GHz band. 

1.1 Alcator 

Figure 1 is a composite of several diagnostic measurements for a single 
discharge in the Alcator plasma including the synchrotron radiation emitted 
perpendicular to the major radius and detected in one channel (AQ%0.2 mm, 
XQ/AX%2). This data, which was taken when the Alcator was operated in its 
slide-away regime [5] reveals, for this low particle density (̂ SxlO-'-̂ cm- )̂ , 
high-current density (̂ 200 A«cm-2) regime, an ordered sequence of events. 
Following the initiation of the discharge, the synchrotron radiation rises 
linearly with time. Its intensity is over an order of magnitude greater than 
would be expected from a thermal electron distribution corresponding to the 
900 eV average electron temperature that characterizes this Alcator plasma. 
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DETECTED SYNCHROTRON 
RADIATION X=0.2mm, XQ /AX«2 

DISCHARGE CURRENT 
5 5 k A / d i v 

DENSITY 

2.3 x IOl3cm~3/div 

HARD X-RAY SIGNAL 

5 msec 

FIG.l. Synchrotron radiation emitted by the Alcator plasma at X0 = 0.2 mm (\/A\ «w 2) shown in relation to 
discharge current, density and hard X-ray emission. 

Radiation is observed at frequencies below the rest mass cyclotron frequency 
and in the vicinity of the 15th harmonic; this indicates the presence of 
about 1 MeV runaway electrons. After its period of linear growth, the 
synchrotron signal abruptly jumps to a higher value and then oscillates 
rapidly for about 5 msec. The instability that gives rise to this behavior 
involves only a small fraction of the electron population since, as can be 
seen in Fig. 1, the density and current show no evidence of it. About 1 msec 
after the onset of the oscillation in the synchrotron radiation there is 
burst of hard x-rays indicating a loss of 1 MeV runaway electrons that strike 
the limiter. Two to three milliseconds after the beginning of the x-ray 
burst, r.f. emission begins, with a spectrum peaked at cop£ and extending to 
higher frequencies. Simultaneously the detection of high energy ions begins. 
Following this instability period there is a quasisteady-state characterized 
by a steady synchrotron emission whose intensity is much greater than would 
be expected from the bulk temperature of 900 eV, by a low level of hard x-ray 
emission, and by an ion temperature of 1.2 keV. 

1.2 Adiabatic Toroidal Compressor (ATC) 

Figure 2 shows the loop voltage (lower trace) and the synchrotron 
radiation signal (upper trace) (38 GHz<f < 110 GHz) observed along a 
major radius for an uncompressed ATC [6] discharge with many runaway 
electrons. As can be seen, the step-like, sequential, sudden (<10 usee) 
increases in the observed radiation intensity are correlated with the positive 
voltage spikes in the loop voltage signal. Vlasenkov, et al., [7] report 
on the variations of quantities other than the synchrotron radiation for a 
similar tokamak discharge. Since the signals in each of the synchrotron 
detector channels have the same pattern of increases, it is concluded that 
the emission spectrum is probably not changed significantly during one of 
the jumps in intensity. One explanation for this observed behavior is that 
a velocity space instability causes pitch angle scattering (see Sec. 2) 
of runaway electrons at the positive voltage spike. Since the radiated 
intensity is proportional to vfJ^^(nv,/c), pitch angle scattering to bigger 
v,'s for the runaways would result in an increase in the emitted radiation. 
The associated decrease in V|| is consistent with the appearance of positive 
voltage spikes. 
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FIG.2. Synchrotron radiation emitted by the ATCplasma in 38 GHz to 110 GHz frequency range for Br = 15 kG, 
ne = 2 X1013 cm~3,1-60 kA, and Te = 1.0 keV, shown in relation to the discharge loop voltage. 

1.3 Princeton Large Torus (PLT) 

Figure 3 shows four sets of oscilloscope traces. The upper set gives 
the loop voltage, discharge current, and ohmic heating primary current for 
a PLT [8] discharge. The next lower set of traces gives the soft x-ray 
signal [9] and the signals for the cyclotron emission at 2<oc and 3coc. (The 
x-ray signal increases downwards and the cyclotron emission signal upwards). 
The radiation was observed in the vertical direction (± to R). At 2uc the 
photon mean free path is much less than the discharge diameter. Since the 
magnetic field varies along the viewing path, the intensity is proportional 
to the spatial average of the electron temperature (/Te(R)dR) at 2coc. 
At 3wc, the plasma is transparent to the emitted radiation and the observed 
signal is proportional to Jne(R)T|(R)dR. The differing time histories of 
the two traces reflect their differing dependence on discharge parameters. 
The 3a)c signal is much more sensitive to temperature fluctuations in the 
center of the discharge and hence it shows the strongest correlation with 
the soft x-ray signal from the center of the discharge. These sawtooth 
oscillations are associated with an m=l instability arising when q<l on the 
axis of the discharge. 

1.4 Theoretical Modeling 

Our theoretical studies of synchrotron radiation from tokamak plasmas 
include the ongoing development and application of a synchrotron radiation 
code [1] that includes the thermal part of the plasma electron distribution 
function as well as the contribution due to runaways or other nonthermal 
features. In its present form, the code calculates the synchrotron 
spectrum emitted perpendicular to the magnetic field from a plasma 
consisting of a thermal distribution of electrons and a suprathermal 
electron component, including the effects of absorption of the 
radiation by the thermal plasma. As yet, the numerical calculations have 
been restricted to the case of observation along a major radius of the 
tokamak. 

The computations assume a slab plasma model, with electron temperature 
and density profiles taken from fits to the experimental data from normal 
ATC tokamak discharges. The suprathermal energy distribution function 
is obtained from ST tokamak data, and is proportional to exp(-H/H()), where 
H is the energy, and HQ is a constant. All suprathermal electrons are 
given the same pitch angle with respect to the magnetic field, and both 
toroidal and poloidal fields are included in the calculation. The poloidal 
field is calculated from the temperature profile, assuming Spitzer 
conductivity. 
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FIG.3. Cyclotron radiation emitted by the PLT plasma at 2wc and iw c shown in relation to the soft X-ray 
signal and discharge diagnostic signals. 

Integrating the Schott-Trubnikov formula [2] over the electron 
distribution function, and using small argument approximations to the 
Bessel functions, we obtain the approximate emission coefficient 

_2m-l , mco n , 2 .m 
Jm(u,,R) - 12 

-2m+l m 

(m-1) 
_ exp (- -jj- a) (1 - - r r ) sln 6 

m UcO ; 

x[ 1 + ( l._4_ C 0 S2 e )J 
(1) 

2 2 
ma)cO 
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FIG.4. Specific intensity of synchrotron radiation for a runaway electron distribution. 

2 2 
where [m(m+2)/2(m+l)]B sin 8<<1 is assumed, m is the harmonic number, 
a>CQ=eB(r)/m is the cyclotron frequency, mg is the electron rest mass, and 
a=mgc2/Hg. The first term on the right-hand side of Eq. (1) is the 
contribution from the extraordinary mode, and the second term, from the 
ordinary mode. From Eq. (1), we find 

.ord, „.. 
Jm (a)'R) D2 

" % .ext, ,,. 
j (co,R) 

where £.. =v.. /c. The maximum of i (o),R) occurs at Jm ' 
-1 5 2-2 3-3 

O)L̂  m̂cu n[l-ma + -j m a -8m a +.. (2) 

which is independent of 9. Therefore, the frequency of the harmonic peaks 
depends only on HQ. From Eq. (2), Hg can be determined from the spectrum 
peaks. Making use of Eqs. (1) and (2), we obtain the ratio of specific 
intensities at the peaks of two adjacent harmonics: 

3m+l 

m+1 (m+1) 3m+2 2 
exp 

l-(2m+l)a -1 

(3) 

(sin~2G)(l-2of 1cos29) 

If HQ is known from measurement of the frequencies of the harmonic peaks, 
Eq. (3) will give 8 in terms of the measurable quantity I / I _ . 

We have also calculated numerically the case of runaway electrons, 
using the slab plasma model discussed earlier in this section. The numerical 



404 BOYD et al. 

results show that the frequency at the harmonic peak is a function of H Q 
only [Fig. 4 ] , and therefore can be used as a possible diagnostic of the 
energy of the runaways. The ratio I /I in is a function of H-. and 8, with 
-u o J J • u m m + 1 ° 
t h e 0 dependence given by 

W „ l-2cx~1cos29 
I m+1 ( H 0 ) s i n 2 9 

(4) 

The dependence of harmonic peak frequency on HQ, and Im(HQ)/I^T(HQ) on 6, 
can be determined numerically and the resulted compared with experimental 
spectra to determine HQ and Q. 

These calculations omit the effects of absorption of the syn
chrotron radiation by the thermal plasma, and therefore are valid only 
when the runaway emission peaks are outside the absorption bands around 
ma A. If the runaway energy is high enough, the relativistic mass increase 
will lower the cyclotron frequency enough that the peak emission occurs 
outside the absorption bands. This occurs if 

(5) '0 - 1-a/R 
2 

where H =(y -l)m c , and a is the minor radius. 

2. Analytic Studies of the Nonlinear Evolution of 
Runaway Electrons and the Associated Time-Dependent Cyclotron Emission 

2.A Runaway Electron Distribution and Linear Stability Properties 

To calculate the cyclotron radiation from the runaway electrons and 
to understand the different behaviors in low-density and high-density 
Tokamak discharges, it is essential to know the runaway distribution 
function and its stability properties. 

To obtain a unique distribution function as the basis for stability 
analysis and nonlinear evolution, we solve the Fokker-Planck equation in 
the runaway region where v,, >VC=(EQ/E)1' 2Vg> Here, ve=(2Te/m)-^' 2, EQ= 
etoA/AĴ  and AJ5=Te/4mie . Included is a loss term of the form -V|| f/vLtQ, 
to account for the depletion of high-energy electrons caused by the imper
fect magnetic surfaces (TQ-'- is the loss rate of particles with V|| >Vj). To 
have a steady state, a source at low energy is introduced to maintain a 
constant rate y of runaway production given by y=0.35VQ(E/EQ)~3'°exp 
-[/2EQ/E+EQ/4E], where VQ is the electron-electron collision frequency [3]. 
The Fokker-Planck equation in the runaway region [4] is then solved for 
v|| >vc to obtain the following steady-state solution: 

An(E/EQ) 
f R = / 2T exp ~ it / T\ + 2 

3/2 2 „ /E viM I " 2„ /E "ll \ v0 v v„£n 

(6) 

'(T"\En 2 
0 v 

e 

The normalization in Eq. (6) is chosen so that the loss of the runaways is 
balanced by the runaway production, i.e., An/x^ngy, where An/n„ is the 
density ratio of the runaways to the bulk thermal electrons. Moreover, 
vx and v.j are the velocity components parallel and perpendicular to the 
electric field, and VQ=(EVQTQ/EQ]-J-' ̂ VL is the effective cut-off 
velocity. Typically, for low-density discharges, the observed energy 
of the runaways is cut off at about 170 keV, corresponding to a value of 
VQ/V 6^13 for a bulk electron temperature of 1 keV. Note that the effec-
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FIG. 5. Stability boundary for velocity space instabilities in a tokamak discharge with runaway electrons. 

tive perpendicular temperature of the runaways is enhanced over Te by a 
factor (E„/E)An[EV|| /EQV ], and is typically an order of magnitude less 
than the parallel temperature. 

Because of the anisotropy, plasma waves with frequency w^copkjj /k can 
be driven unstable by the anomalous Doppler resonance cojc+tDrQ=k|| v(, . The 
instability condition is approximately given by EQ/E<14.4. The stability 
boundary is plotted in Fig. 5. For Tokamak parameters, E/EQ=(C /W )(p qR)~ , 
where Pe=ve/a)cg, q=rBi>/RB0 is the safety factor, and r(R) is the minor 
(major) radius. It is seen that the low-density region, a)p/a>cQ<l/3, 
is unstable for typical Tokamak parameters: R=100 cm, q=l, pe=10~2cm. 

2.B Quasilinear Evolution 

In the unstable region of parameter space, the unstable waves react 
on the runaway distribution by pitch-angle scattering of the runaway 
electrons to produce a more isotropic distribution. To obtain the temporal 
evolution of the distribution function of the runaway electrons, we solve 
the time-dependent quasilinear equation analytically, using the unperturbed 
distribution Eq. (6) as the initial function. The quasilinear equation for 
the runaways is approximately 

( v H > v x > t ) = v ~ ^ 3 t 
1 3f 

v , 3v , 
(7) 

w h e r e 
On2 2 2 

2ir e v , D = 
*? 

2 i d k ~ 2 £ k ( t m " r i ' ' V < r k " v i i ) 

k 
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and e = | E , | /8ir i s the e l ec t ro s t a t i c energy. Introducing 

0 2 2 ft .2 rr e 
d t ' dk 2 e k ( t ' ) 6 ( a ) k + a , cO- k . l v l l ) 

Eq. (7) can be solved to give 

f(v„ ,VL,T) = 

Av, 

exp - 4AT+1 

"0 
(4AT+1) 

£n(Ev2 ) 
(8) 

3/2 2 -2 where f_=AnE/(iT "v vn) , vx=vt/v , v . =v(| /v and A is defined by A=E/£n(Ev.. ) 

Because of the small radial dimension, L, of the runaway region, wave 
convection out of the unstable zone with group velocity v g x is an effective 
saturation mechanism, yielding E|c=(T/2)exp [2y, L/v„x]. Using this expression 
for £t, we find 

n XD -3 
t £ x ̂  exp(-4x10 JL/AD) (9) 

P 

Simple estimates show, for L/AD=10 and T%1/A, that tf̂ l-10 psec. This is 
the time scale for the perpendicular energy to increase a few times, and 
also the approximate time scale for saturation of the instability. 

2.C Synchrotron Radiation Spectrum 

Having obtained the runaway distribution and its temporal evolution, 
the time-dependent: synchrotron radiation by the runaway electrons resonantly 
interacting with plasma waves can be calculated directly by integrating 
the Schott-Trubnikov formula over the electron distribution function. 
For extraordinary-mode emission, the total m'th harmonic power (integrated 
over u>) radiated per unit solid angle is given by (for 90° observation) 

P = 6 

2 2 2 4 
e m to n ,v v* cO / e) 

2ircA2 

exp 
m2(4At+l) 

- 2 2 
2Ac /v 

e 

1 + 

- 2 2 
2 Ac /v 

e 

m(4Ax+l) 

m2(4AT+l)2 

2A c /v 
e 

m2(4At+l)2 
1 _ I i m m-1 

(10) 

2,,T ,r 2 2, 2 
where the modified Bessel functions "L^ and I^i have argument m (4AT+1)/2AT c /V£ 

and 6 is the fraction of runaways that are resonant (<5^6ve/vo^l/2 for typical 
parameters). The temporal behavior of Pm can increase a few times on a 
time scale of the order of a few ysec, which is indeed observed experimentally. 
After a time Tfyl/A, the distribution becomes isotropic, and the plasma modes 
are damped. The radiation also stops increasing in intensity, and thereby 
shows a step-like behavior in intensity. Emission at other angles and the 
effects of reabsorption as well as other nonlinear consequences are also under 
investigation. 

3.0 Conclus ions 

The measurements of synchrotron radiation reported here and those done 
by Costley and his collaborators, as well as others, shows that many features 
of the electron distribution functions in tokamaks can be investigated in 
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useful and convenient ways. It is a theoretically intensive diagnostic that 
is most useful when it is possible to compare the measured radiation distri
bution in time and frequency with that calculated using an appropriate theor
etical model. The first of our measurements, which were done on ATC, revealed 
that the good time response of our system made possible the exploration of 
some features of electron distributions in tokamaks not easily seen otherwise. 
The preliminary results from PLT are encouraging and future work to improve 
the time and frequency resolution of our apparatus will make possible indepth 
studies of tokamak electron distributions with this technique. 
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Abstract 

ELECTRON CYCLOTRON EMISSION FROM TOKAMAK PLASMAS: EXPERIMENT AND COMPUTATION. 
Measurements of electron cyclotron emission from TFR and Alcator tokamak plasmas operating over a 

wide range of plasma conditions are presented and compared. For each device at low densities the emission is 
substantially, and similarly, non-thermal while at high densities it is close to thermal. Measurements made in an 
observation direction not previously employed (tangential) of electron cyclotron emission from a DITE tokamak 
plasma are also presented. The spectrum consists essentially of symmetric lines at nfceo, suggesting that reflections 
of the radiation inside the torus totally destroy the anisotropy of the emission. The near-thermal emission spectra 
measured on TFR are compared with predictions of a code which takes into account, in a realistic fashion, the 
inhomogeneity of the plasma and reflections of the radiation inside the torus. Good agreement is found. From 
the emission measured radially in an optically thick line under high density conditions, an electron temperature 
profile is derived. The profile is compared with that measured by Thomson scattering, and good agreement is found. 

Measurements of electron cyclotron emission from Cleo, TFR and FTI tokamak plasmas 
have shown that: (i) the frequency dependence and level of the emission are sensitively dependent 
on the runaway level; (ii) the emission is not polarized and is the same both along and at right-
angles to a major radius — probably because of reflections of the radiation inside the torus; and 
(iii) that the spatial electron temperature profile can be obtained [1—4]. Measurements of 
non-thermal emission from the ATC tokamak plasma have shown that, in this case, the emission 
is at least 50% polarized and that spikes in the emission coincide with positive spikes in the loop 
voltage [5]. The difference between the polarization results is probably due to different reflection 
properties of the respective vacuum chambers. 

Several comparisons of measured spectra with theoretical predictions have been made [1,2]. 
However, these have been unclear mainly because reflections of the radiation inside the vacuum 
chamber have not been properly taken into account. In this paper we present recent measurements 
of the emission from the TFR, Alcator and DITE tokamak plasmas and compare some of the 
measurements with the predictions of a code which takes into account, in a realistic fashion, the 
inhomogeneity of the plasma and reflections of the radiation inside the vacuum chamber. 

In all cases the measurements are made by a technique based on Fourier transform spectro
metry [6]. Radiation from the plasma irradiates a two-beam polarization-type interferometer 
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ceo 

FIG.l. TFR measured emission spectra: 
(a) ne0 ~0.5X1019 m'3; B0=-3.45 T; Te0~l keV; R=37.5 GHz. 
(b) neo~2X 1019 m~3; B0=3.38 T; Teo~l keV; R = 37.5 GHz. 
(cj neo~5X 1019 m~3; B0 = 3.9 T; Teo~1.8 keV; R=13 GHz. 

FIG.2. Alcator measured emission spectra. 
(a) ne 0 ~ 0.4 X 1019 m'3; B0 = 4.1 T; T^ ~ 1 keV; R =37.5 GHz. 
(b) neo ~ 9 X1019 m"3; B0 = 4.9 77 r e 0 ~ 0.8 keV; R =37.5 GHz. 
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FIG. 5. Radial electron temperature profile deduced from the measured electron cyclotron emission in an 
optically thick line (f= 2fce) and comparison with the corresponding vertical profile measured by Thomson scattering. 
The temperature deduced from the emission measurement is set equal to that measured by Thomson scattering 
atr = 0. 

the path-difference within which is scanned rapidly. The interference patterns produced by the 
interferometer are detected with a Putley indium antimonide detector and recorded either on 
polaroid film or digitally. Subsequent Fourier transformation of the interference patterns and 
comparison with calibration data yields the emission spectra. The frequency range investigated 
is usually 50 < f < 500 GHz, the frequency resolution (R) is typically 22 GHz (with apodization) 
and the time resolution is typically 10 ms. 

On TFR the directions of observation are along (radial) and at right-angles (vertical to a 
major radius). On Alcator and DITE the observation directions are vertical and tangential,respectively. 

The uncertainties are such that the frequency positions and relative heights of the spectral 
features are in all cases correct to about ± 10%. The absolute level of the emission in the radial 
direction on TFR is correct to about ±40% while in all other cases it is correct to about an order 
of magnitude. 

On TFR three types of spectra are observed depending on plasma density. At low density 
(peak electron density ne0 -^ 1 X 1019 m~3) the level of the emission is about two orders of 
magnitude above the thermal expectation and the emission spectrum contains troughs at nfceo, 
where n = 1,2,3 and fc,30 is the electron cyclotron frequency corresponding to the measured on-axis 
toroidal field (B0), (Fig.l, curve a). Possibly the troughs are due to absorption by thermal 
electrons. Further, 5-10% of the total radiated power is modulated at 2.5 kHz, in synchronization 
with X-ray emission from a target located in a vertical observation port, suggesting the occurrence 
of a relaxation phenomenon. Possibly the emission under these conditions is from high-energy 
electrons (~50 keV) trapped in the local mirrors [7]. 

At intermediate densities (n ~ 2 X 1019 m - 3 ) the emission is dominated by a peak close to 
the plasma frequency fpeo> and the amplitude of this peak grows with time (Fig. 1, curve b). At 
high densities (ne0 ^ 3 X 1019 rrT3) the spectrum is similar to the thermal expectation (i.e. broad 

TFR 3.95 T 
140 k A 
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lines at nfceo) but contains an additional peak at fpe0- The amplitude of this peak decays with a 
time constant ~100 ms and the integrated power in the peak is apparently correlated with the 
runaway creation rate calculated from the measured ne and Te. 

On Alcator two types of spectra are observed, again depending on plasma density (Fig.2, 
curves a and b). The spectra are similar to those measured on TFR at the high and low density 
limits, suggesting that the discharges have qualitatively similar runaway components under 
these conditions. 

On DITE the spectra under high density conditions consist of symmetric lines at nf^o (Fig.3). 
Since in the absence of path-changing reflections tangential spectra should consist of asymmetric 
lines at 1.9 f^ and 2.7 fce0 [8], this observation, combined with that made on TFR, suggests 
that reflections of the radiation inside the torus totally destroy the anisotropy of the emission. 

A computer code which simulates realistically the actual tokamak conditions has been 
developed [9]. The code computes the radiation transport in axisymmetric systems for arbitrary 
density and temperature profile. It gives the amount of heat transported by emission and 
re-absorption as well as the radiation spectral distribution in any point on the wall. The bulk of the 
electrons are assumed to have a Maxwellian velocity distribution, while the presence of runaways 
can be simulated by including additional electron populations, each of which is described by a 
relativistic Maxwellian with respect to a co-ordinate system moving with arbitrary velocity in the 
toroidal direction. Polarization scrambling on reflection is included by introducing a transfer 
fraction p between the extraordinary and ordinary modes. 

Figure 4 shows the spectra measured in the radial and vertical directions under a high density 
condition on TFR and, for comparison, the convolution of the Fourier transform instrument 
function with the appropriate predictions of the code. In both cases the absolute level of the 
measured and computed emissions agree within the experimental uncertainties. To clarify the 
comparisons, the emissions at f = 2fceo have been set equal. When the predictions were made 
the electrons were assumed to have a Maxwellian velocity distribution, the measured B0, ne(s) 
and Te(s) were used, and p was taken somewhat arbitrarily as 0.15. Not shown in Fig.4 is the 
predicted ratio of extraordinary/ordinary mode emission: I0 /Ie ~ 0.7. 

The agreement between experiment and computation is evidently good and suggests that 
under high density conditions it should be possible to obtain the electron temperature profile from 
a measurement of the radial emission in an optically thick line [10]. Preferably a line which is 
optically thick on one pass should be used so that confusing effects due to reflections do not 
occur. The emission in such a line was measured on TFR and Fig.5 shows the deduced electron 
temperature profile along with the corresponding Thomson scattering points for the vertical 
profile. The on-axis temperature deduced from the emission measurement is 1.2 ± 0.5 keV, and 
in Fig. 5 this has been set equal to that measured by Thomson scattering. The agreement is 
evidently good and suggests that under high density conditions a measurement of the electron 
cyclotron emission would be a convenient single-shot diagnostic for Te(r,t). 

There remain two discrepancies between experiment and computation which may be due 
to our treatment of reflections. The measurement shows the frequency dependence of the radial 
and vertical spectra to be almost identical whereas the code predicts a difference. Similarly, 
the code predicts a difference between the emissions in the extraordinary and ordinary modes. 
These discrepancies are currently under investigation. 

We wish to acknowledge useful discussions with Mr. R.J. Hastie and Mr. D.V. Barlett and to 
thank the TFR, Alcator and DITE tokamak groups for their co-operation. 
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DISCUSSION 

ON PAPERS IAEA-CN-35/A 13-1 AND A 13-2 

H. FLEISCHMANN: What information do you think can be obtained from synchrotron 
radiation measurements concerning MeV electrons (7 ~ 10—20) such as occur, for example, 
in Ormak? 

A.W. TRIVELPIECE: Electrons moving at velocities corresponding to this energy have 
their radiation concentrated in a small cone (A# « 1/7) oriented along a forward tangent to the 
orbit. There is very little radiation perpendicular to the orbit. Viewing the forward-directed 
radiation (which will occur in a frequency range that coincides with the region of sensitivity 
of a Putley indium antimonide detector), one finds a Doppler shift that permits an easy evalua
tion of the runaway energy. In fact, a multichannel polychromator of the sort described in 
paper IAEA-CN-35/A 13—1 would reveal the growth of the number and energy of runaway 
electrons in a tokamak discharge by enabling us to observe the increase in intensity in progres
sively shorter wavelength channels. This would be a useful diagnostic technique, but no 
details have yet been worked out. 

P. SMEULDERS: What is the change in T e measured in PLT during a sawtooth relaxation? 
A.W. TRIVELPIECE: The change in T e during the sawtooth relaxations has not been 

evaluated as yet. In the measurements reported here, radiation from the whole plasma cross-
section contributed to the signal. Consequently, the signal is proportional to an integral over the 
temperature and density profiles. Extraction of the fractional change in temperature within the 
q = 1 surface is not possible, in these circumstances, without knowledge of the density and 
temperature profiles. From future measurements, with better spatial resolution, the change in 
T e will be easier to extract. 

B. COPPI: It has been possible to identify and understand the sequence of regimes obtained 
in Alcator by varying the plasma density on the basis of two dimensionless parameters. These 
are a>pe/£2Ce and £ = Voll/Vthe. where oope is the Langmuir frequency, f2Ce the cyclotron 
frequency, and VD|| and Vthe t n e electron drift and thermal velocities, respectively. For 
<ope/£2ce > 1 (nearly-collisional regime), thermal emission is derived for CL>pe/£2e < 1, but 
£ < 0.1 and strong emission on the cope line occurs (intermediate regime); for tope/£2Ce < 1 
and £ > 0.1 the slide-away regime sets in. 
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Abstract 

CURRENT, TEMPERATURE AND CONFINEMENT TIME SCALING IN TOROIDAL REVERSED-FIELD 
PINCH EXPERIMENTS ZT-I AND ZT-S. 

The scaling properties of a toroidal reversed-field Z pinch have been investigated over a limited range by 
comparing two experiments having conducting walls and discharge-tube minor diameters which differ by a factor 
of ~ 1.5. Both the confinement time of the plasma column and the electron temperature were found to increase 
about a factor of two with the increased minor diameter. Both the poloidal field diffusion and the decay of the 
toroidal reversed field were significantly reduced with the larger tube diameter. These results support the 
hypothesis that the loss of stability later in the discharge is caused by diffusion-induced deterioration of initially 
favourable plasma-field profiles to MHD unstable ones. This conclusion has been verified by stability analysis of 
the magnetic field profiles. Fusion reactor calculations show that small reactors are conceptually possible 
assuming good containment can be achieved for current densities > 20 MA-m -2. 

I . INTRODUCTION 

The ZT-S experiment is an enlarged version of the earlier ZT-I experi
ment [1] and is designed as a first step in the exploration of the scaling 
behavior of the reversed-field pinch (RFP). The RFP experiments are de
signed to produce high beta ('v 30-40%) equilibria which are predicted to be 
stable by MHD theory. [2,3,4] The desired stable configurations are char
acterized by hollow pressure profiles and a toroidal magnetic field which 
peaks on the magnetic axis and reverses direction in the outer region of 
the pinched plasma. The experiments operate above the Kruskal limit (q<l) 
and rely upon shear and wall stabilization. 

The ZT-I experiment [1] and experiments elsewhere [5,6] have demon
strated that improved stability results from proper reversed-field program
ming of the pinch. The past experiments on ZT-I gave evidence that the 
final loss of stability was governed by resistive effects and field dif
fusion causing the initially favorable profiles to deteriorate to unstable 
ones. Since diffusion times scale as T^ <* a2/D (a = plasma radius, D = 
diffusion coefficient) one expects that longer confinement times should re
sult from an increase in minor diameter of the discharge. To test this 
prediction the ZT-S experiment was initiated. 

II. CONSTRUCTION OF THE ZT-S EXPERIMENT 

All components of the previous ZT-I experiment were retained for ZT-S 
except the torus and feedplates. The torus was expanded to the physical 
limitations imposed by the magnetic core, and the current feedplates were 

* Work performance under the auspices of USERDA. 
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FIG. 1. ZT-I streak pho tograph, toroidal flux <f>, 
toroidal field at the wall B^. Fourier probe signals in 
the lower pair of traces indicate plasma displacement 
at ~ 14 lis. 
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FIG. 2. ZT-S streak picture, toroidal flux, toroidal 
field. Streak photo and Fourier probe signals show 
plasma displacement at ~ 28 jis. 

enlarged to accommodate the larger torus. The minor radius of the metal 
shell has increased from 5.7 cm of ZT-I to 8.3 cm, while the' major 
radius increased only slightly from 38 to 40 cm. This caused a change 
in aspect ratio from 6.7 to 4.85. The ceramic vacuum chamber inside minor 
diameter was changed from 10.3 cm to 15.4 cm. The other significant changes 
were increases in the energy storage of the bias and reverse field capaci
tor banks, necessitated by the increased volume of ZT-S. The magnitude of 
the main current is controlled by crowbarring the main bank when the de
sired current level is reached. Except for the foregoing changes, the ex
periment is essentially as described in Ref. [1]. For the work reported 
here the current and programmed reversed: field rise to 90% of their peak 
values in ̂  2 us and ^ 4 us respectively. 

III. CONFINEMENT TIME 

If the confinement time is limited by resistive field diffusion, all 
other parameters being equal, ZT-S should be expected to have an increased 
stable time, proportional to the square of the size scale factor over ZT-S, 
of 1.5, to the extent a simple, linear, isotropic diffusion model gives 
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an approximation to the diffusion timescale. In general the results indi
cate that the pinch stable time has increased and appears to approximately 
confirm this scaling. This effect is shown, by comparison of results, in 
Fig. 1 (ZT-I) and Fig. 2 (ZT-S). These figures show streak photographs, 
total toroidal flux, toroidal field near the wall outside the pinch, and 
the toroidal field as measured by sine and cosine coils located around the 
toroidal discharge tube. Ideally the latter coils measure the first Four
ier harmonic of the toroidal magnetic field and are used to detect unstable 
displacements of the plasma. [7,8], The initial signals of these coils are 
a manifestation of the 1/R dependence of B^ and the movement of plasma col
umn away from the geometric center as the plasma locates itself at the ra
dially displaced toroidal equilibrium position. The increased signals at 
later times show the growth of an instability of the plasma column. In 
these comparison cases the total toroidal flux was programmed to remain 
non-negative as needed to satisfy stability requirements. [2] The streak 
photographs and sine-cosine coils show that the time to onset of instabil
ity is increased from ̂  14 us to ̂  28 ys, a factor of two which is close to 
that predicted by a2 scaling. These data were obtained with approximately 
the same values of initial gas fill of 34 mtorr (90% D2 + 10% He), and rate 
of change of L * 3 x 1010 A/s. The magnitude of 1^ was scaled as a2 

(i.e. ^ 30 kA in ZT-I to ̂  60 kA in ZT-S ). 

IV. TEMPERATURE 

The electron temperature has been measured by Thomson scattering, as 
a function of time at two radial positions. Figure 3 shows the electron 
temperature of a discharge with 18 mtorr filling pressure. The error bars 
represent a statistical standard deviation of several shots taken under the 

same conditions. A temperature 
in the range of 10-15 eV is main
tained up to the ̂  25 ys stable 
time of the pinch. Shown also in 
Fig. 3 is the time dependence of 
the electron density (in arbi
trary units) as obtained from the 
Thomson scattering at the same 
radius. There is a small drop at 
'V/ 12 Us at which time a small 
amount of luminosity often appears 
in the streak photographs outside 
the main pinch. This effect may 
indicate a small loss of plasma 
from the outer part of the pinch 
at this time but it does not low
er the observed temperature. The 
electron temperature for a 34-
mtorr filling, 60-kA, discharge at 
radii of 1.5 and 3 cm is shown in 
Fig. 4. Again the temperature is 
maintained for the stable time of 
the discharge. The electron tem
perature is peaked initially at 
the edge of the discharge but be
comes uniform near the end of the 
stable period of the discharge. 
The temperature measured at the 
edge of the discharge is in good 
agreement with the classical tem
perature derived from the diffu
sion of the magnetic field. These 
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FIG.3. Electron temperature and density versus 
time after pinch current onset as obtained from 
Thomson scattering measurements for an 18-mtorr 
filling pressure and a 60-kA peak pinch current 
in ZT-S. 
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results are a definite improve
ment on the results obtained 
from ZT-I. At approximately the 
same plasma and current densities, 
ZT-I showed a temperature of 
^ 3-6 eV and the scattered signal 
was lost at 10-12 ys. 

V. DIFFUSION 

The increased stable times 
are evidently due to decreased 
diffusion of the field profiles 
in the larger bore ZT-S experi
ment. An illustration of the de
creased poloidal field diffusion 
can be seen by a comparison of 
the profiles of ZT-I (Fig. 5) and 
ZT-S (Fig. 6). The field has dif
fused to that of a uniform current 
density in ZT-I in ^ 2 ys while 
the same condition takes over 5 ys 
to be reached in the ZT-S. These 
data show that early in the dis
charge the thickness of the cur
rent sheath is about the same 
(̂  2.5 cm) for both experiments 
and increase as field diffusion 
takes place. For these results 
the rates of change of the cur
rent and toroidal flux were kept 
nearly the same between the ex
periments. The current densities 
and compression ratios were also 
approximately the same. 

A further marked improvement in the field diffusion can be seen by com
paring the B^ traces in Figs 1 and 2. The (crowbarred) reversed field is 
seen to decay due to plasma resistance in about 10 ys in ZT-I but is being 
sustained in ZT-S for well over 35 ys. This scaling is well over a factor 
of two and probably indicates an additional reduction in the diffusion co
efficient associated with the higher Te values in ZT-S. 
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FIG.4. Electron temperature at two different 
radii in ZT-S. Filling pressure 34 mtorr; peak 
pinch current 60 kA. 

VI. STABILITY 

The theoretical ideal MHD growth times of the m = 1 modes predicted 
on the basis of measured magnetic field profiles are shown in Fig. 7. The 
data were obtained with magnetic probes adjusted to obtain poloidal and 
toroidal field data at ten different radial positions averaged over about 
six discharges having the same operating conditions. The stability results 
are similar to those observed in ZT-I in that the discharges show favorable 
stability shortly after the pinch formation. This phase is followed by a 
gradual deterioration of the favorable configuration until a gross insta
bility is observed. The time at which short growth times are predicted from 
the field profiles has been extended about a factor of two for ZT-S as 
compared to ZT-I. Figure 8 shows the poloidal beta values as functions of 
time as deduced from the magnetic probe data. The beta values are general
ly increasing in time,leading to a general decrease in stability. Plots 
of the energy content as functions of time (Fig. 9) show that most of the 
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FIG.5. Plots of the poloidal field as 
measured by magnetic probes in ZT-I. 

increase in the poloidal beta 
comes primarily from the decay of 
the toroidal current rather than 
from an increase in plasma energy. 
The slight lowering of the beta 
^ 8-12 us may be associated with 
an energy loss and subsequent im
proved stability as shown in Fig. 
7. 

VII. PLASMA RESISTIVITY 

Since resistive diffusion is 
evidently responsible for the 
loss of stable configurations, an 
estimate of plasma resistivity is 
of interest. An estimate of the 
plasma resistivity parallel to 
the magnetic field can be made by 
applying Ohm's law for an aniso
tropic medium using magnetic 
probe data. The resistivity nor
mal to the magnetic field also 
requires a knowledge of the plas
ma velocity profile which is not 

0.30 H 1 1 1 1 1 1 1 1 1-

currently available experimental
ly. The electric fields needed 
for substitution into Ohm's law 
are obtained by integrating the mag 
netic field data put into Maxwell's 
equations for the straight cylindri
cal approximation. This integration 
involves an integration constant, 
i.e. E z o, the electric field on 
axis, which can be inferred from a 
knowledge of the voltage applied to 
the experiment. 

The results of such calcula
tions are shown in Fig. 10 for two 

_ - 0.20 - -

u 0.15 

assumed values of E„ zero and 
0.05 - -

100 V/m. (The value of E z o infer
red from the applied voltage gen
erally ranges between 50-100 V/m.) 
In either case the resistivity at 
the outer edge of the pinch (at 
r «* 4.5 cm) is ^ 10~5 ohm-m, cor
responding to a classical value at FIG. 6. Poloidal field plots measured in ZT-S. 
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FIG. 7. Ideal MHD growth times as predicted 
theoretically from the magnetic field distributions 
assuming that the pinch is quasi-equilibrium at 
each instant in time. 

T£ = 12 eV. The resistivity at 
the wall corresponds to a classi
cal value for an electron temper
ature of 2 eV. Post-implosion 
studies using a one-dimensional 
computer code using the value of 
resistivity shown by the dashed 
line in Fig. 10 during the post-
implosion phase show that these 
results are compatible with the 
plasma resistivity being classi
cal. 

VIII. RFP REACTOR CALCULATIONS 

The Reverse Field Z-Pinch 
Reactor (RFZPR) exhibits high po
tential as a fusion power pro
ducer. The tokamak-related con
straints of low aspect ratio, 
low total plasma beta, and small 
ratios of poloidal to toroidal 
magnetic fields are not encoun
tered. Because plasma confine
ment is primarily by a poloidal 
field, the RFZPR conserves mag
netic energy and greatly re
lieves coil stress problems. Also, 
the RFZPR can achieve ignition 
utilizing larger ohmic heating 
rates at higher plasma densities 
than MHD constraints allow for 
tokamaks. 

A plasma engineering com
puter code [9] has been used to 
calculate the burn dynamics for 
a Z-pinch plasma that supports 
ideal RFP poloidal and toroidal 
fields modeled by Bessel func
tions. Alpha-particle thermali-
zation using Fokker-Planck, 
classical particle diffusion, 
ohmic heating, and radiation 

losses are included. Accounting for transport losses in room temperature 
coils outside of a 0.4-m blanket and assuming that the field inside the 
plasma is lost thermally to the first wall at the end of the burn allows 
one to generate Fig. 11. A relatively high value of Qg (gross electric en
ergy out/recirculating electric energy) is achievable in modest sized sys
tems. At the current experimental current density level of 20 MA/m2 a 2-
m radius device produces a net 1000 MWe (thermal conversion efficiency = 
0.4; wall loading = 2 MW/m2; major aspect ratio = 10; Qg ̂  6) in a burn 
time of 2 s and cycle time of 12 s. For higher current densities (80 MA/m ) 
a 0.5-m radius device produces a net 75 MWe in a burn time of 0.2 s and cy
cle time of 8 s using the above parameters. 
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FIG. 8. The poloidal beta as a function of time as 
deduced from pressure balance calculations from 
magnetic field data from ZT-S. 
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FIG.9. Input energy, input plasma energy, and 
plasma plus field energy as deduced from voltage, 
current and magnetic field probe data for ZT-S. 
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FIG. 10. The parallel resistivity as deduced from 
field data and Ohm's law in ZT-I. The dashed 
curve was used as a starting input at 5 lis for post-
implosion phase MHD calculation. 

0.08 

These calculations emphasize 
the importance of the value of cur
rent density in determining the min
imum size and burn times of a reac
tor. The implications of the cal
culations are a strong motivation 
to demonstrate good confinement for 
as high a current density as the 
physics will allow. 

IX. CONCLUSIONS 

The confinement time of the 
pinched plasma column has been 
found to scale approximately as the 
square of the minor radius of the 
vacuum chamber between the ZT-I and 
ZT-S experiments. The electron tem
peratures are found to be higher in 
the larger machine even at lower 
current densities. The fact that 
the magnetic field diffusion is 
markedly reduced, and the results of 
stability analysis of the field pro
files in the larger experiment, in
dicate that the loss of stable con
finement is due to a deterioration 
of the initially favorable plasma-
field configurations by resistive 
diffusion. A comparison of the re
sults with a time-dependent non-
ideal MHD computer code indicates 
that the observed diffusion could 
be explained by classical resistiv
ity. The results for this limited 
range of size scaling and the pre
dictions of fusion reactor studies 
are encouraging and a design study 
of a planned, next-generation LASL 
experiment is in progress. 

ACKNOWLEDGMENTS 

The authors thank R. S. Dike, 
who has contributed significantly 
to the engineering of the experi
ment . They also acknowledge the as
sistance of P. R. Forman with the 
setup and operation of the Thomson 
scattering equipment. Thanks are 
extended also to R. Gerwin, L. W. 
Mann, A. G. Sgro, and L. Turner for 
their contributions to the under
standing of the experiment through 
their calculations in topics of MHD 
stability, plasma dynamics and 
microinstabilities. 



426 BAKER et al. 

0 20 40 60 80 100 120 140 160 

JH(MA/m2) 

FIG.11. Reactor wall radius as a function of pinch current density for various GE factors as obtained from 
burn calculations. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 1 

H.A.B. BODIN: All the reversed-field pinches operating at present have minor radii of 5-10 cm 
and characteristic times for confinement or current decay in the 10 jtxs range. Your observation 
of a possible a2 scaling law for the time during which quiet or stable operation is observed points 
to much longer confinement times in large systems, and is consistent with the observation of 
times of approximately 1 -10 ms in the large zeta machines. Can you say what it is, when stability 
is lost, which has actually changed so that the configuration goes unstable? For example, it could 
be that j3 becomes too high, or the plasma becomes over-compressed, or the field reversal decays. 
I noticed the reversal remains for a much longer time on ZT-S, more than the increase in the stable 
time. 

D.A. BAKER: The decay of the reversed field was much reduced in the larger ZT-S experi
ments. In general, the poloidal |3 does become too high later in the discharge, as resistance effects 
cause the profile to change with time. 

R.S. PEASE: Have you experimental data on the nature of the instability which ends the 
discharge? 

D.A. BAKER: From the streak pictures we would judge that the mode comes from a gross 
m = 1 instability. Approximate estimates from the sine-cosine coils outside the discharge indicate 
toroidal wavelengths in the 10 to 20 cm range. 
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Abstract 

AN EXPERIMENTAL, 3-D NUMERICAL AND ANALYTICAL STUDY OF REVERSED-FIELD PINCHES (RFP). 
An experimental and computational study of the RFP is presented. The experiments are undertaken on 

HBTX I in which the reversed field is both programmed and occurs naturally by self-reversal. MHD stability 
analysis of the minimum energy configuration shows that stability is only possible with /3 < 21% and 1.2 < 6 < 2.0. 
Other stable configurations exist with higher 6 but lower /?. Resistive-instability studies now include radial flow, 
resistive walls and a full stress tensor. At high initial values of 0, self-reversal is associated with a large-amplitude 
m = 1 helical kink instability. Self-reversal occurs with 6 as low as 1.3 with m = 1 activity present. A computational 
study of the 3-D non-linear development of the pinch shows that the initial m = 1 instability creates the reversed 
field BA and that subsequent instabilities give rise to a more uniform distribution of the reversal. Fluctuation 
measurements in low-compression-ratio RFP's reveal large temperature and density fluctuations for smaller 
magnetic-field fluctuations. The energy confinement time (7 /us at 70 kA) and j3e decrease with increasing current 
and decreasing pressure. Turbulent convection arising probably as a result of partially localized pressure-driven 
instabilities is invoked to explain the saturation in current decay time. 

1. INTRODUCTION 

The Reversed Field Pinch (RFP) is an alternative axisymmetric system to 

Tokamak from which it differs principally because it operates with BQ ~ BA 

and q < 1, and in a configuration which favours stable confinement at relatively 
(1) . . . . 

high values of 3 . Confinement for several milliseconds with a density 
14 -3 

of ~ 10 cm and temperature ~ 150 eV at 3 ~ 0.1 has been reported from an 
(2) 

experiment with a torus of minor radius 50 cm and there are several 

experiments ' ' ' presently operational with minor radii of 5-10 cm, 

with characteristic times in the 10 JJsec range, densities ~ 10 -10 cm 

(i.e. comparable values of nx) and temperatures ~ 10-100 eV with 

3 ~ 0.2-0.5. 

In the HBTX I experiment, operating at low currents and using field 

programming to drive the reversal, stable behaviour was observed at 

3 ~ 0.3-0.4 with energy confinement and field diffusion in reasonable accord 
(7) 

with classical predictions . At high current (I), the peak temperature 

* A.W.R.E. Aldermaston, Berkshire, UK. 
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2 

increased with I to 100 eV but such values were not sustained; for com

pression ratios < 2 both the gross ideal and resistive (tearing) kink 

instabilities were stable as expected theoretically but internal modes and 

fluctuations persisted . RFP configurations can also be set up naturally 
(9) by self-reversal and recent measurements indicate that the discharge 

tends to relax to a final state broadly independent of the initial conditions, 

When the compression ratio exceeds ~ 2 the mechanism of self-reversal 

involves gross helical kink instabilities. The flux amplification in the 

core of the discharge, which leads to field reversal outside when the tor

oidal flux is conserved, can be explained since the "toroidal" current is 

forced to flow in a relatively tight helix 

This paper describes RFP studies carried out at Culham since the Tokyo 

Conference in 1974. Theoretical studies of the stability of minimum energy 

configurations modified to include finite 3 are presented together with 

further analysis of resistive instabilities in pinches and Tokamaks includ

ing the effect of radial flow, radiation losses, resistive walls and 

anisotropic thermal conduction and viscosity. Studies of self-reversal are 

extended to include a comparison between the predictions of a three-

dimensional non-linear calculation of the full evolution of the pinch and 

experimental observations. This gives insight into the mechanism of field 

reversal and the rapid re-distribution of current when the discharge reverts 

to approximate axisymmetry. Further measurements on HBTX I using magnetic 

probes and Thomson scattering have yielded values of the plasma energy, 3Q» 

the energy confinement time and the fluctuations in the magnetic field, 

temperature and density; the data are discussed in relation to possible 

energy loss mechanisms. 

2. THEORY 

Stability of RFPfs at High-3 
1 s 

The MHD stability of the minimum energy configuration , modified 

to include finite 3, has been investigated. This is shown in Figure 1 where 

the upper line A is given by the Suydam criterion and line B by the Newcomb 

analysis (8 is the pinch parameter = Be(wall)/
B
(j)(average)>'

 X h e cxitical 

3 on axis is 27% (30 = 0.69) for a value of 9 = 2. Calculations also 

show that this value is not significantly affected when gross resistive modes 

are considered. The existence of a small vacuum region outside the configu

ration (usually present in experiments) necessitates field reversal which 

gives a stable region only to the right of the line C (diagonal lined area). 
(12) 

To avoid surface modes ' the axial current at the surface must be reversed, 
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FIG. 1. Stability diagram showing the variation of limiting /? on axis with 6 for a modified minimum energy 
configuration. Stability lies to the right of lines A, CandD and to the left of line B. 

6 = 1.7 

9=2.0 

0 = 3-3 

Radius 

6 = 1-7 
6 = 2-0 

6= 3.3 

FIG.2. Comparison of three optimum RFP configurations: 
8 = 3.3. — optimum compression, 6 = 1.7 - optimum beta, 0 = 2.0 - modified minimum energy configuration. 
The radius is defined by normalizing the current density to 1 on axis. Arrows indicate the marginal stability points. 
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£' 0-5-

F.F.P.M. 
K =-0-60 
S = 225 

9= 105 110 1-25 

FIG.3. Growth rate as a function of radius (defined as in Fig.2) for the force-free paramagnetic model with 
Lundquist number S = 225. The arrow at 2.45 is the marginal stability point for the tearing mode. The curve 
vr = 02 is for no radial flow, + E^0 is for an inward flow of EQBQ/B2, - E^Q is for an outward flow and the 
dotted curve is for no flow with a classical anisotropic (450 times) thermal conductivity. 

which is the region to the right of line D. Stability is only possible in 

the hatched area with 8 < 21% and 1.2 < 8 < 2.0. 

A general study of tearing mode stable diffuse pinches reveals that 

there are no configurations which are stable with 0 > 1.2 unless they possess 

a reversed field. Optimising the field configuration to give the maximum 

compression ratio with stability to m = 0, 1 tearing modes and MHD stability 

gives a reverse field configuration with 0 < 3.3. This is shown in Fig.2 by 

comparison with the modified minimum energy configuration. In such a con

figuration the high shear region is well removed from the conducting wall 

and the maximum 3 is 17% (BQ = 0.56). 

The highest values of f3 are obtained with the high shear region close 

to the wall. The optimum configuration which satisfies the on-axis kink 
(13) and tearing mode criterion , is also shown in Figure 2. It has a maximum 

B of 60%, with an almost uniform current distribution. 

Diss ipat ive Ins tab i1i t ies 

Resistive instability studies for pinches and Tokamaks have been 

further extended to include radial flow, radiation losses, resistive 

walls , anisotropic thermal conduction and a full stress tensor (i.e. 

anisotropic viscosity). The linear and non-linear (Section 4) instability 

behaviour in both theory and experiment is characterised by the parameter 
2 

S = T /x, where T is the field diffusion time 4iraa and TA is the 
Cf A O A 

Alfven transit time aAirp/B. This parameter has to be > 100 in theory 
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and experiment for the plasma to exhibit anything like full MHD and resis

tive instability behaviour. Figure 3 shows the shift in the tearing mode 

marginal stability point for both inward (+ E, ) and outward (- E, ) flows 
tpo (po 

for the force-free paramagnetic model. The stabilising nature of outward 

flow is clear giving a critical 0 of 1.25 in this case. Also shown on the 

figure is the effect of anisotropic heat flux which is stabilising provided 

the plasma is not too dissipative. If only the parallel viscosity is 

included then this is destabilising, a result obtained by Hosking , but 

if all the viscous terms are used then there is little effect. 

The finite conductivity of the conducting wall which is necessary to 

give stability to long-wavelength kink and tearing modes gives rise to insta

bilities whose growth time is close to the field penetration time through 

the wall, x , depending on wavelength. Close to the marginal stability con-
2/3 1/3 

ditions for a perfect wall the growth time is much shorter - T T 

3 . EXPERIMENTAL DEVICE AND DIAGNOSTICS 

The dimensions of the quartz torus are R/a = 100/6.0 cm and the con

ducting shell 100/7.5 cm. The current rises in 3-15 ys and decays when 

crowbarred in ~ 50 ys« The reverse field is either controlled by fast 

programming or produced naturally using an approximately flux-conserving 

shell. Diagnostics consist of internal and external magnetic probes. 

Thomson scattering, Langmuir probes, visible spectroscopy, streak photo-

graphy, total radiation and CO2 laser interferometry and scintillation 

4. SELF REVERSAL IN EXPERIMENT AND BY NON-LINEAR CALCULATIONS 

A study has been made of the mechanism whereby the plasma in an unstable 

or turbulent pinch discharge can amplify the magnetic field within it in 

excess of that possible in stable conditions. If there is a flux-conserving 

shell this can result in the reversal of the longitudinal field in the 

outer region and this is observed to be the case when 8 > 1.3. It has been 
(9) 

shown previously that the observed final reversed field state is in 

(11) 

general agreement with theoretical predictions that,given a small dis

sipation, a pinch discharge will relax to a force-free minimum energy 

configuration - the Bessel function model. In HBTX I, at high initial 

values of 0(3 -* 4) self reversal is associated with the large amplitude 

stage of an m = 1 helical kink instability, which redistributes the magnetic 

field . This mode arises in the central regions with growth time and 

wavelength measured to be 0.4 ys and 10 cm (for a discharge with a peak 

current of 120 kA) compared with numerical predictions by an MHD code with 

dissipation^ ^ of 0.5 ys and 15 cm respectively. The measured field 
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perturbations also agree with computations up to values of 6B/B ~ 30%. When 

the helix has grown to large amplitude (rQ ~ 3 cm ) local field reversal 

occurs where the helix most closely approaches the walls. At this time a 

large m = 0 component is also detected which is interpreted as a non-linear 

effect of the instability and the inductance of the pinch falls. Optical 

observations show that the phase of the helix varies randomly from one 

discharge to another and that non-uniformity in major circumference occurs 

during the large amplitude phase. Following the helix the external field 

averaged over major and minor azimuth becomes reversed. At high 0 the 

magnitude of the reversed field is in reasonable agreement with the flux 

amplification generated by a plasma solenoid with the measured value of 

Ur„ for the helix. The measured current decrease associated with the 

rise in inductance is much less than predicted by a simple helical deforma

tion probably due to the m = 0 expansion of the helix as it approaches the 

walls. 

By raising the current to 170 kA in the experiment the value of S 

increases and field reversal is observed at values of G as low as 1.3, 

but significant m = 1 activity is still observed. Attempts to programme 

the pinch to avoid any significant m = 1 instabilities have not been success

ful at this current level. 

Recent developments in numerical computations have shown that it is 

possible to calculate the three-dimensional non-linear development of gross 

hydromagnetic instabilities. In view of this advance it was decided to 

attempt to simulate the development of a high-g pinch experiment. Such 

calculations at high and low S and with values of 8 between 2 and 4 have 

been made and we shall describe here one complete simulation. 

The calculation uses a three-dimensional rectangular mesh with 

16 x 16 x 9 points. The neglect of toroidal effects is appropriate in the 

case of a high-8 pinch since Bfi ~ B,. The square cross-section does not 

introduce any essential differences from the circular cross-section of the 

experiments. The length of the box is Tra where a is the half-width of 

the cross-section,, This can be regarded as a section of a large aspect ratio 

system. Modes with toroidal mode numbers less than 2R/a will not be described 

and there will be an upper limit on both toroidal and poloidal mode numbers 

set by the size of the grid. 

The hydromagnetic equations are solved using a Lax Wendroff difference 

procedure. Resistivity is included in Ohm's law, the paramagnetic effect 

being included so that 0"x = -^ cr)(, and the conductivity is taken to vary as 
3/2 

T . The initial central value of a is 10/aV. and the maximum value 
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3 2 reached during the calculation is 5 x 10 /aV. where V. = B, /p , B, and ° A A (po O <po 
p being the initial axial magnetic field and uniform plasma density. The 

energy equation includes the effect of ohmic heating. Energy losses are 
2 2 included by an arbitrary loss term with l/x(r) = 4r (V./a ) , r being the 

distance from the centre of the cross-section. The poloidal electric field 

is maintained at zero on the plasma boundary and the axial magnetic flux is 

consequently conserved. Initially an axial electric field is applied at the 

surface of the plasma to produce a current variation similar to that on 

HBTX I as shown in Figure 4. At peak current the applied electric field is 

put to zero. 

The resulting current and voltage time dependence is shown in Figure 4. 

The changes in voltage are primarily due to the axisymmetric motion of the 

plasma. Once the applied electric field is removed the current undergoes 

a slow resistive decay. 

<B#>(T) 
0-5 

FIG.4. A) Time development of key quantities in the numerical simulation of a pinch exhibiting self-reversal. 
Top: total longitudinal current (I) and applied voltage (V); 
Centre: pitch at magnetic axis, and total kinetic energy (the pitch is not accurately known when both n = 1 and 
n — 2 modes are present and so is shown dotted here). 
Bottom: longitudinal field at the wall (averaged both in azimuth and longitudinally), and central pressure (p). 
B) Experimental plasma current (Ip) and average longitudinal field (B^) for a comparable discharge. 
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FIG.5. Plasma properties at key times in the numerical simulation. A to E show the pressure in one cross-section at various times T. In each case 
the contour lines are equispaced between 0 and Pmax, which is given. The two highest pressure regions are shown shaded. F and G show the radial 
variation of pitch during the current rise at times 2.3 and 6.7, respectively. H, I, J give theazimuthalvelocity field at times 8.0, 9.9, 22.9 respectively. 
V corresponds to the largest arrow shown. 
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As the current rises the plasma column contracts. The trapping of the 

B, leads to its enhancement at peak current by a factor of 9 on the axis 

and a reduction almost to zero at the surface. The change in the pressure 

distribution is seen from Figures 5a and 5b. The distribution of the pitch 

u(= L/rotational transform) across the midplane at these times is shown in 

Figures 5f and 5g and the time dependence of its value on the magnetic axis, 

y t is given in Figure 4. Shortly after peak current (t «* 7) when 2TTU /L 

is just below unity, the value for resonance with the longest wavelength 

m = 1 mode, an m = 1 instability occurs as is shown in Figure 4 by the 

increase in the total kinetic energy of the plasma. The resulting motion of 

the plasma is shown by the displaced pressure distribution of Figure 5c and 

the plot of the azimuthal velocity field in Figure 5h. The strong fall in 

the value of the pressure at the centre of the cross-section and the rever

sal of the axial magnetic field at the surface are seen in Figure 4. 

The plasma now has a helical structure and this persists for the rest 

of the run. The pressure distribution at t = 9.9 is shown in Figure 5d, and 

the corresponding velocity field in Figure 5i. At around t = 20 a second 

instability occurs as is apparent from the growth in kinetic energy (Figure 4). 

This appears to be another m = 1 instability with a wavelength of half that 

of the original mode. We notice that the value of 2TTU /L is approximately 

0.5 at this time which is the value required for resonance with this mode. 

The velocity flow field during this instability is shown in Fig.5j. The 

pressure distribution (Figure 5e) is seen to be considerably broadened at 

this time. In other runs with greater conductivity and greater current this 

second instability is found to bring about a more uniform distribution of the 

reversal of B, at the surface. 

During the period t > 10 the current decays slowly and the reversed B, 

at the surface falls to zero and finally returns to its initial positive 

value. At the end of the run the magnetic field topology is similar to that 
(17) observed m the simulation of Tokamak sawtooth oscillations , the nested 

magnetic field associated with the main current channel being intertwined 

with an m = 1 island to form a double helix. Shown beneath the compu

tational I, (B, > results in Figure 4 are experimental waveforms, for 

comparable values of S which exhibit a very similar behaviour. 

We see then that the experimentally observed field reversal can be 

simulated by an MHD description of the plasma. The initial reversal occurs 

as a result of an m = 1 helical instability and the change to a more axi-

symmetric configuration appears to be due to a subsequent instability. 
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t ( / J S ) 

FIG.6. Evolution of an RFP of peak current 70 kA and initial 6=2. Plasma current (Ip), B^ averaged in minor 
azimuth at the wall, j3e and variation of B^ at the wall fr.m.s. 8B/B). 

t=IOps 

FIG. 7. B^ profile measured by magnetic probes at 10, 20, 30 and 40 lis for 70 kA RFP as in Fig. 6. 
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5. LOW COMPRESSION RATIO RFP's 

(a) Fluctuation Measurements 

Experimental studies of the evolution, confinement properties and resi

dual fluctuations in programmed reversed field pinches at low compression 

ratio have been carried out. The initial value of 8 obtained by program-
(3) 

ming was about 2.0 at the metal wall which theoretically and experimentally 

gives stability to gross kink and tearing modes. At a plasma current of 
(9) 

70 kA, which is above that for which stability is obtained , the plasma 

current and axial magnetic field at the wall, B,, evolve as shown in 

Figure 6. From internal magnetic probe measurements an initial value of 

$Q = 0.3 is obtained and its increase in time is shown in Figure 6. The 

irregularities are caused by slow growing m = 1 instabilities. The average 

conductivity temperature derived from the probe measurements is 8 eV and the 

diamagnetic temperature 7 eV, obtained on the assumption that all the filling 

gas at 40 mtorr is present (which is consistent with observation ). The 

average energy confinement time while the field is reversed is 7 ys which 

is two to three times less than classical predictions at such temperatures. 

The decay of the longitudinal field is shown in Figure 7, and this indicates 

a contraction of the column or a rise in 6 by a factor of two by 30 ys, 

thus violating the conditions for wall stabilization. In addition, the 

diffusion has caused the shear to decrease while the heating has raised $„ 

to > 0.6. MHD instability calculations for the field configurations at 10, 

20, 30, 40 ys give maximum growth times for i = 1 of 7, 8, 2.6, 4ys 

respectively with the wavelength decreasing in time to 20 cm as the pinch 

contracts. The mode at 30 ys is a gross kink whereas the other modes are 

partially localised and arise from excessive pressure gradients (m = 0 insta

bilities are not predicted but highly localised m = 2 modes are). The field 

2 k 
fluctuation level measured near the wall,(<$B )2/B for the m = 1 .component 

is shown in Figure 6 and the rise in level at 33 ys is correlated with the 

predicted gross kink instability. A significant m = 0 component is also 

detected. This is related to the m = 1 actiyity and appears to be a non

linear consequence of it (Section 4). 

The results of Thomson scattering from two laser pulses separated in 
(19) time by a variable interval from each discharge are shown in Figure 8. 

These indicate an average central temperature of 16 eV at 16 ys and the 

plasma temperature fluctuations have a root mean square deviation of 30%. 

The density fluctuations have a larger deviation - 50% though the results 

are not normally distributed. The mean value of the density on 

axis is comparable to that expected for an uncompressed column at 
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t(>is) 

FIG.8. Evolution of plasma current (IpJ, normalized r.m.s. deviation ofLangmuir probe (L. probe), electron 
temperature (TJ and density (n J from Thomson scattering. The bars on the scattering results represent the 
measured r.m.s. deviation of T and ne. (Experimental errors are ^.10%.) 

15 -3 the filling pressure (~ 3 x 10 cm ). The central temperature compares 

well with the average pressure balance temperature if the triangular pressure 

profile, deduced from the magnetic probe data, is a result of the tempera

ture distribution and a flat density distribution. Langmuir probe measure

ments in the region of 3 -*• 6 cm from the axis indicate a relatively flat 

density distribution. In Figure 8 the root mean square deviation of the 

probe current at a radius of 4 cm with a bias voltage of 40 V is shown. At 

20 ys the level is 30% falling to 10% at 40 ys. C02 laser scintillation 
(18) 

measurements for a similar discharge indicate autocorrelation times of 

~ 5 ys which compare roughly with the Thomson scattering, Langmuir probe, 

and magnetic probe data. 
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At currents approaching 100 kA the value of 3fl is about 0.2 initially 

and rises only slowly to about 0.3 in 40 ys. The mean temperature from 

Thomson scattering is similar to that shown in Figure 8. The energy confine

ment time falls to 4-5 ys and the current decay time is unchanged. In this 

case the value of 0 does not rise significantly but remains at about 

1.5 - 1.6 at the edge of the plasma before decaying. The m = 1 fluctuation 

level increases by 1.6 times so that (SB2) /B increases almost linearly with the 

increase in current. The autocorrelation time for the CO2 laser scintil

lations is 2 ys, comparable with that for the magnetic fluctuations. For 

a similar plasma current but at half the filling pressure the value of 

3fl is ~ 0.1 which has very poor significance as the m = 1 fluctuations 

produce an error of about 0.15 on $fl at the measured amplitude. Neverthe

less the energy confinement time is shorter than for the higher pressure case. 

The current decay time is also somewhat faster. The normalised fluctuation 

level increases by a further 20%. 

(b) Residual Instabilities and Current Decay Time Saturation 

A time dependent calculation of ohmic heating and energy balance for 

different anomalous loss processes for a decaying pinch with 9 < 2, has 

been made to elucidate the effect on current decay, Several models of 'turbu

lent1 losses resulting from (<5B̂ )2/B have been used . These are; 

(1) MHD convection with a diffusion coefficient D ~ (<5B2)2/B • A-B/p1^2 

where p is the mass density and A the transverse correlation length 

(~ 2-3 cm from experiment and MHD instability calculations), (2,3) colli-

sional and collisionless thermal conduction along field lines produced by 

fluctuating fields or by mode interaction producing ergodic field line 

behaviour D ~ (SB2) /B2 . A v . , D ~ (SB2) 2 . v^g . A - where A is the mean 

free path and v^g the electron thermal speed. (4) Bohm diffusion. The 

calculation gives an approximately linear decay of the current for all four 

loss processes. The results for the increase in poloidal beta and the tem

perature decay are consistent with experiment (Figures 6,8) for the first 

three loss processes (provided the magnitude of the loss is initially 

correct), but the scaling with different fields and densities however is 

more discriminatory; (3,4) are unacceptable because the magnitude is too 

small (about 5 to 10 times) and the dependence is wrong; (2) is unacceptable 

as the magnitude is too small for such a collisional plasma. MHD con

vection gives approximately the correct magnitude and scaling 
1 3/5 

T ~ (I . B/5B -^-t) . We would expect the turbulent convection to drive 1 Ap5 _l 
density fluctuations with <5p/p ~ 5B/B . 3 2 and temperature fluctuations 
ST 2 <5p ^ m L . 
-s~ ~ -T — . This is oorne out by the Thomson scattering observations of 
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temperature and density fluctuations. It is concluded that the saturation 

in the current decay time arises from anomalous loss associated with MHD 

instabilities which increase in intensity with the current (or S) because 

dissipative limitations to the fluctuations become less. 

6. CONCLUSIONS 

(1) The minimum energy configuration modified to include finite 3 can 

stably support a central $ value up to 21% provided 1.2 < 0 < 2.0. 

Other RFP configurations exist which can be MHD and resistively stable 

with higher 9 but lower g or with lower 9 but higher 8. A 

general study of dissipative instabilities for a plasma subject to 

the full transport equations does not reveal any significant differences 

for the stability to gross modes. 

(2) Experimentally when the requirements of ideal and resistive stability 

theory are satisfied, stable confinement at high-g at currents up to 

60 kA is observed. 

(3) The mechanism of self reversal in a well compressed pinch is found 

experimentally and with a 3D simulation to be associated with a helical 

m = 1 instability. Further instabilities permit the pinch to become more 

axisymmetric. Self reversal occurs at values of 8 as low as 1.3. 

(4) At higher currents or lower densities in low compression ratio RFP's 

the magnetic field, temperature and density fluctuations arising from 

partially localised MHD instabilities due to excessive $ give rise 

to convective losses which produce an approximately constant current 

decay time. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 2 

D.A. BAKER: The decay of the reversed field has an abrupt change of slope at about 25 fis 
into the discharge in both the 3D computer calculations and the experimentally obtained field data. 
Have studies of detailed computer output obtained during the computation contributed to an 
understanding of this change of decay rate? 

H.A.B. BODIN: The change is due to the growth of a second helical mode in the plasma, 
which may be associated with the return to axisymmetry. 

D.A. BAKER: Has a new constraint (other than the/A- B dZ' and toroidal flux invariants 
used by Taglen) been applied to determine the minimum energy state modified for finite j3? 

H.A.B. BODIN: No. The pitch is maintained constant as the zero-|3 Bessel function distri
bution is "inflated" by the addition of p\ 
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Abstract 

HEATING, DIFFUSION AND STABILITY OF REVERSE-FIELD PINCH CONFIGURATIONS. 
Experimental studies of the reverse field pinch (RFP) configurations in the Eta-Beta device are described 

and compared with the ideal MHD theory previsions. RFP configurations are found experimentally stable for 
toroidal plasma current up to 60 kA whereas instabilities appear at higher currents. For the various discharges 
considered, field diffusion and stability analysis are reported and discussed together with electron temperature 
and density measurements and ion temperature measurements (Doppler broadening of a He-II line). Energy 
balance and volt-seconds consumption are also discussed in both stable and unstable discharges. Finally, some 
preliminary results on natural relaxation of simple stabilized Z pinches to RFP, obtained on a modified device, 
are reported. 

1. INTRODUCTION 

The research carried out during the last few years on the Padua Eta-Beta device [ 1 ] has contri
buted to the extensive effort (developed mainly at Culham [2] and Los Alamos [3] and, more recently, 
at Tokyo [4]) towards investigating the main features of the reverse field pinch (RFP) configuration, 
which offers a promising outlook for an economic fusion reactor [5]. 

Experiments on Eta-Beta [6] have shown that it is possible to produce, by fast field programming, 
RFP configurations which satisfy the requirements of MHD stability [7] at the end of the formation 
phase [1 ]. The non-stationary nature of the configuration leads to more severe requirements for 
maintaining stability during the decay phase [8]. In practice the attainment of a stable RFP is diffi
cult and depends on the details of the time field programming and on the time dependence of 
heating and energy loss mechanisms. 

In this paper we report on detailed studies recently made on Eta-Beta for diffusion, stability 
and heating of RFP configurations. In particular, we discuss studies on: (a) discharge characteristics 
compatible with observation of a RFP decaying without instabilities; (b) diffusion of configuration 
and theoretical and experimental stability during decay; (c) direct measurement of electron density 
and temperature; (d) plasma energy balance behaviour; and (e) the possibility of a classical des
cription of the observed time evolution. We also present some results on the time dependence of 
the applied volt-seconds and on direct measurement of the ion temperature. Finally, we briefly 
describe a modified version of the experimental device which is now in operation and some results 
on the study of spontaneous reversal. 

2. EXPERIMENTAL OBSERVATIONS ON STABILITY IN VARIOUS DISCHARGE 
CONDITIONS 

A set of measurements has been made to determine the conditions in which a RFP without 
instabilities can be obtained. The stability of the plasma configuration is experimentally monitored 
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FIG.l. Typical time dependence of the toroidal 
field at the quartz (B ) and of the plasma current 
(I ) for the time programming of the 55-kA 
discharge. 

-S.U. 

FIG.3. Pressure and magnetic field profiles at 
10.4 lis for the 55-kA discharge. Also shown is 
the region (S.U.) where the Suydam criterion is 
violated. 

FIG.2. Pressure and magnetic field profiles at 
t = 1.6 us from the start of the plasma current 
for the 55-kA discharge. 
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FIG.4. Reciprocal of the pitch on the axis as 
a function of time for the 55-kA discharge. 
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FIG.5. Growth rate (y) as a function of 
wavenumber k for the m = 1 mode at 10.4 [is 
for the 55-kA discharge. 
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FIG. 6. Electron temperature profiles for the 55-kA discharge at various times measured by laser scattering. 

by internal magnetic probes (also including a set of coils to detect the radial component), sine-cosine 
coils and streak pictures, as well as by the shot-by-shot plasma reproducibility. The main parameters 
which have been varied are the axial bias field, the toroidal current, the filling pressure and the 
timing of the applied voltages. 

At 40 mtorr of H2 filling pressure, keeping the compression ratio small (metal wall radius/ 
plasma radius < 1.5) we observe stable decay of the plasma configurations with toroidal currents, 
larger than previously reported [9], up to 60 kA. Even with such low compression, instabilities 
are observed for higher toroidal currents. In particular, at 65 kA an instability is detected about 
2 jus after the current maximum. The unstable phase lasts for about 6 jus after which a reproducible 
behaviour is again observed. At 150 kA, instabilities are observed immediately after the current 
maximum; subsequently a quieter behaviour is observed for ~ 7 JUS, eventually evolving to a new 
unstable phase. 

More compressed discharges have also been analysed with currents of ~ 120 kA. In this 
case we can distinguish an initial phase characterized by strong compression and subsequent 
expansion with wall contacts; after this a diffuse profile is observed. In addition to instability 
in this case there is probably a lack of equilibrium for the first 4 to 5 [xs. 

The maximum current amplitude compatible with a stable behaviour of slightly compressed 
RFP plasmas depends on the filling pressure. Some measurements at 20 and 80 mtorr seem to 
indicate that the maximum value of I2/p0 for a stable behaviour stays almost constant at 
60—70 kA2/mtorr. More work remains to be done to assess the importance of the various para
meters and experiments on larger devices, which should improve present understanding by 
allowing a scaling. 
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0 20 40 nmmi 
FIG. 7. Electron density profiles for the 55-kA discharge at various times measured by laser scattering. 

3. DIFFUSION AND STABILITY 

Most of the results discussed in this section have been obtained in stable discharges with 
40 mtorr of filling pressure, an initial toroidal field of 0.22 T and maximum toroidal current of 
55 kA. The typical time field programming is sketched in Fig. 1. 

3.1. Magnetic field profiles (55 kA) 

The magnetic field profiles have been measured as a function of time by internal probes at 
six radial positions for one shot. From the probe data the plasma pressure profile is deduced with 
the cylindrical equilibrium assumption. After the formation phase (Fig.2) a weakly compressed 
configuration with hollow equilibrium pressure profile is obtained. Field diffusion causes the 
configuration to evolve in time up to the profiles, shown in Fig.3 at 10.4 JUS, where the pressure 
is almost flat. 

A way to demonstrate field diffusion at a given radius is to consider the pitch of the magnetic 
field lines, P = 2 7rr(Bz/Bg), in time [10]. In particular, the pitch on the axis (Fig.4) should not 
vary in time if there is no diffusion. Figure 4 shows that there is not a strong variation of the pitch 
for the first 4 JUS. Afterwards, a much more rapid change in time is observed. 

The time dependence of the positive and negative portions of the toroidal flux has also been 
investigated. Both fluxes decrease in time at approximately the same rate (~ 100 V) and the total 
flux within the crowbar point results in a good constant. This fact also shows that field diffusion 
is, in this case, dominant compared with the effect of the primary circuit decay. 

The observed field diffusion, with a characteristic time of ~ 10 us, is in agreement with MHD 
computations (see Section 4), including classical resistivity. 

The ideal MHD stability analysis of the measured profiles at various times has also been made 
by numerically solving the normal mode equations1. The theoretical results obtained agree with 

We thank A. Habsrstich for the use of his code. 
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FIG.8. Time behaviour of the average Te, of the integrated T{ and ofj3d both measured and deduced from 
pressure balance for the 55-kA discharge. 

the experimental measurements in the sense that only a few localized slowly growing m = 1 modes 
(growth time > 10 JUS) are found for the first 6 /us. Later in time (Fig.5) more modes are found, 
the fastest having a growth time of ~ 7 jus. Even if these modes were present in the experiment 
it is reasonable to be unable to observe them because the plasma lifetime is short (e-folding time 
of the plasma current ~ 15 us). 

We can then conclude that the observed field diffusion leads to a deterioration of the stability 
properties of the configuration, but in the case discussed the eventual instabilities which may arise 
are slowly growing and are not experimentally observed. 

3.2. Electron temperature and density (55 kA) 

Thomson-scattering measurements with radial scanning have been made to determine electron 
temperature and density as a function of space and time. The electron temperature profile 
(Fig.6) is peaked at approximately 3.5 cm at the end of the formation phase, stays peaked 
off axis for ~ 5 jus, subsequently evolves to a rather flat profile (8 /is) and then peaks on 
axis (12 /us). A sketch of the density behaviour is made in Fig. 7 showing that the initial hollow 
profile decays into a flat one after about 10 /us. The line density is about 75% of the filling value 
at the end of the formation phase and increases in time reaching at ~ 8 us the value corresponding 
to full ionization. The electron temperature averaged on the plasma density stays almost constant 
a t~6eV(F ig .8 ) . 

With the assumption Te = Tj (see Section 6) it is possible to determine the /3# which is also 
shown in Fig.8 together with the one deduced from the magnetic fields assuming pressure balance 
(p.b.). Worth pointing out is not only the agreement between the two independent measurements 
but also the behaviour in time. Both curves show a clear increase of fy. The configuration then 
evolves to an unstable one (at least from the ideal MHD point of view), in agreement with the 
stability analysis previously discussed. 

3.3. Results for higher current discharges 

The magnetic field profiles for the 65-kA discharge are shown in Fig.9 just before the insta
bility is experimentally observed. The results of the ideal MHD stability analysis are also shown. 
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FIG. 9. Pressure and magnetic field profiles for the 65-kA discharge at t = 2.6 us; also shown is the growth rate 
fy) as function ofk for the m = 1 mode. 

We see that the unstable modes predicted by the ideal analysis are at high wavenumbers and have 
growth times of many tens of microseconds. The stability analysis earlier in time shows complete 
stability. From this it is possible to conclude that the experimentally observed behaviour cannot 
be explained on the basis of ideal MHD and that other effects (e.g. resistive phenomena) could be 
important. 

At 150 kA a fast diffusion of the BQ field is observed in the early stages of the discharge 
which leads to profiles with the pressure peaked on axis. Figure 10 shows the profiles at 3.2 jtxs 
from the start of the current. The configuration analysed for MHD stability shows fast-growing 
modes in agreement with the experimental observations. In particular, the measurements of the 
field radial component can be interpreted as a n r a = l instability with k = 20 - 4 0 m_ 1 . 

For the more compressed discharge at 120 kA we observe that the importance of dynamic 
effects during the first microseconds (~5 /xs) makes it difficult to distinguish between instabilities 
and lack of equilibrium. In particular, the stability analysis of the measured magnetic field profiles 
is not reliable during this time. On the other hand, measurements of the field radial component 
are consistent with the. presence of an m = 1 mode with k ~ 40 m"1. After this inital phase we 
observe a more reproducible behaviour with diffuse profiles and the measurements are more 
reliable. Figure 11 shows the density profile from laser scattering measurements at various times 
during this phase. We see that diffuse profiles are present and that the average density is in this 
case about half the filling density. Figure 12 shows the average electron temperature and the 
00 (assuming Te = Tj) deduced from the scattering measurements. Figure 12 also shows the j3g 
deduced from the magnetic field measurements assuming pressure balance. Good agreement is 
seen between the two independent evaluations of 0Q. We note that the |% values are ~0.5 during 
the time interval shown and this is consistent with the relatively quiet behaviour observed after 
the wall contacts. 
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FIG. 10. Pressure and magnetic field profiles for the 150-kA discharge at t = 3.2 JJS; also shown is the growth 
rate (y) as function of k for the m = 1 mode. 
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FIG. 11. Electron density profiles for, the 120-kA discharge, at various times, measured by laser scattering. 
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FIG.12. Time behaviour of the average Te, of the integrated T{andof$e both measured and deduced from 
pressure balance for the 120-kA discharge; also shown is the electron temperature computed accounting for 
4% of oxygen impurity. 

4. ENERGY BALANCE AND LOSSES 

Details of these measurements have been reported elsewhere [11]. Figures 13 and 14 show 
the results of energy behaviour for the 55-kA and 120-kA discharges, respectively. 

From Fig. 13 we see that the main energy input is from the Z circuit and that at the end of 
the formation phase the total energy input overcomes just 20% of the total energy inside the tube, 
which subsequently decreases in time. Furthermore, the energy oscillations appear as an amplifi
cation of those of the energy input due to the volt-seconds behaviour (see Section 5). This close 
interaction can be explained by the fact that the circuit characteristic time is of the same order 
as the Alfven time [ 1 ]. Moreover, we note that the magnetic energy decreases, whereas the plasma 
energy stays roughly constant for the time of observation, indicating a balance between heating 
and loss mechanisms. 

The nature of these loss mechanisms has been investigated both by simulating the plasma 
with a 1D-MHD computer code (Hain-Roberts code including electrical circuits) and by evaluating 
the amount of impurities present in the plasma. The results of the computer simulation, in which 
only classical transport coefficients.were used, are also shown in Fig. 13. There is reasonably good 
agreement (also in the radial profiles) with the experimental results, indicating that classical 
behaviour can explain the observed time evolution of the discharge. Furthermore, the oxygen 
impurity content has been evaluated by measuring the 4590.9 A O i l line intensity corresponding 
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FIG.13. Time behaviour of the energy input at 55 kA from the Iz(WziN), and BJWQJ^) circuits; also shown 
is the total energy input (Ww), the total magnetic energy inside the tube (WB) and the plasma energy from 
pressure balance (W„fo b J and from laser scattering. The dashed curves refer to MHD computations. 
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FIG.14. Time behaviour at 
(WB) and the plasma energy 

120 kA of the total energy input (W^), the total magnetic energy inside the tube 
(Wp) both from pressure balance and from laser scattering. 
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mWb 

FIG. 15. Volt-seconds and poloidal flux linked with the plasma current as a function of time for the 55-kA 
discharge. 

to various small additions of oxygen. Less than 0.5% of oxygen was found for this discharge 
condition. Because of the low impurity concentration and relatively low electron temperature, 
impurity radiation losses are in this case negligible. 

At high current, substantially different behaviour is observed (see Fig. 14). First of all, the 
energy input, after the crowbar, decreases in time; in other words, energy is flowing from the 
plasma to the external circuit, and the role played by impurity radiation can then be very important. 
In fact, measurements of the amount of oxygen impurity, using the technique previously described, 
indicate that a large amount (about 3—4%) of oxygen is present, probably due to plasma-wall 
interactions. This amount can explain the observed plasma cooling and the measured decrease 
in the electron temperature. In Fig. 12 is also shown the time dependence of the electron tempera
ture obtained by calculations [12] on the balance of Ohmic heating and impurity radiation losses 
in the corona model approximation, with 4% of oxygen and classical resistivity. 

5. VOLT-SECONDS 

An indication of the efficiency of the inducing circuits can be obtained from comparison 
between the volt-seconds [/Q V Z dt] applied along the quartz torus and the poloidal flux 
[2WB0/Ip] inside the quartz linked with the toroidal plasma current [11]. 

For the stable discharge (Fig. 15) the volt-seconds at the end of the setting-up are just ~1.5 
of the linked poloidal flux, which demonstrates a convenient aspect of the RFP discharge. A 
peculiar feature of this experiment, as previously observed, is the oscillating behaviour of the 
volt-seconds after the crowbar application. 

For the 120-kA discharge (Fig. 16) the behaviour does not differ from the stable case so far 
as the ratio between the volt-seconds and the linked flux at the end of the setting-up are concerned, 
whereas a decrease is observed in the volt-seconds during decay, indicating that the toroidal electric 
field reverses in the outer pinch region. This different behaviour for the two cases is due to the 
different ratio between the plasma and primary current decay time. 

It seems important to note the general indication of the relatively small volt-seconds con
sumption in non-inductive phenomena during the setting-up of the RFP configuration. 
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FIG. 16. Volt-seconds and poloidal flux linked with the plasma current as a function of time for the 120-kA 
discharge. 

6. ION TEMPERATURE RESULTS 

o 

The ion temperature has been measured by Doppler broadening of the 4686 A line of the 
He-II [13]. A gas mixture of 80% H2 and 20% He was used. The spectrometer receives the 
plasma light through a system of seven holes crossing the shell. A polychromator system is not 
available at present and to obtain the line profile we have to detect the signal at various X from 
different discharges. Apart from this correlation problem, other effects on the measured profile, 
mainly the Stark, fine-structure and instrumental broadening, have to be considered and the results 
were obtained taking these into account. 

Due to the very low level of the signal, the space-resolved measurements gave unreliable 
results, and only integrated measurements are reported in spite of some uncertainty in the 
meaning of the obtained Tj, which represents an average only if the radial distribution is almost 
flat. 

Figure 8 shows the results at 55 kA. In this case the reproducibility of the signals was good; 
on the other hand, the error in evaluation of the Stark broadening effect can be very large so that 
the obtained value can be affected by a total error of about 50%. As shown, the values, still with 
the reported uncertainties, seem to be in good agreement with the temperature obtained both 
with laser and magnetic probes and indicate energy equipartition. 

Figure 12 shows the results at 120 kA. In this case the correction due to Stark broadening 
is not important but there is poor reproducibility of the discharges. Figure 12 shows only the 
results at times in which the signals at each A show a better reproducibility. The results seem to 
agree better with the peak values of the measured electron temperature than with the 
average values, so we cannot say whether or not equipartition has taken place. 

7. NEW ARRANGEMENT OF THE EXPERIMENT 

A modified version of the experiment is now in operation with a different arrangement of 
the connections between the bank and the toroidal load. As a result, the characteristic times of 
the primary circuits have changed and are, in vacuum, T/4 = 5.6 /xs for the Bz circuit and 
T/4 = 8.8 us for the I2 circuit (under the previous conditions they were 0.85 and 1.7 /us respect
ively). The decay times have also changed by approximately the same factor. These conditions 
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FIG. 17. Behaviour of a RFP configuration with spontaneous field reversal in the d, Z plane. 

have been realized in order to investigate the relevance of the time scale of the setting-up phase 
to determine if, with a primary circuit decaying slower, it is possible to observe stable decaying 
plasmas for longer periods and to attempt better understanding of the different heating processes 
during setting-up. 

The configurations analysed so far show that the reproducibility of the experimental para
meters is greatly improved. Furthermore, the oscillations affecting the circuit currents after the 
crowbar application are strongly reduced and practically negligible due to the difference in the 
circuit and plasma characteristic times. 

7.1 Preliminary results on self-reversal studies 

The modified arrangement allows reversal to be reached during the current rise and deter
mination of whether the subsequent energy input can sustain the reversal and improve the 
stability with respect to previous observations [14]. Under these conditions it is also possible 
to study the reversal phase in more detail in order to understand its nature and the associated 
energy losses. 

A few RFP obtained by natural relaxation of stabilized Z-pinch configuration have been 
analysed. With a bias field ~0.05 T and current up to 85 kA, the initial Z-pinch has a com
pression ratio ~ 2 — 2.5 and the spontaneous reversal of Bz in the outer pinch regions is attained 
before the current maximum. A poorly reproducible and possibly not axisymmetric phase 
follows for a few jus; afterwards both the reversed Bz and the toroidal flux inside the quartz 
decay continuously to zero in 25—30 jus. A similar decay time has been observed for the magnetic 
energy of the configuration. During all the observation time the toroidal flux up to the crowbar 
point is a very good constant. These preliminary observations seem to indicate that the life of 
the obtained RFP configuration is limited by field diffusion. 

In Fig. 17 the behaviour of a typical RFP configuration produced by spontaneous reversal 
is described by the parameters 6 = Bg wajj /B z and Z = Bz wajj /B7 . 
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8. CONCLUSIONS 

Experimental conditions under which RFP plasmas produced by fast field programming in 
Eta-Beta decay without instabilities have been determined. 

The limits found for a stable configuration are essentially those imposed by MHD theory 
[7] except for the limit on the current amplitude. On the other hand,similar experimental con
straints have been observed elsewhere [2]. Under these conditions, both direct measurements 
of the j3fl and the ideal MHD analysis indicate a deterioration in time of the stability characteristics. 
Yet instabilities are not experimentally observed either because of the short plasma lifetime or, 
possibly, because of stabilizing dissipative effects relevant at low temperature. MHD computations 
with classical transport coefficients are adequate to describe the observed plasma time behaviour, 
and classical thermal conduction seems to be the main loss mechanism. On the other hand, a 
small impurity content has been measured and the associated energy losses are negligible. 

The ideal MHD analysis is able to account also for the instabilities of the higher current 
discharges (150 kA), whereas for the intermediate case (65 kA) there is no agreement between 
the prediction of the ideal theory and the experimental unstable phase. 

The studies of the energy balance in the stable case result in good agreement with direct 
measurements of density and temperature. For more compressed discharges a high impurity 
concentration, due to plasma-wall interactions, is measured and the associated energy losses can 
account for the following observed behaviour of the energy and electron temperature. Good 
utilization of the applied volt-seconds is generally observed for a programmed RFP. 

Ion temperature measurements have been made and their reliability has been discussed; in 
particular, the results for the stable discharge indicate energy equipartition with the electrons. 

Preliminary results on RFP produced by spontaneous reversal, in a modified version of the 
experimental device, support the possibility of also obtaining in this way configurations with a 
quiet decay. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 3 

F.L. RIBE: Is confinement equally good with programmed reversal and with self-reversal? 
G. MALESANI: We cannot yet make a meaningful comparison, because different arrangements 

of the ETA-BETA device were used for the two kinds of experiment. 
F.L. RIBE: I understand that programmed field reversal was run on the fast machine and 

self-reversal on the slow machine. Is that correct? 
G. MALESANI: Yes. I might point out that it was not only the characteristic times of the 

machine which were changed (by a factor of 6); the circuit oscillations, too, proved to be less 
important in the slower condition. This is a difference which could affect pinch confinement 
among other things. 

R.S. PEASE: Could you say more about the experiments in which the filling gas pressure 
(or the gas type) was varied? 

G. MALESANI: The figure given for the upper limit on the P/Po compatible with a stable 
reverse-field pinch configuration is based on a relatively small number of discharges with hydrogen 
pressure different from the usual 40 mtorr; therefore, the scaling we referred to has to be taken 
as indicative. We have never changed the type of filling gas. 

H.A.B. BODIN: You mentioned impurity measurements in driven reverse-field discharges. 
Do you have any comparative data for discharges with self-reversal? 

G. MALESANI: A comparison is not yet possible because only very preliminary observations 
of the impurity lines emitted by self-reversal reverse-field pinches have been made. However, 
there is evidence, from the few discharges so far analysed, that the reversal phase is associated 
with an appreciable increase in the intensity of the monitored oxygen lines. 
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Abstract 

REVERSED-FIELD PINCH EXPERIMENTS ON TPE-1. 
The reversed-field pinch (RFP) configurations on TPE-1 are set up by fast programming of the coil currents, 

and experiments have been successfully carried out to establish the techniques for obtaining and maintaining 
MHD-stable RFP. The stable equilibria are characterized by hollow pressure profiles having typical RFP field 
configurations with observed beta value of 20—30%. 

1. INTRODUCTION 

A series of toroidal pinch experiments on TPE-1 [1] and theoretical work [2] have revealed 
that MHD kink stability does not exist due to toroidal effect in the regime of q < 1 (optimum 
q = 0.75) and |3 = 20% of the toroidal screw pinch with the force-free and constant pitch field 
outside the plasma column which was stabilized in the small toroidal experiments at Jutphaas [3]. 
This was also theoretically shown to be stabilized in the linear case due to the periodic 
condition [4]. In the high q regime (q > 1), the screw pinch was stably confined by special 
programming of external currents on TPE-1 [1 ]. 

However, in this so-called high-beta tokamak, the beta value might not be more than several 
per cent even if plasma is produced by fast pinch unless we have a fat torus (beta value may be 
limited to ~ 10%) or an extremely non-circular torus (stability is not clear). 

The MHD-stable reversed field pinch (RFP) is realized experimentally and theoretically with 
a high beta value (30-40%) and a higher current (q < 1, Bz = B#) than a tokamak [5]. In 
comparison with tokamak and theta-pinch reactors, the RFP is considered to lead to a favourable 
reactor scheme, so far as magnetic energy utilization and technical aspects are concerned, owing 
to its physics characteristics (MHD stability in high beta, low q, high current density, free aspect 
ratio, etc.). 

The RFP configuration on TPE-1 (R/a = 40/5.8 cm; I z p = 40-150 kA rising in 3.8 fxs) is set 
up by fast programming of the coil currents. (A detailed description of TPE-1 is found in 
Refs [1] and [6].) First, the bias Bz field is applied. The plasma is pre-heated by high-frequency 
Z pinch (800 kHz, 40 kV) followed by slow Z pinch rising in 8 /xs (~ 5 kA, tdecay ~ 20 MS). At 
the appropriate value of bias B z , the main Z discharge precedes the main 6 discharge which reverses 
B z . This time delay (5tz-0) and the value of reversal ratio, |BZ w au/B z centre!, are important in 
forming a stable configuration. Both currents are crowbarred at their maximum where stable 
configuration is almost formed. The time duration of the flat top of the Z coil current is about 
30 us; Z current decays rapidly according to the circuit constant. Experimental and electrical 
parameters of RFP on TPE-1 are described in Tables I and II; Fig.l shows a typical example of 
the waveforms of the electrical quantities. 
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TABLE I. PARAMETERS OF RFP 
EXPERIMENT ON TPE-1 

10-60 mtorr of He, D2 gas 

40-130 kA rising in 3.8 /us 

0 -1 /us 

1.5-2.5 kG 

IBZW/BZCI= 1/10-1/3 

Aspect ratio R/rs = 40/5.8 (cm unit) 

TABLE II. ELECTRICAL PARAMETERS OF CAPACITOR BANKS ON TPE-1 

Preionization: 

Fast Z pinch 

Slow Z pinch 

Slow Bz 

Fast Bz 

Fast Iz 

Slow I7 

(power crowbar) 

Energy 

300 J 

8kJ 

120kJ 

lOOkJ 

40 kJ 

12 kJ 

Voltage 

40 kV 

5 kV 

5 kV 

40 kV 

40 kV 

5kV 

Peak value 

~ 5 k A 

~ 15 kA 

4kG 

2.0 MA 

200 kA 

100 k A 

Rise-time 
(frequency) 

~ 800 kHz 

~ 10/is 

lOO/us 

3.9 MS 

3.9 MS 

3 0 MS 

Decay time 

~ 3 M S 

~ 2 5 M S 

~ 1 0 0 MS 

~ 4 0 M S 

~ 4 0 M S 

-

2. EXPERIMENTAL RESULTS AND DISCUSSION 

The experiments were undertaken in a wide range of electrical parameters; I z p = 40—130 kA 
(with filling gas pressure 30—60 mtorr of helium), = 50—150 kA (10—50 mtorr of deuterium), 
5tz_0 = 0—1 p.s; Bz bias = 1-5—2.5 kG and the field reversal ratio ( ^ = |BZ waii/Bz centrel = 

1/10-1/3). 
The grossly stable RFP experimentally obtained was confirmed by the plasma current wave

form with a Rogowski coil, the constancy of Bz flux over cross-section 

$ = 27r / Bz rdr 

0 

with a coil wound round the bore of the torus, streak picture, plasma current centre motion with 
a set of four search coils, the locus on F-0 diagram (F = Bz waii/(Bz>, © = B# wauABz>) and the 
time history of the magnetic field configurations (Bz (r,t), Be (r,t)) by magnetic probes. The 
plasma parameters of the stable RFP were measured by laser scattering for T e(r, t) and n e(r , t ) , 
with a laser interferometer for line density (ne 2), and from broadening of He-II 4686 A and 
3203 A lines for Ti (r,t) by spectroscopy. 

Po 

5tz.e 

"7. bias 

Field reverse ratio, 0 
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( a ) ( b ) 

NO. 9675 

B.F.M. 

FIG.2. F-® trajectory of TPE-1 fast programmed stable RFP. (a) He 50 mtorr, Ip ~ 80 kA, bias field ~ 2.4 kG 
and 8t 2.9 ~ 0.5 /xs; (b) D2 45 mtorr, Ip ~ 77 kA, bias field ~ 2.4 kG and 6rz_e ~ 0.6 us. (Times in us.) 

MAGNETIC FIELD CONF-IGURATION 

( B e ) 

He 50 mTorr Ip 77 kA 

Bbias 2.AkG 

Ve 13.7kV r ' 

Bt 0.4-0.6 

6.0 cm 

MAGNETIC FIELD CONFIGURATION 
(Bz) 

He 50 mTorr 
B bias 2.4 kG 
V9 13.7 kV 
ID 77 kA 

6t 0.4-0.6 

6.0cm 
FIG.3. Magnetic field configurations (B@ and Bz) obtained by magnetic probe 
measurements show the stable RFP configurations. 
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FIG.4. Time histories of radial profiles of Te 

measured by laser scattering, (a) - (dj He 50 mtorr, 
Ip ~ 80 kA, bias field ~ 2.4 kG and 
dtzj~ 0.5 (is; (ej D2 45 mtorr, Ip ~ 77 kA, 
bias field ~2.4 kG and 8tZ4~0.6 /us. 

The grossly stable RFPs were realized with a duration of about 20 us. These quite stable 
RFP configurations are produced after several microseconds of the early stage of fast current-
rising. The stable equilibria are characterized by hollow pressure profiles having a toroidal 
stabilizing field inside the plasma whose direction reverses in the outer region of the plasma column. 
These typical RFP equilibria with high beta (20-30%) are close to the stable equilibrium theoreti
cally predicted. The typical example of stable RFP equilibrium obtained experimentally on TPE-1 
is as follows: the plasma current is 80 kA with filling gas pressure 50 mtorr of helium, and the 
initial bias field is 2.3 kG; in the quiescent stable phase the electron temperature rises over 
25 eV from several eV; the ion temperature goes up to ~ 20 eV following that of the electron; 
the electron density is almost constant ( 4 - 6 X 1015/cm3) in this phase. The field reversal ratio, 01, 
is 0.13-0.17 and the reversal point, r0 /rw (Bz(r0) = 0), is 7 /8-3/4 . No gross instability is observed 
and the beta value does not decay, but rather goes up over the stable phase. After the stable phase, 
plasma quantities (Te ,Tj,ne) and field configurations come to decay. In order to set up and 
maintain a MHD-stable RFP, the control of reversal ratio ^%, reversal point r0 /rw , and 5tz.# is 
very important. The first and second are connected with the wall stabilization to the ideal and 
tearing MHD instabilities, while the third gives the measure of the trapping and conservation of 
flux, <I>, and then also has an important effect upon the MHD instability. These facts agree with 
the theoretical predictions. The plasma behaviour in the typical stable cases is seen in Figs 2 - 5 
for both helium and deuterium gases. 
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FIG.5. Time histories of ne measured by laser interferometer, (a) He 50 mtorr, Ip ~ 80 kA, bias field 
~ 2.4 kG and 5fz.e ~ 0.5 lis; (bj D2 45 mtorr, Ip ~ 77 kA, bias field ~ 2.4 kG and 8tz.e ~ 0.6 us. 
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FIG. 6. An example of computer simulation calculation based on 2-fluid model with neutral particles. D2 30 mtorr, 
/p ~ 50 kA, i>eff ~ cop,, ct (degree of ionization) = 0.1, K0 (anomaly factor) = 20. 
(a) Time history of radial distributions ofne and nn. 
(b) Radial distributions of Te and T\att = 10 us. 
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Here, some comments should be added on the experimental results. In Fig.4 we can see a 
notable change in Te distributions from the 8-/us to the 15-yus case. There might be some internal 
turbulence and it relaxes the Te distribution. However, in this period we cannot see any macroscopic 
instability, for example, in the streak picture,and the whole plasma behaviour does not change 
strikingly. But after about 15 jits, a rapid flattening and decay of Te distribution is caused by the 
decay of Bz configuration due to the decay of Bz at the wall to zero value at 15—20 /is according 
to the external current decay. Figure 2 shows F-0 diagrams of both helium and deuterium gases. 
The locus on the F-0 diagram of the helium case is remarkably gentle. In comparison with the 
self-reversal case, the locus in the case of externally programmed RFP like this is very different; 
it goes over to a much higher beta regime (larger 0 value). The time history of nC measured by 
laser interferometer (Fig.5) shows the characteristic difference between helium and deuterium 
gases due to the difference of ionization. In deuterium, nfi goes up more gradually to maximum 
value than helium. This is also shown by the computer simulation calculation. In general the 
discharge in deuterium gas is quite different from helium gas, and the induced plasma current 
produced is about 20% larger under the same operational conditions as for helium gas in the range 
of 60—80 kA of plasma current. There have not, so far, been very many parameter studies of the 
deuterium gas case on TPE—1. However, we have been doing intensive computer simulation 
calculations for this case, based on the two-fluid model with various kinds of transport coefficients 
and neutral particles for comparison with the experimental results and especially for the guiding 
principle of experiments (Fig.6). 

In conclusion, RFP experiments on TPE—1 have been successfully carried out for obtaining 
a grossly stable RFP by fast field programming and for establishing techniques to maintain it. 
We can obtain MHD-stable RFP in a range of plasma current 50—80 kA if we choose the optimum 
values of £%, r0 and 5tz.0 by appropriate control of external current programming. 

After improvements in the device in which the time duration of the flat top of the z current, 
the decay time of the 8 current and the bore of the discharge tube are to be doubled, a much 
longer confinement time is expected; and the scaling law of the confinement in RFP on TPE—1 
has yet to be established. Preliminary design calculations are also being studied for the next large 
experiments on RFP (T = keV; n = 2 X 1015/cm3; r = 10 ms; j3 = 30%) in which normal tokamak 
and RFP are to be combined. 
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Abstract 

NON-CIRCULAR CROSS-SECTION SCREW-PINCH EXPERIMENT ON TPE-la. 
TPE-la is a slow screw-pinch device with D-shaped cross-section and metal shell. After implosion, slow 

outward drift, inward drift and axial contraction, the plasma settles in the quasi-steady equilibrium state, in which 
the safety factor, the half-axis ratio and the displacement of plasma are almost constant and the beta value varies 
slowly. A high beta (>5%) plasma is maintained for more than 30 fis. No gross instability is observed. It is found 
that the elongation of the plasma varies significantly as the filling gas pressure. The plasma column is surrounded 
by the force-free current and the magnetic field configuration is a typical screw-pinch type. 

A higher beta value is expected in an axisymmetric toroidal plasma with non-circular cross-
section than in the case of circular cross-section. The non-circular screw-pinch device, TPE-la, 
is a slow screw pinch with a vertically elongated cross-section and has the following characteristics: 

(1) Plasma equilibrium is maintained by a metal shell. The force-free current is expected 
to be induced outside the plasma column and leads to stabilization of the gross kink modes. 
Moreover, positional instability is avoided. 

(2) The cross-section of a discharge chamber (and of the metal shell) is D-shaped. The 
D-shaped cross-section is preferable for suppressing the internal modes. 

The experiments were carried out mainly to study the relaxation processes from the implosion 
stage to the quasi-steady equilibrium stage. Some parameters of the plasma were also determined 
in the steady state. 

EXPERIMENTAL APPARATUS 

The schematic of TPE-1 a is given in Fig. 1. The discharge chamber is a single fused quartz 
tube with D-shaped cross-section. The maximum inner diameter, length and major radius of the 
chamber are 12 cm, 77 cm and 13.5 cm, respectively. A copper shell 1.5 mm thick covers the 
discharge chamber. Toroidal magnetic field and plasma current are induced by a helical coil, 
which is connected to a capacitor bank of 60 kJ. The maximum toroidal field of 4 kG and plasma 
current of 200 kA are generated with rise-time of 19 JUS. A toroidal bias field up to 580 G can be 
supplied to control the initial beta value of the plasma. Preionization and preheating are provided 
by r.f. discharge of 10 MHz, 4 kW and a ringing capacitor discharge (~2kJ). 

EXPERIMENTAL RESULTS 

The waveforms of the primary discharge current and the toroidal plasma current are shown 
in Fig.2. The plasma current decays with a time constant of 40 fxs, while the toroidal magnetic 
field remains almost constant during this period. The streak picture is taken axially and is shown 
in Fig.3(a). After implosion and subsequent radial oscillations, the plasma approaches the 
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metal shell discharge chamber 

helical coil return coil 

FIG. 1. Schematic of TPE-la. 

FIG.2. Waveforms of primary discharge current (upper) and toroidal plasma current (lower). 
Upper: 40 kA/div: lower: 40 kA/div (10 psjdiv). 

equilibrium position. The position of the magnetic axis measured with a magnetic probe is 
shown in Fig. 3(b) and agrees with that of the plasma from the streak picture. The relaxation 
processes are studied From axial and radial magnetic probe measurements. At the implosion 
stage, the plasma is strongly compressed in the radial direction, while no axial compression is 
observed. Therefore, the plasma is more elongated vertically than the discharge chamber. After 
the implosion stage, the plasma drifts outwards and reaches the maximum displacement position 
at 10 us. After this stage, the plasma drifts inwards and contracts axially as shown in Fig.4. 
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FIG. 3. (a) Streak picture; (bj motion of magnetic axis in the medium plane. 
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FIG. 4. Time evolution of$, e, q for 50 mtorr of He. 

This stage terminates at 20 fj.s. Then follows the stage of no significant changes of the position 
and the cross-section of the plasma follows (quasi-steady equilibrium stage). The radial 
displacement of the plasma is less than 1.5 cm and no positional instability is observed. Figure 4 
shows the time evolution of the half-axis ratio e, the safety factor q on the plasma surface, and 
j3 on the magnetic axis for 50 mtorr of He. These quantities decrease rapidly before the quasi-
steady equilibrium stage is reached (~20 us) and thereafter are almost constant. The beta value 
is higher for lower filling gas pressure P and is more than 10% for P = 20 mtorr and t = 20 /is. 
Rapid decrease of e means strong axial contraction of the plasma before the quasi-steady 
equilibrium stage. Moreover, e varies significantly as P and is smaller for higher P (e = 5, 3.5, 
2.5 for P = 20, 50, 100 mtorr of He). It is interesting to note that no axial contraction is 
observed and e is much larger (~ 10) below P = 15 mtorr. The electron temperature and the 
electron density are typically 5 eV and 1.5 X 1015/cm3 at 20 jus. 
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FIG.5. Radial profiles of the toroidal and poloidal magnetic fields. 



475 

INNER 
WALL 

OUTER 
WALL 

FIG. 6. Example of magnetic field configuration produced by force-free current surrounding the plasma column. 

Figure 5 shows the radial profiles of the toroidal and poloidal magnetic field on the medium 
plane. These profiles have the following characteristics: (l) 'The plasma current flows almost 
uniformly inside the discharge chamber. (2) The poloidal field near the inner wall is stronger 
than that near the outer. (3) The paramagnetism of the toroidal field is observed over the 
discharge chamber, while the plasma diamagnetism is observed in a narrow region and lasts for 
about 30 JUS. (4) The point of Bp = 0 agrees with that of the minimum rB t , which ensures the 
plasma equilibrium. This field configuration is interpreted in terms of force-free current 
surrounding the plasma column. Figure 6 shows the field configuration calculated from a^ode l 
of the infinite annular plasma and the surrounding force-free current confined between the two 
infinite concentric conducting cylinders(HOEKZEMA, J.A., SCHUURMAN, W., Rijnhuizen Rep. 
73-78(1973)) . 

The calculated results agree qualitatively with the configuration shown in Fig.5. The safety 
factor q decreases towards the periphery and a typical screw-pinch configuration is expected. 
Calculation shows that q on the wall is as small as one-fifth that on the plasma surface. Figure 4 
indicates that q on the plasma surface is about 2.5; therefore, q on the wall should be about 0.5. 
To be more exact, the finiteness of the plasma length should be considered. 

CONCLUSION 

The gross stable and high-beta (~5%) plasma is maintained in a D-shaped discharge chamber 
for more than 30 us. The elongation of the cross-section of the plasma is smaller than that of the 
discharge chamber in the quasi-steady equilibrium stage. The axial contraction is stronger and the 
half-axis ratio is smaller for higher filling pressure. The plasma is surrounded by the force-free 
current, as expected. Calculation suggests that the magnetic field configuration is a typical screw-
pinch type. 





DISCUSSION 

ON PAPERS IAEA-CN-35/E 4A AND E 4B 

S. ORTOLANI: Have you tried, in the reverse-field experiments, to use hydrogen or deuterium 
as filling gas instead of helium? If so, have you noticed any difference in the conditions compatible 
with stable decay? 

T. TAMARU: Yes, we tried recently to use deuterium as filling gas. The properties of the 
deuterium discharge are rather different from those of the helium discharge; for the same applied 
voltage, one gets with deuterium, for instance, a relatively strong z current. Accordingly it will be 
important, if we wish to find a stable reverse-field pinch configuration, to carry out a thorough 
parameter study at the outset. So far our experiments have been preliminary, but there are indica
tions that it may be possible to obtain a stable configuration. 

H.A.B. BODIN: You mentioned a larger reverse-field pinch experiment that is being planned. 
Do you intend to set up the configuration by natural "self-reversal" or by driven applied reversal? 

T. TAMARU: By driven applied reversal. 
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RELAXATION OF TOROIDAL DISCHARGES 

J.D. JUKES 
Culham Laboratory, Abingdon, Oxon, 
Euratom/UKAEA Fusion Association, 
United Kingdom 

Abstract 

RELAXATION OF TOROIDAL DISCHARGES. 
A generalized energy principle is derived, based on the invariance of a volume integral K, rather than perfect 

plasma conductivity, and to include finite plasma pressure. It is found that the permissible ('special') equilibria 
are a subset of those allowed in ideal MHD. Moreover, finite pressure severely restricts the possitilibity of 
symmetric configurations. Thus axisymmetric, toroidal discharges, such as tokamaks and pinches with weak but 
finite pressure, are shown not to exist within the special equilibria. An integral function is derived to permit the 
further study, by variational methods, of the stability of the special equilibria to perturbations which are 
K-invariant. A physical mechanism is proposed in outline for self-generated field reversal in pinches. Initially, 
a kink instability of a strongly pinched column generates a helical deformation. Tearing of the flux surfaces due 
to plasma resistivity permits independent flux tubes to arise, each with its own enclosed magnetic axis and 
longitudinal current I. A transverse elongation of a flux tube can occur, driven by the release of MHD energy. 
This amplifies I which is aligned approximately along the helix, corresponding to the original undeformed field 
lines. The magnetic field induced by I tends to reverse the direction of the axial field in the outer regions beyond 
the helix, although non-uniformly. Finally, the flux surfaces rejoin into a more symmetric configuration of lower 
energy by a process which appears as a time-reversed tearing mode of instability accompanied by a reduction in 
the number of magnetic axes. 

1. Introduction 

A theory[l»2] of the relaxation of toroidal discharges proposed by Taylor 
proved remarkably successful in providing a mathematical prescription for the 
equilibrium states of imperfect plasma, although limited to strictly zero 
pressure. Most striking was the prediction of the reversal of part of the longi
tudinal magnetic field found in experiments. 

We have now generalized the energy principle of ideal mhd^J by similarly 
rejecting the assumption of perfect conductivity for the plasma and substituting 
the invariance of the volume integral function of the flux K used by Taylor.11J 
It is known that this relaxed constraint permits the topology of the magnetic 
flux surfaces to change so that lower energy states become accessible. This 
gives a clue as to the physical mechanism of self-generated field reversal. 

Our present treatment now includes arbitrarily strong plasma pressure. The 
permissible equilibrium states are found to be a subset of those allowed in 
ideal mhd and are therefore called 'special equilibria1. A finite plasma 
pressure, even when relatively weak, has important implications for real con
figurations. It is shown, for example, that the imposition of certain symmetries 
on the special equilibria is very restrictive. 

An integral expression for the perturbed potential energy is derived which 
is quadratic in a single perturbed vector quantity and therefore may be used in 
principle to analyse the stability of the special equilibria by analogy with 
ideal mhd.[3,4] Finally we outline a physical mechanism by which the self-
generated field reversal may occur. 
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2. Generalized Energy Principle 

In generalizing the energy principle of ideal rnhd^J to a slightly imperfect 
plasma we reject the equation of perfect conductivity 

E + v X B = 0 (1) 

and adopt instead Taylor's hypothesis'- *•! of the invariance of the volume integral 

K = / dT A.B (2) 
v 

taken over the entire volume V within a tube with perfectly conducting walls. 
We assume the plasma displacement J, is free along B and its velocity is 
E x B/B2 across B , so that 

E X B • /• 9 \ I-v-.—r'+fB, {
K = ̂ J (3) 

where E and B_ are the electric and magnetic fields, B = curl A and v is 
the plasma velocity. It should be noted that whereas all solutions E which 
satisfy Eq. (1) also satisfy Eq. (3) the reverse is not true, since Eq. (3) does 
not impose the constraint E.B = 0 . 

The remaining equations used are those of an isentropic, compressible fluid, 
as in ideal mhd,'-^ 

dE = 02.ifi (4) 
dt p dt 

and dp , ,. , _,. 
-f- + p div v = 0 (5) 
dt — 

\dt dt - J 

where p , p are the plasma pressure and density and y is the ratio of 
specific heats. In adopting Eq. (4) we assume that electric dissipation provides 
negligible plasma heating on the fast time scale of an instability. The E 
field may be expressed as 

E = Vx - A (6) 

consistent with B = curl A , div B = 0 = div A , etc. 

The equations (2) to (6) form the basic set which will be linearized about 
an assumed steady (or equilibrium) state given suffix zero. The perturbations 
are denoted by B , etc., thus B_ = B0 + B , etc.; however EQ , vp will be 
neglected. The rate of change of the internal energy of the system including 
magnetic field and plasma is given by[3] 

W - & / dr M¥ , +^l -I^W*^} 
In evaluating the volume integrals we assume the plasma is in electrical contact 
with a perfectly conducting wall. The boundary conditions are therefore 
n X E = 0 , n.JJo = 0 , n.ji = 0 , n.J = 0 , where n is the vector normal 
outwards to the wall/plasma surface. Using these conditions certain volume 
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integrals vanish when converted to surface integrals. From the invariande of K 
we have to first order in perturbed quantities 

0 = K C 1 ) = 2 / dT A.B (8) 
o 

therefore W = W - — K , where X is an arbitrary constant, so 

B X Vp ~ • / B X Vp Vi 
W d ) = J d r | A . [ c u r l B o - X B o - B_2 " j + £ B Q .Vp o - X div ^ B} »Jj 

v 

B X Vp 
da n. | c u r l B - --° 2" | l (9) 

o 

Since A , f and x m ay each be arbitrary and independent the conditions 
necessary and sufficient for equilibrium Wv1) = 0 are 

B X Vp 
curl B = j = XB + ° „ , — — (10") 

-o _o -o B 2 
o 

B .Vp = 0 (11) 
—o o 
• B X Vp 

div [ ° , ° j = 0 (12) 

Equilibria defined by Eq. (10), (11) and (12) are a subset of those permitted in 
ideal mhd and likewise require closed flux surfaces. We shall call them 
'special equilibria', therefore, and return to their further properties in 
section 3. 

We now calculate the change of W accurate to quadratic order in the 
perturbed quantities, denoted by 6W(2X subject still to the constraint 6K = 0 
and to the conditions of the special equilibrium (10) to (12). It is necessary 
to calculate p and % accurately to second order and in performing inte
grations with respect to time we assume that linear terms vary as 
p(t) = p(o) est, etc. (Re s > 0) and evaluate the integrals in terms of the per
turbations at t = 0 . Note that a factor h arises when the integrand is 
quadratic in perturbed quantities ~ e 2 S t and that A X A = 0 . Thus 

(VX-A)XB [(Vx-A)XB ] ,' 2(B .6) B ' 

o o u o 
+ |S (13) 

and 0 = 6K = / d"r[2A.B + A.B] (14) 
J —o 

We introduce the perpendicular current component 

B X Vp 

B 
(15) 

and the v a r i a b l e g = Vy - A , so t h a t B = - c u r l g . Then we may expres s 
6W^2) = 6W(2) - ^ 6k ( 2 ) i n terms of two independent v a r i a b l e s g and f . Thus 

6W(2) = JdTf | c u r l g | 2 - X g . c u r l g + ( g . j ) [ d i v (gXB /B 2) + (B . c u r l £ ) / B 2 ] 
— — — — —ox — —o o - o o 

+ (g.B )[Q . c u r l g ) / B 2 + j .Vl ] + 7 p [ d i v ( g X B / B 2 ) + B . V ? ] 2 } (16) 
— —o L—OJ. _ o ^o± o _ —o o —o 
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We now minimize 6W(2) with respect to the variable I and express this 
minimization denoted 6W'2)^ as a function of g alone. The Euler equation 
for the minimizing function fg is — 

27B ,V(p B .VL) = -divG (17) 
—o o —o - E — 

where G = 2 -yp OB + (g.B ) j (18) 
— 0 — 0 — —o ±o± 

and Q = div (g X B /B 2) (19) 
— —o o 

Eq. (17) is first solved to find Bp.Vf- and then integrated a second time to 
impose the condition that l-g be single-valued. By substituting B0.VBg into 
Eq. (16) it can be shown that 

5W2 = / dr { |curl j;| -X g.curl g+ (g.± )[fl + (B .curl g)/B 2] 

+ (g.B )(j .curlg)/B 2 +7P [<n>2+2r<^-r2]} (20^ 
— —o —o± — o o 

where the operator < > is defined as a surface average on \|' = constant 

<ft> - JT^r/i-rMr . etc (21) 

\ J ^ 
where j dr = J d^ / ij??i (22) 

and 2 7 P 0 r ( f , * ) ^ J ^ - ^ . g r a d (g.BQ) \ - j M l j ^ . g r a d (g.BQ) (23) 

In (23) the line integral Jf0^ i-s taken along a field line (the starting 
point i0 is immaterial) on a surface enclosing poloidal flux >!> and we have 
used p 0 = po(\!0 .. 

To find the equivalent expression for 6W^2- for an ideal fluid (Eq. (1)) 
perturbation^^J one applies the additional constraint g.B0 = 0 and thus T = 0 
Then if g is chosen such that <Q> = 0 the minimizing displacement f 
satisfies~div | = 0 and is incompressible.l^l In an imperfect fluid,-however, 
the minimizing perturbation will generally be compressible. 

3. The Special Equilibria 

We now investigate the properties of the special equilibria defined by 
Eqs (10) (11) and (12) (dropping suffix zero when the equilibrium state is 
obvious). As a consequence of Eq. (11) we assume as in ideal mhd that the field 
lines map out closed v|/ surfaces on which p = p(^) . Expanding (12) and using 
Eq. (11) we find 

(B X V|B| ).Vp = 0 (24) 

and therefore, providing Vp 4 0 , 

(B X V | B | ) . V X | / = 0 (25) 
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Let us consider configurations with symmetries corresponding to one 
ignorable co-ordinate, such as, 

(i) axi-symmetry, where B,ty are independent of the azimuthal angle cp , as 
in a toroid with axial symmetry 

and (ii) helical symmetry, where I$,v!' are functions of p,u only, where 
u) = 9 - Qfz and p,9,z is a straight cylindrical co-ordinate system. 

Let h be a unit vector in the direction of the ignorable co-ordinate so that 
h.V|B| and h-V^ vanish by definition. Then, as a consequence of Eq. (25), 

V* X V | B | = 0 (26) 

providing h.B does not vanish. Therefore flux surfaces are also surfaces of 
constant |B| for the special equilibria in configurations with either of the 
symmetries (i) and (ii), providing only that B has a component in the direction 
of the symmetry and 7̂p does not vanish. 

Axi-symmetry is of most practical interest in toroidal systems which 
generally have a component of field in the azimuthal direction cp . Consider a 
co-ordinate system R,z , where R is the distance from the axis of symmetry and 
z is directed parallel to that axis. We assume the flux surfaces form toroids 
nested about a magnetic axis at R = RQ . The equation for the flux V(R,z) 
is^J 

3 ( d* ) , 3 2 * 
R3R V R3R/ T 3 z 2 "J, -•"•-* F (27) 

where I(v|>) = R B<p , i' = -TT , etc. 

For the special equilibria we have 

- x - i ' + £ P ' , 
(28) 

and B2 = B2(>I0 = B 2 + B 2 

where B is the poloidal field component. 

We now ask under what conditions, if any, solutions to Eq. (27) are com
patible with the special equilibria satisfying Eq. (28). We expand Eq. (27) in 
the large aspect ratio approximation in the neighbourhood of the magnetic axis 
using local cartesian co-ordinates x = R - R , z . Then Eq. (27) becomes 
approximately 

7 H - r r + ( l ' ) 2 t = - H ' - R 2 p ' - 2 x R p' (29) 
Rox o o o o o o o 
o 

(In Eq. (29) suffix zero refers to values on the magnetic axis and \|/0 = 0 .) We 
assume an expanded solution 

= = ^ 4 + r r + v x 3 + u x z 2 + . . . (30) 
y a 2 b 2 

where a,b,v _and u are determined partly by the shape of the outer flux 
surface ^ = ^ and partly by the relationships 
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. , I I + R 2 p 
1 + 1 + ° ° ^ o o , 
a 2 b 2 2\j/ 

1 R p ' 

and 3 y f ^ ? T + i r = 0 ( 3 2 ) 

o 

We calculate B2 on a flux surface as a function of i' , x using 

R 2B 2 = |Vx|iU (33) 
from which, 

R 2 B 2 1 2 21 I , 
o _ o , o o v 
4^2 4^2 4^2 ^b2 

+ X 
* ( b2 ^ , \ Id2 
= u I — - + 1 ^ p \ a 2 / 2RQVi/2 j 

cc2 I 1 1 1 
+ a2 L a2 " b 2 J 

, £3 I -J , ^ b2 |ib2 j ... >. 

By choosing a = b and u = v one can make the quadratic and cubic terms in x 
vanish. However, as ^ -* 0 , the term linear in a: remains and it is impossible 
to find any solution with |B| = |B(v|0 | alone.L6] 

It may be conjectured that mixed equilibria might exist in which p'0!>) = 0 
within some critical surface ^c(0 ^ ̂  =S ̂ c < x!0 making an inner core in which 
the special̂  condition |B| = |B(V|0 | need not apply, while in an outer region 
(\|/c < \|/ < \|r) p' is finite and |B| = |B(40 j . Equating the coefficient of x 
to zero in Eq. (34) on ^ = i>c and with p0' = 0 and u = v in Eq. (32) we find 

* I 2 a 2 

c _ o (35) 

It is obvious that: (35) and the condition v|/c < \|/ are incompatible with tokamak 
ordering in which 

I a B R 
—=— ~ —x » l } although it does not exclude a mixed pinch equilibrium. 

* Bx a 

We consi.der now a low pressure, special equilibrium in pinch ordering 
(B^ ~ B(p , 24'p'/Bro

2 « 1 , but finite) in a toroidal configuration of large, but 
finite aspect ratio. Since p'(ty) is finite we assume the conditions of special 
equilibria must apply throughout while we ignore p' compared with toroidal 
corrections in calculating approximately the magnetic surface and JB| profiles. 
The calculation is straightforward and moreover its validity is not limited to 
near the magnetic axis, but only to \x\ « R0 . The result is 

I 2 r / 2 J, J 

v[ l~r B2 = -^ (J 2 + J 2) I--7- 1 + o 
Xr(J 2 +Jj2) 

(36) 



IAEA-CN-35/E 5 485 

FIG. la. Deformation in r, d-plane due to an ideal m—1 mode of instability (hatched tube contains most 
plasma current). 

FIG.lb. Cutting and rejoining of flux surfaces along a newly formed pair of magnetic axes. 

where JD and 3X are Bessel functions of (real) argument Xr..,, and r, is the 
minor radius of the flux surface given by 

J (Xr...) = 1 - ̂  (37) 
o i 

o 

This solution corresponds to the Bessel function cylindrical model'-•'J with a 
toroidal modification inserted in Eq. (36). It is clear by inspection of Eq. (36) 
that |B| ± |B(\|/) I on any flux surface. 

Finally, we should emphasize that the condition |B| = |B(*!>) | applies only 
to special equilibria with certain strong symmetry, either axial or helical, and 
need not apply to configurations with weaker, or no symmetry. In the case of an 
axi-symmetric toroid it appears that the special equilibria cannot exist at all 
in tokamaks, or in pinches with a relatively weak and diffuse pressure gradient. 

4. Mechanism of Field Reversal in Pinches 

(i) At t = 0 the discharge is in an axially symmetric pinched state with 
IJ = B(r) only and Bz unidirectional. We suppose this state is unstable to the 
growth of a perturbation proportional to cos (m6 + kz), most probably an ideal 
mhd mode with m = 1 . 

(ii) For t > 0 the amplitude of the helical perturbation grows as the energy W 
decreases. Finite resistivity in the plasma permits a change in topology by 
cutting and rejoining the helically deformed flux surfaces with the formation of 
a pair, or pairs of magnetic axest'J of 0- and X- type, as has been confirmed 
by numerical simulation.[8] (fig. la,b) This permits the detachment and growth 
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FIG. 2. Helical current filament producing cycloidal flux surfaces in r, z-plane and some non-uniform reversal 
of field. 

FIG.3a. Transverse elongation of flux tube with amplification of helical current producing 'cat's eyes' surfaces 
and further reversal of B?. 

FIG.3b. Re-structure of flux surfaces in r, z-plane with annihilation of magnetic axes to form an axi-symmetric 
configuration with reversed component of Bz (see 3a -*• 3b tearing mode in reverse). 
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on an intermediate mhd/resistive time-scale[9] of separate flux tubes. These 
tubes can subsequently deform rapidly on an mhd time-scale when it is ener
getically favourable, preserving only their fluxes and relative topology. The 
longitudinal current I in a tube may be amplified both by stretching the tube 
transversely and by increasing the radius of its helix. At low pressure the tubes 
move in a force-free manner tending to align along the mean local direction of the 
field. 

(iii) The simplest model to visualize is one in which most of the discharge 
current is confined to a single (m = 1) helical tube providing a helical current 
channel of constant pitch k-1 , but variable helical radius r0 , aligned to a 
first approximation along a helix of the original (unperturbed) field. As is 
easily seen (fig. 2 ) the field induced by the helical filament reinforces the 
original Bz on the axis of the tube, but tends to reverse its direction in the 
outer regions. The flux surfaces trace out cycloidal patterns, or, if I is 
sufficiently large, the cat's-eyes patterns familiar in the tearing mode of 
instability. In a crude analysis the helical current filament can be represented 
as a closely wound solenoid (krQ » 1) , co-axial with the discharge tube. The 
axial and azimuthal components of current are uniform in e - z and given by 
Iz log a/r0 = const and Iy ~ k r0 Iz , while the external component of Bz 

induced by IQ varies roughly as IQ r0
2 ~ r0

3 and is in the reversed direction. 
This strong dependence on r0 is a highly non-linear effect which, of course, 

is not contained in the classical linearized theory of the tearing mode. 
[9] 

(iv) The resultant magnetic fields induced by a true helical current filament of 
moderate pitch (k r0 ~ 1) will be initially highly non-uniform. As time pro
gresses the configuration evolves towards a more symmetric state as W continues 
to decrease. The perturbed field relaxes slowly by finite resistivity again on 
the intermediate time-scale to a still lower energy state, which can be a pure 
cylindrical state m = 0 = k , or an admixture of this state with a helical ka ~ 1 
m = 1 state.^ J These end-states require the annihilation of all (or, in the 
case of the mixed state, all but one) of the pairs of magnetic axes formed 
originally, together with a rejoining of flux surfaces.t°J We see, as it were, 
a run-back in time of the tearing mode of instability, with perturbations about 
the end state decreasing in amplitude as W decreases and real time t increases 
(fig. 3a). Finally, by restructuring the flux surfaces, a component of reversed 
Bz is implanted more uniformly in the outer region of the discharge as a 
surviving relic of the instability while the net longitudinal flux in the tube is 
preserved (fig. 3b). 

(v) The cycle (i-iv) may be repeated many times until the final end-state^' is 
reached. 

The model suggests that plasma confinement will suffer if an X-type magnetic 
axis reaches the tube wall with flux surfaces extending from the interior of the 
discharge to the wall surface. This may occur unpredictably during the relaxation 
phase, however its occurrence in the relaxed equilibrium with a sufficient helical 
m = 1 component present is predictable. Calculation shows that flux surfaces 
intersect the wall if aj/a0 > 0.09 , where alt and a0 are the amplitudes of 
the m = 1 and m = 0 admixed states respectively in the final equilibrium. 
Thus relatively small departures from cylindrical symmetry, with excess K/ty2 

of only one per cent in the notation of ref. 2, can cause rapid loss of confine
ment. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 5 

W. KOPPENDORFER: Dr. Bodin showed us (in paper IAEA-CN-35/E 2) pinch values 6 as 
functions of j3 which separate the regions where self-reversal occurs from those where it does not. 
J.B. Taylor has calculated this value in the limit of )3 -> 0. Is your theory capable of calculating 
the limit as a function of )3, and was it used for obtaining the values shown by Bodin? 

J.D. JUKES: My theory generalizes Taylor's theory (therefore (3 = 0 is included as a limiting 
case). It is not yet sufficiently developed for a particular application, however, and was not used 
by Bodin and his colleagues. 

489 





Session VII 

HIGH BETA II 



Chairman 

R. Toschi 
Italy 



IAEA-CN-35/E6 

CURRENT DECAY AND STABILITY IN SPICA 

C. BOBELDIJK, J.A. HOEKZEMA, M. MIMURA*, 
D. OEPTS, A.A.M. OOMENS 
Association Euratom-FOM, 
FOM-Instituut voor Plasmafysica, 
Rijnhuizen, Jutphaas, 
The Netherlands 

Abstract 

CURRENT DECAY AND STABILITY IN SPICA. 
The equilibrium and stability of the toroidal screw pinch has been studied in Spica at q-values around 1.5. 

This regime is of interest because theory predicts stability there for rather high values of p\ The experimental 
results show that plasmas with peak ^-values of 0.2 (Te = 60 eV; ne = 5 X 1021/m3) can be contained in stable 
equilibrium during 100 jus. Low-current decay rates indicate a well developed force-free field profile in a 
sufficiently hot dilute plasma region outside the main column. In unstable discharges m = 2 modes appear. These 
discharges are characterized by faster decay and larger eccentricity of the plasma column. 

1. INTRODUCTION 

A series of screw-pinch experiments in Jutphaas has reveal
ed good equilibrium and stability properties of pinch configu
rations in which the central high-density column is surrounded 
by a constant-pitch magnetic field region [1]. The buildup of 
such a configuration is made possible by a dilute well-conduct
ing plasma which is left behind during the rapid implosion of 
the pinch. The production of this particular configuration asks 
for a simultaneous rise of and a constant ratio between the to
roidal plasma current and the primary poloidal current. Further
more, the configuration must be closely surrounded by a highly 
conducting shell to prevent magnetic field lines from crossing 
the wall. The configuration set up in this way is, from the 
very beginning, a minimum energy configuration in a flux-con
serving geometry [ 2 ] . In this paper experimental results of the 
largest screw-pinch experiment SPICA are presented. 

MHD high-g theory predicts good stability and equilibrium 
for constant-pitch screw pinches. Some results of this theory, 
applied to SPICA, are briefly described in Section 2. The ex
perimental results show that equilibrium at high values of (3 
(up to 20%) can be obtained. The outcome of an experimental 
study concerning the mode structure of stable and unstable dis
charges and correlation with the decay rate of the plasma cur
rent is given in Section 3. Although the experiment appears to 
confirm many of the theoretical predictions, insufficient know
ledge of the limits of the theory and of the discharge proper
ties as a function of time could lead to incorrect conclusions. 
This is briefly discussed in Section 4. 

Guest from Institute of Plasma Physics, Nagoya University, Nagoya, Japan. 
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FIG.l. Maximum |3/e as a function of the force-free current parameter T = uqR, for a sharp-boundary model 
(from Ref. [3]). 

2. THEORY 

Recent theoretical work [3] on the stability of toroidal 
screw pinches and high-g tokamaks, based on a high-3 ordering 
scheme, represents an improvement over the earlier MHD-stability 
calculations [4],[5] , which predicted the stability behaviour 
of a straight circular screw-pinch. Calculations similar to 
those of Freidberg and Haas for sharp boundary tokamaks [6] have 
been extended in [3] to different pressure and current profiles 
within circular, elliptic or race-track cross-sections. The 
region outside the main column, where plasma of low density is 
present, is a region of force-free fields for which VxB = aB. 
A convenient subclass of force-free configurations, including 
tokamak, screw pinch and reversed field pinch, is that with a 
being a constant. 

The screw pinch is characterized by a force-free field with 
uniform pitch, which can be approximated by a * 2/qR, where q 
is the safety factor and R the torus major radius. As is doc
umented in [3], this configuration represents an optimum for 
MHD-stability and 6-values of 0.6 e can be obtained if q* is 
slightly larger than 1 (sharp-boundary model). This result is 
presented in Fig. 1. Here e is the inverse aspect ratio of the 
plasma column and q* is defined by q* = 20(j)/yoRI(|), where 0A and 
IA are the toroidal flux and current in the column. In SPICA q* 
is a factor /I1-3 smaller than q. Further results of the theory 
indicate that elliptic deformation of the plasma column due to 
the eccentricity could increase the limit of 3. 

3. EXPERIMENTAL RESULTS 

A schematic drawing of SPICA is given in Fig. 2. The actual 
aspect ratio of the torus^is R/b = 60 cm / 20 cm. The maximum 
magnetic field strength, BA, is 1.6 T, the maximum toroidal 
plasma current, I^p/ is 400 kA. The rise-time of the poloidal 
and toroidal primary currents is 10 ys and the 1/e-decay time 
after crowbarring exceeds 1 msec. A more detailed description 
of the experiment has been given in [7]. 

T i r 
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FIG. 2. Schematic view of SPICA. 

a: Feed flange for primary I £ d: Plasma 
b: Copper shield e: Vacuum chamber 
c: Toroidal field coil f: Ports for diagnostics 

The following set of diagnostics has been used: (l) magnetic 
probes to measure the magnetic field and current profile in a 
region which extends from the wall a few centimeters inward; 
(2) Rogowski coils to measure the currents; (3) a set of modified 
sinG - cos8 coils to observe m=l motions in the horizontal and 
vertical direction; (4) a large number of magnetic pick-up coils 
to measure BQ and B<j, at the wall at different poloidal and toroidal 
positions; (5) a He-Ne laser interferometer (Michelson) to mea
sure the line density; (6) a set of two image-converter cameras 
which make stereoscopic streak pictures of the plasma column at 
two different toroidal positions; (7) a giant pulse ruby laser 
with monochromator and multichannel detector system for 90° 
Thomson scattering; (8) a microwave system to measure the re
flection of 8-mm waves from plasma in the outside region; 
(9) a simple scintillation detector for the measurement of hard 
X-rays; (10), a 4-mm microwave interferometer. 

The regime which has been studied in the preceding months 
is given by B^ « 1.2 T, I<j,p * 250 kA, initial D2-pressure 
p Q « 10 mTorr, initial bias field B 0 = 0.1 T. Both ringing and 
crowbarred currents have been applied. The discharge behaviour 
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s i d e 
v i e w 

FIG.3. (a) Characteristics of a stable screw-pinch discharge. The currents are not corrected for the time constant 
of the integrator (1.5 msj. From top to bottom: plasma current, primary poloidal current, safety factor at the 
•wall, internal inductance, line density, streak photographs. 

(b) Characteristics of an unstable discharge (same conditions as (a)). 

is sensitive to small changes in initial conditions.In particular, 
the exact timing of the primary currents is very important. This 
timing affects the time dependence of q at the wall during the 
buildup phase. Best results are obtained when qwall is nearly 
constant in time. If this is not the case, the plasma either 
grows unstable or assumes an equilibrium position which is too 
eccentric. Also,the preionization has a pronounced influence 
on the discharge characteristics. 

Figure 3a shows the time behaviour of a discharge which was 
programmed such that the field lines at r=b (inside copper 
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FIG. 4. (a) Current (logarithmic) and relative magnitude of the m = 1 and m = 2 deformations for a stable 
discharge. The broken line yields an average decay time of 440 Us. After correction for the integrator, this 
increases to 620 us. 

(b) Unstable discharge (same conditions as (a)). 

1 1 1 I 1 1 1 1 r 

*?• 200 

FIG.5. Correlation of the m = 2 amplitude (relative to the m = 0 amplitude) with the current decay rate in an 
unstable discharge. 

shield) had a q of 1.7 during the rise of the currents. This 
value was calculated from qwall = b

2l9c/R2l(j)p' where I Q C is the 
primary poloidal current. This is a good approximation for the 
usual integral expression since the local q-value varies only 
by 30% along the minor circumference. 

Discharges like the one in Fig. 3a show parameters which 
represent a considerable improvement over those measured earlier 
at lower bias-field values [8]. In particular,the decay time of 
the plasma current during the first 100 ys increased from 
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150-200 ys to 500-700 ys. This is a clear indication of the im
proved quality of the force-free current region outside the 
column. Information about the behaviour of the force-free cur
rents is obtained from a comparison between the value of the 
"inductance" Li, measured as Li = ^ V A d t / l A p [8] , with the 
theoretical value Lit- For Lit w e assume that the torus volume 
is completely occupied by a constant pitch field apart from a 
vacuum region close to the copper. Skin effects in the main 
column have been neglected since they introduce only a minor 
correction in Lit>especially at later times, when skin currents 
have smoothed out. The measured value Li increases during the 
first 100 ys from 450 nH to 530 nH, which corresponds to a de
crease of the outer region of the force-free current region from 
19 to 17 cm (the inside quartz radius is 20 cm). Using this to 
evaluate q in the pressureless plasma region, we find q = 1.5 
constant in time. The exact correlation between current decay 
rate and temperature is complicated. The decay time depends not 
only on the resistance of the plasma column but on the exact 
resistivity profile, on the decay time of the external circuit 
and also on the horizontal movement of the column which causes 
field lines to move into the quartz wall. If we take the non-
ideal crowbarring of the external circuits into.account and 
assume a uniform resistivity, a temperature exceeding 20 eV can 
be attributed to the outside region [9]. This value is not very 
dependent on the resistivity in the main column. At these tem
peratures and a density in the order of 1% of the column density, 
turbulent processes are not expected. 

A study was made of the stability behaviour of these stable 
discharges and of clearly unstable ones [10]. An example of an 
unstable discharge is shown in Fig. 3b. Although the initial 
conditions and the settings of the banks were chosen identical, 
there is a .marked difference in behaviour. The temperature (22 eV) 
and the density (3xi021/™3) measured at 6.4 ys by means of local 
Thomson scattering are way below those of the stable discharge 
(60 eV, 5xi021/ni3). The line density measurements, however, in
dicate a density which even exceeds 5xl021/m3. It is therefore 
likely that the detected scattered laser light originates from 
the edge of the column. This can be explained by either a large 
equilibrium shift or a much more peaked pressure profile. The 
streak photogrcLphs, taken at positions 150° apart (in the in
direction) , and the BQ pick-up coils indicate an m=2, n=l dis
tortion. The plasma touches the wall after 70 ys. The current 
decay time is only 250 ys and both q w a n and Li increase much 
faster than in the stable discharge, which points to a rapid 
decay of the force-free currents. 

A logarithmic plot of the currents is shown in Fig. 4, to
gether with the amplitudes of the m=l and m=2 deformations as 
measured by the sin-cos coils and a poloidal set of eight BQ-
coils. Large m=2 amplitudes correspond to fast current decay. 
Moreover, the variation in the fluctuation level appears to 
correlate well with similar variations in the decay rate (see 
Fig. 5). 

4. DISCUSSION 

If the effects of diffusivity, conducting walls and elliptic 
deformation due to an outward shift are ignored, the now pre
vailing MHD-theory on equilibrium and stability of a toroidal 
circular screw pinch predicts for 6 an upper limit 3 m a x=0.62e. 
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This limit holds for q* = 1. For the experiments described in 
this paper the theory predicts 3m=x ^0.3 e, which gives 
3 m a x = 0.0 3 for a plasma radius or 7 cm. 

In the experiment a peak 3 of 0.2 is measured at 6.4 us. 
Even under the assumption of a parabolic pressure profile we 
conclude that a plasma column with an average 3 equal to 0.1 
can be held in equilibrium at q=1.5. This is three times as high 
as the theoretical limit. Since it is mainly the equilibrium re
striction, determined by the circular configuration, which lim
its the theoretical 3 m a x, it is likely that the observed ellip
tic deformation of the column is responsible for this effect. 
This is supported by the fact that relaxation of the theoretical 
constraints (a diffuse profile in the equilibrium calculations 
or a non-circular cross-section in the stability calculations) 
leads to a substantial increase of 3max* 

In general no m=l instabilities are observed in SPICA, even 
in the discharges with a fast current decay. These modes, instead 
of the observed m=2 modes, should be the dominant components when 
the stability limit is exceeded. It is possible that a change in 
the initial conditions causes the buildup of a q-profile for 
which m=2 is the dominant instability. 

Radiation cooling and heat conduction can cause a relatively 
fast decay of $. Not enough is known yet about the impurity con
tent. Introduction of impurities, however, caused the current 
decay rate to increase considerably. 

5. CONCLUSION 

Screw-pinch discharges with q=l.5 and a peak 3 of 0.2 have 
been produced in 10 mTorr D2. These discharges are in equilib
rium and show no MHD-instabilities during about 100 ys. From 
the value of the plasma inductance it is evident that force-
free currents, important for equilibrium as well as stability, 
exist almost up to the wall. The low current decay rate indi
cates a high conductivity of the tenuous plasma in this outside 
region. 

In unstable discharges an m=2 kink instability is observed. 
The decay rate of the plasma current increases with the ampli
tude of the instability. A very accurate control of the initial 
conditions is necessary to avoid these unstable discharges. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 6 

D.C. ROBINSON: Could you tell us what the energy confinement time is for the plasma 
conditions that you have described on Spica? 

C. BOBELDIJK: Initially the energy confinement time as calculated on the basis of energy 
content and current decay time is about 50 jus. For later times the calculation is not yet possible 
because the time history of/? is unknown. An estimate based on heat conduction losses, however, 
predicts TE = 100 MS for the central column and a much larger value for the outer region. 

H.A. B. BODIN: You have observed a much longer life-time of the external constant pitch 
region than in your early screw pinch experiments. Can you say to what extent this is due to the 
increase in size, and to what extent it is due to other factors, such as a higher temperature in the 
outer region? 

C. BOBELDIJK: In the early screw pinches having a crowbar circuit, the classical diffusion 
time was already of the order of the experimental time, whereas in Spica it is very much longer 
than many current decay times. This makes it hard to apply scaling laws. We attribute the good 
behaviour of the outside region in Spica not only to the higher temperature but also to the relative 
(and even absolute) decrease in width of the vacuum region near the wall and to the more perfect 
geometry of the copper shell. 
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Abstract 

PLASMA CONFINEMENT OF NAGOYA HIGH-BETA TOROIDAL-PINCH EXPERIMENTS. 
Two different types of high-/} toroidal pinch experiments, STP [1] and CCT [2, 3], have been done to study 

the confinement of the plasma produced by a 0-pinch. The STP is an axisymmetric toroidal pinch of high-|3 
tokamak type, while the CCT consists of multiply connected periodic toroidal traps. Internal current-carrying 
copper rings are essential to the CCT. Since both apparatuses use the same fast capacitor bank system, they 
produce rather similar plasma temperatures and densities. The observed laser scattering temperature and density 
is about 50 eV and 4 X 1015 cm"3, respectively, when the filling pressure is 5 mtorr. In the STP experiment, 
strong correlations are found between the j3p value and the amplitude of m = 2 mode. It has a minimum around the 
value of /3p of 0.8. The disruptive instability is observed to expand the pinched plasma column without lowering 
the plasma temperature. Just before the disruption begins, the q value around the magnetic axis becomes far less 
than 1 and an increase of the amplitude of m = 2 mode is seen. The CCT also shows rapid plasma expansion just 
before the magnetic field reaches its maximum. Then the trap is filled up with the plasma by this irreversible 
expansion and stable plasma confinement is achieved. The energy confinement time of the CCT is found to be 
about 35 /is. 

1. INTRODUCTION 

The /3-value of the present tokamak is more than one order of magnitude lower than that 
required in a practical fusion reactor. To achieve long plasma confinement at sufficiently high 
/? should be one of the most important problems to be solved for the economical reactor. In this 
report, two different approaches have been studied for high-/? toroidal confinement using 0-pinch 
techniques; one is the STP [ 1 ] and the other the CCT [2, 3]. The STP is an axisymmetric 
toroidal pinch machine of tokamak type, while the CCT is an internal-conductor system of multiply 
connected periodic traps. Both apparatuses are powered by the same 40-kV fast capacitor bank 
of 210 kJ, which is carefully constructed with the time-sharing service to the apparatuses. To 
ensure quick switching from one experiment to the other one, the discharge tubes of both 
experiments are designed to have the same dimensions: the major and minor diameters of the 
discharged tubes are 25 cm and 10 cm, respectively. 

2. STP EXPERIMENTS 

A schematic drawing of the STP is shown in Fig. 1. Recently, the apparatus has been improved 
and modified as follows: 
(1) To keep the plasma current constant, a transformer-coupled power crowbar circuit [4] is 

added to the Z-circuit. 
(2) New fast acting gas valves are attached for pulsed gas injection into the torus. The filling 

gas goes up to its maximum within 20 ms. 
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(3) r.f. pre-ionization technique is applied at the gas injection port, inside which the gas density 
is high enough for the r.f. discharge. 

(4) The glass torus is changed into one of clear quartz. 
The equilibrium positions of the STP plasma are controlled by complete copper shells and 

also by a pulsed vertical field. The rise-time of the pulsed vertical field is adjusted to be equal to 
that of the plasma current. The maximum field strength is 500 G. In the present experiments, the 
field strength of the toroidal field is set equal to 9.3 kG. Typical streak photographs with and 
without pulsed vertical field are shown in Fig.2. As can be seen clearly, the pulsed vertical field 
is very effective in preventing the plasma from touching the wall. The pinched plasma, however, 
begins to expand at about 7 JJLS and the peaked pressure profile is flattened out (Fig.3). This 
plasma expansion is quite similar to that caused by the disruptive instability which often appears 
in the tokamak discharge. Several characteristic features come out just before the expansion starts; 
the q value around the magnetic axis goes down far below 1 and the amplitude of m = 2 mode 
of the plasma current channel becomes maximum. It is worth noticing that although the peaked 
pressure profile is flattened out, the plasma does not lose its average pressure through the 
expansion. The laser scattering measurement also shows that the temperature does not go down 
but only the local plasma density decreases after disruptive expansion (Fig.4). This indicates 
that the expansion is adiabatic and irreversible. Such a disruptive expansion of the plasma may 
become important for further compression of the plasma [4]. 

PLASMA 
CURRENT PRE HEATING BIAS TOROIDAL FIELD 

40 KV 50 KV 5 KV 40 KV 
48 KJ 3 KJ 100 KJ 162 KJ 

2-2 KV 

SLOW VERTICAL VERTICAL RF COIL 

FIELD FIELD 
5KV 50 KV 
2 KJ I 9 KJ 

FIG.l. Schematic drawing of STP apparatus. To minimize the field error which appears at the tab of the 
induction coil, a double-copper-shell structure is employed. 
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FIG. 2. Streak photographs with and without pulsed vertical field. The filling pressure is 15 m ton. 
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i*YG. J. Long-time behaviour of STP plasma. Pinched plasma column begins to expand at 7 lis. Various plasma 
parameters operated at a filling pressure of 15 mtorr are shown as a function of time. A: plasma current, 
B: streak photograph, C: average energy density of the plasma, D: amplitude of the m = 2 and m = 3 modes, 
E and F: local pressure and q value distribution at 7 lis and 17 fis. 
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FIG.4. Time evolution of electron temperature and density at a position of 3 cm outside discharged tube axis. 
The filling pressure is 10 mtorr. The conduction temperature obtained from V-I characteristics is also indicated. 
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FIG.5. Typical waveforms of plasma current and one-turn voltage around the torus with power crowbar 
circuit turned on. 
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FIG.6. Time evolution of poloidal field distribution along the minor circumference just inside the copper shells. 
The cross-sections S-A and S-D are separated by 120° from each other. 

The power crowbar circui is actuated so that we can keep the plasma current constant. 
A typical waveform of the plasma current and the one-turn voltage around the torus are shown 
in Fig.5. The one-turn voltage changes remarkably with the filling pressure; lower filling pressure 
gives lower one-turn voltage. The electron temperature obtained from this V-I characteristic is 
compared with the laser scattering measurement. As can be seen in Fig.4, the agreement between 
the two temperatures is excellent. When the filling pressure is reduced, the laser scattering 
temperature goes up to 44 eV and, at the same time, the 120 eV high-temperature component appears. 

For high-0 tokamaks, the most dangerous instability may be the kink mode, which is an 
unstable gross deformation of the plasma column. The kink instability is identified from the 
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FIG. 7. Correlations between the amplitude of Fourier mode number (m = 2, 3) and the value of$p + (Lp/fi0R). 
[Circles: Ip - 60 kA; crosses: Ip = 75 kA; triangles: Ip = 90 kA; squares: Ip=105kA] - the operation is 
done under a positive bias field of 200 G. [Black circles: Bb (bias field strength) = + 500 G; black squares: 
Bb= + 200 G; stars: Bb = 0; black circles, Bb=- 200 G] - the maximum plasma current is 60 kA. Double-
circle operation is done under Ip - 60 kA and Bb= + 200 G with pulsed vertical field. 

measurement of the Fourier components of poloidal field distribution. The poloidal mode m 
is measured at two different positions separated 120° from each other. A typical result is shown 
in Fig.6. It is evidently noticed that the plasma is twisted into a helix whose dominant Fourier 
mode number is m = 2 and n = 1 (toroidal mode number). We should say that this pattern is 
quite similar to the eigenfunctions calculated by Freidberg and Grossmann [6]. The amplitude 
of the m = 2 mode is found to be correlated to the jSp value. In Fig.7, correlations are given 
between the values of j3p + (Lp/jU0R) and the amplitude of the m = 2 and m = 3 modes under 
various different operating conditions for which the filling pressure is kept constant at 15 mtorr. 
We can observe a clear correlation between /3P + (Lp//i0 R) and the amplitude of the modes. The amplitude 
of the m = 2 mode has a minimum, while that of m = 3 shows flat dependence. As the filling 
pressure is decreased, the amplitude of m = 3 also decreases. A decrease of the amplitude of m = 2 
mode with increasing j3p has been already reported [ 1 ]. Here, we have observed that it turns 
to go up when j3p is further increased. This tendency may give some information on the critical 
)3 value of the tokamak discharge. 

3. CCT EXPERIMENTS 

A bumpy modulation of the toroidal field forms an equilibrium configuration able to confine 
even a very-high-j3 plasma produced by a 0-pinch. The CCT-2 generates the bumpiness by the 
aid of 12 internal copper rings. A typical CCT field configuration is illustrated in Fig.8. As can 
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FIG.8. Magnetic configuration of CCT-2 apparatus. 
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FIG. 9. Horizontal streak pictures of CCT-2. The plasma experiences three different stages during its life-time. 
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FIG. 10. Time evolution of plasma line density obtained from He-Ne interferometer output. 
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FIG. 11. Time evolution of CCTplasma temperatures. The electron temperature is measured by the laser 
scattering. The ion temperatures T\(A) and T-JB) are obtained by neutral-particle and magnetic-probe 
measurements, respectively. 

be seen, the CCT forms a minimum-B configuration so that stable confinement is actually 
observed [2, 3]. 

Typical streak photographs which show the whole life of the CCT discharge are given in Fig.9. 
We can see in these photographs that just before the field becomes maximum the compressed 
plasma expands to fill up the CCT trap and hereafter stable plasma confinement is observed. The 
rapid expansion for filling up the trap is brought about by the MHD instability because the highly 
pinched plasma column only sees the unstable magnetic-field configuration. This expansion 
should be irreversible and adiabatic like the one accompanied by disruptive instability. This means 
that the plasma temperature does not cool down after the expansion as it does after the usual 
adiabatic reversible expansion. 

The stable confinement phase is studied in detail here. A typical behaviour of the inter
ferometer output is given in Fig. 10. The line density is seen to remain fairly constant throughout 
the whole confinement phase. Consequently, the cooling rate of the temperature gives the same 
time constant as the energy confinement time. Laser scattering observations at the centre of the 
discharge tube are done to give information on the electron temperature. We estimated the ion 
temperature by magnetic probes located 4 cm outside the central axis of the tube at which point 
the maximum diamagnetic signal always appears. A neutral-particle analyser also gives some idea 
of the ion temperature. The results of the measured temperatures are illustrated in Fig. 11. We 
see a striking discrepancy between ion and electron temperatures: the electron temperature is 
observed to be 50 eV while the ion temperature amounts to 200 ~ 300 eV. This discrepancy is 
supposed to be caused by the fact that we are observing different positions of the plasma. In spite 
of the discrepancy, each temperature decays with the same 1/e time constant of about 35 us. 
Therefore, we can say that the energy confinement time of the CCT is about 35 fis. A check was 
done of whether the supports of the copper ring affect the energy confinement time. For this 
purpose, the supports are changed into larger ones; the surface area of the supports is increased 
up to 48 cm2 from the original 24 cm2. We do not, however, find any appreciable decrease in 
the energy confinement time. The minimum-B configuration of the CCT disappears within 60 us 
because of resistive decay of the current through the copper rings. Since this time constant is 
approximately twice as large as the energy confinement time, the decay of the current may not 
produce any large effects on the energy confinement time of the CCT. 
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Abstract 

EXPERIMENTAL AND THEORETICAL STUDIES OF BELT PINCHES AND HIGH-BETA TOKAMAKS. 
Several experimental and theoretical studies of belt pinches and high-beta tokamaks are summarized. 

The Columbia Torus I, operating as a pure belt pinch, has T ~ 10 eV, n ~ 1 X 1016, B ,̂ ~ 12 kG, 0 ~ 0.4 and a 
lifetime of 24 (is, at which time the plasma drifts to the inner wall. The Maryland Terp experiment has T ~ 10 eV, 
n ~ 1014, B^ ~ 1.5 kG, /3 ~ 0.1 and a lifetime of 35 (is, at which time the plasma drifts to the outer wall. Numerical 
calculations supporting these experiments include equilibrium, stability, heating and initial implosion dynamics. 
A general MHD stability analysis of diffuse belt-pinch configurations is reported. Results indicate that favourable 
stability properties can be obtained by shaping the current density profile and plasma geometry. 

This paper summarizes the experimental and theoretical 
equilibrium and stability studies on belt pinches and rectan
gular high-beta tokamaks carried out at Columbia University, 
the University of Maryland, and the Courant Institute of New 
York University. The motivation for this research is to de
termine the equilibrium and stability characteristics of non-
circular, high-beta toroidal plasmas as functions of 3, q and 
geometry. 

Columbia Torus I 

Torus I is a glass-wall rectangular cross-section 
(b/a = 3) device with major radius R = 22.5 cm, aspect ratio 
R/a=3, and volume of 100 liters. The principal toroidal coil 
windings are divided into four 90 sectors, and individual 
copper conductors (112 on the outside and 4o on the inside) 
carry current along the vertical sides of the machine. Re
search in this machine began in early 1976; it has been opera
ted as a pure belt pinch (no initial B^) and as a high-beta 
tokamak (significant initial B^). The configuration first 

* Research supported by USERDA. 
+ Present address: Plasma Physics Laboratory, Princeton University, Princeton, N.J., USA. 
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FIG.l. fa) Copy of streak photograph from Torus I; hydrogen fill pressure 38 mtorr. 
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(dj Interferometer fringes caused by density changes along a vertical path fz) at R0 in Torus I. 

studied was pure b 
at 22.5 degrees an 
average q ~3 . A 5 
a 1.5 megarnpe 
t ime of 6 usec, an 
maximum toroidal m 
maximum toroidal p 
magnetic field var 
radius to less tha 
system, wound in t 
larger than the ou 
conductors. These 
an antenna for pre 
field for adjustin 
the magnitude of t 

elt pinch with the outer conductors pitched 
d inner conductors at 6 degrees, giving an 
0-kV, 90-uF fast capacitor bank produces 
re coil current with a quarter period rise-
d a crowbar time constant of ~80u.sec. The 
agnetic field is about 12kilogauss and the 
lasma current is ~ 1 60 kiloamps. The poloidal 
ies from several kilogauss on the outer 
n 1 kG on the inner radius. A second coil 
he toroidal direction at a radius slightly 
ter helical windings, consists of 23 copper 
coils have been used at various times (a) as 
ionization, (b) to give additional vertical 
g plasma position and shape, and (c) to alter 
he toroidal current. Two capacitor banks, 



IAEA-CN-35/E8 513 

(45 kV, 32kilojoules total) energize these windings. When 
Torus I is operated as a high-beta tokamak, a 1200-u.f, 15-kV 
slow bank operates in parallel with the toroidal coil (fast) 
bank. This slow bank (fx^ 50u.sec) produces an initial toroi
dal field (several kilogauss), after which the fast toroidal 
bank and ohmic heating banks are fired. Beta is varied by ad
justing the ratio of the slow and fast fields. 

RF discharge precleaning is important in obtaining a clean 
plasma. Hydrogen is continuously fed into the torus while 
pumping continues, and a 10-megahertz, 1-kilowatt cw-RF dis
charge produces a low-density plasma (ne ~10

1 0 cm-3) and these 
electrons scrub the glass walls for several minutes before the 
main capacitor banks are fired. This cleaning technique re
sults in higher temperature and longer-life plasmas. 

Streak camera photographs for pure belt-pinch operation 
show that the plasma implodes at about 3cm/u.sec, compressing 
the 15-cm wide plasma to a belt thickness of 3 - 4 cm. The 
plasma column then slowly drifts inward and reaches the inner 
wall in about 24 usee. A copy of the streak photograph is 
shown in figure la. The toroidal coil current, toroidal plasma 
current 1^, and the He-Ne Michelson interferometer fringe 
shifts related to plasma density are shown in figures lb,c,d. 
The current oscillations prior to t = 0 in figures lb and c are 
the pre ionization discharge. The plasma toroidal current I™ 
decays in about 20 u. sec. The hydrogen plasma temperature is 
about 10 eV as determined by diamagnetic signals. The maximum 
plasma density, determined from interferometer data (fig. Id), 
for a filling pressure of 35 mTorr Hs , was 1 .k x 1 016 cm" 3 . 

The fast drop of the toroidal current in the first 3 u. sec 
after peak current is due mainly to a decreasing coil current 
caused by crowbar switching after current maximum. The decay 
at later time is approximately exponential and is most probably 
due to L/R plasma resistive effects. The toroidal loop voltage, 
measured around the center hole jumps initially to about 1 kV , 
then falls to the order of 100 volts. 

Signals from a magnetic probe located near the magnetic 
axis indicate that the plasma is diamagnetic with respect to 
the toroidal magnetic field. A dip in B^ occurs as the plasma 
drifts past the probe. For 100 mTorr Hs filling pressure, 3 
lies in the range 0.35 to 0.70 shortly after compression, but 
decreases as the magnetic field diffuses. 

Maryland Terp 

The Terp experiment is designed to study confinement prop
erties of noncircular cross-section, finite-beta toroidal 
plasmas produced by theta pinch heating methods. It supple
ments information gained from another finite-beta toroidal ex
periment, Thor, which at present is a heating experiment. 

The parameters of the experiment are described elsewhere 
[1,2]. Terp is a rectangular cross-section (b/a=2) device 
with major radius R0 =2a= 15.8 cm. Terp is similar in concept 
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to a tokamak in that it contains separately generated toroidal 
and vertical magnetic fields as well as a transformer-generated 
toroidal electric field. It is different from a tokamak be
cause the energy input to the plasma occurs at high power via 
the fast rising toroidal magnetic field. The toroidal field 
rises to 1.5 kG in ~2u.sec and then is held steady. The heat
ing technique is identical with the implosion and turbulent 
heating methods developed with straight theta pinches.[3] High-
beta tokamaks of this type have many features in common with 
conventional tokamaks and at least two areas that require 
special consideration. First,the implosion heating technique 
inherently produces a high-beta plasma (0«1) and consequently 
may be MHD unstable for values of beta above some critical 
value.[4] Depending on instability growth rates, it may be pos
sible to exceed the critical beta for short periods during the 
heating phase. Secondly, the implosion heating technique at 
the very least produces a flow field with radial velocity com
ponents and possibly poloidal as well as toroidal components. 
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In addition to the possibility of changing instability criteria, 
any long-lived flow may cause the plasma to leave the confine
ment region. We are investigating these equilibrium and sta
bility problems in Terp. 

In figure 2 we show radial prof i les in the z=0 midplane of 
the electron density at several different times for a hydrogen 
plasma. The earliest profile gives the density just after the 
first implosion. The peak density occurs at r=l8cm. As the 
vertical field rises, the plasma is pushed radially inward until 
at 10u.sec the peak of the density profile is at 13 cm. During 
this time the plasma is oscillating about the magnetic axis 
(indicated by an arrow). At later times the oscillating motion 
damps out and the plasma drifts through the magnetic field in 
the direction of larger major radius. The drift velocity is 
the same order of magnitude as the Pfirsch-Schluter speed. The 
essential conclusion is that,at least for these collision-dom
inated plasmas (Te = Tj=5eV, 3 £0.1), the implosion heating 
technique does not produce significant enhancement of the radi
al loss rate over the conventional collision-dominated low-beta 
tokamak. Details of these experiments are given in Ref. E1J. 

Increasing the toroidal voltage drop and vertical field 
results in a higher toroidal current (lq? > 20 kA) and the plasma 
becomes kink unstable. Figure 3 shows density profiles in the 
z direction along the line r = R0 for two different azimuthal 
positions 180° apart. At 10 usee the density is uniform in the 
torus. As time progresses, the plasma at cp= 180° moves upward 
(positive z) while the plasma at cp= 0 moves downward. The 
motion becomes fully developed in about 15 Msec, which corres
ponds to about seven growth periods if the growth rate is 
~V»/a. The instability onset appears to be current dependent. 
The instability occurs for p^O.l and 1.54>q^2.5; however, the 
p and q conditions for which the instability does not occur are 
not yet understood. 

Numerical Calculations 

Numerical calculations have been carried out to support 
Columbia Torus I and Maryland Terp. These calculations include 
equilibrium, stability, heating, and initial implosion dynamics. 
An earlier summary of these calculations has been given in ref.[5]> 

Equilibrium calculations have been carried out by finite 
difference solution of the Grad-Shafranov equation [6], in 
rectangular cross-section geometry. Particular emphasis is 
placed on the problem of bifurcation, and many profiles have 
been computed to correspond to different pressure and current 
functions. These profiles permit us to infer the distribution 
of some variables (e.g. temperature, current) from the measured 
distributions of other variables (e.g. magnetic field) in the 
interpretation of our experiments. 

Our stability calculations are similar to that of Wesson 
and Sykes. Initial value problems for the linearized two-dimen
sional (poloidal plane) MHD equations, with Fourier components 
in the toroidal direction, are solved until the fastest growing 
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eigenmode dominates if the plasma is unstable. No such domin
ant mode appears if the plasma is stable. These calculations 
give guidance in choosing experimental parameters. 

Our heating calculations are one-dimensional two-fluid 
Hain-Roberts type calculations for rectangular pinch geometry. 
The magnetic fields at the two walls are prescribed as driving 
boundary conditions, and they are related by the circuit geome
try. These calculations show that the maximum temperatures 
expected for Torus I are around 15eV, so that classical dis
sipation suffices. The code is extendable to include anomalous 
d iss ipat ion. 

The implosion calculations are two-dimensional time-depen
dent solutions of the ful1 nonlinear MHD equations for a single 
fluid. Full details of the geometric effects are included, and 
the gross MHD motions of pinching, bouncing and toroidal shift 
are all obtained consistently from initial data. Classical 
thermal and electrical conductivities are included in the pre
sent calculations, but anomalous values will be incorporated 
for hotter pinches in the future. Fig. ka shows the density, 
temperature, and magnetic field profiles across the center 
plane at various time instants, and fig. *tb shows the density 
distribution in the poloidal plane at various time instants, 
for the Torus I machine. Of particular interest is the mag
nitude of the vertical field, which controls to a great extent 
the position of the plasma during the implosion and toroidal 
shift phase. To test our code, we made simitar calculations 
for the Belt Pinch I at Garching, with very good agreement be
tween calculations and experiment.[5] This kind of calculation 
has also been made for screw pinches [7], again with very good 
agreement between experiment and numerical results. More re
cently, these calculations have been extended to very long 
times, and equilibrium has actually been attained from initial 
value calculations.[8] 

Stabi1ity Theory 

We now present results of an MHD stability analysis of 
highly elongated diffuse axi-symmetric equilibria. We solve 
explicitly the linearized MHD equations of motion for the 
growth rate of the most dangerous instabilities and then deduce 
stability criteria from the computed growth rates. The.basic 
theory has been described elsewhere [9,10] but we summarize 
here the main features of our analysis. 

Solution of the MHD equations of motion is carried out in 
toroidal geometry. We consider large elongation (b/a = e_1= 
major/minor plasma radii) and small inverse aspect ratio 
(n = a/RT, RT = torus radius). In an asymptotic expansion the 
elongation and aspect ratio are related and both are made large, 
specifically, e^O(n^). This expansion reduces the equilibrium 
relations in leading order to an ordinary differential equation 
readily solved numerically or in some cases of practical inter
est, analytically, as shown below. A similar expansion proced
ure is applied to the linearized equations of motion, and sim
pler partial differential equations with a tractable variational 
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principle for the eigenvalues andeigenvectors result. As men
tioned, we describe the most dangerous modes; these turn out to 
be those for which the plasma motion is predominantly in ̂ he 
axial direction and for which the total plasma beta ~ 0 ( H ^ ) . 
Let the y axis of an (x,y,z) coordinate system be parallel to 
the toroidal axis and let v be the plasma velocity. Then to 
lowest order in H, this mode is described by the following 
equat ion:[9,10] 

- » % v y = I-CB-V (B.7 vy) - lytB-VBy) vy] - |H (,) 

along with the subsidiary conditions: 5TT/SX = 0 and 
3vx/dx + Svy/Sy ==0. In eq. (1), p(x, y) is the equ i 1 ibr i urn mass 
density, IBfx,y) the equilibrium magnetic field, rr is the time 
derivative of the linearized total plasma pressure and m is the 
frequency of the mode. Eq. (1) together with appropriate boun
dary conditions form the basis of our stability analysis. The 
boundary conditions may be of fixed boundary or free boundary 
type with vacuum or force-free field outer region and variable 
wal1 pos it ion. 

Our results concern a class of diffuse analytic equilibria 
which possess realistic belt-pinch characteristics. Specifical
ly we study equilibria given by solutions of the following non-
1inear equat ion; 

txx = 6 exp(-ai|r) (2) 

where if is the poloidal flux function and the right-hand side 
is the toroidal current density. The exponential function ad
mits a large family of possible equilibria. The limit of a 
constant current density profile, treated earlier [9,10], is 
uniformly attained by a -» 0, leaving 6 to represent the magni
tude of the total plasma current. Here we specify the equili
bria by prescribing i|f along the center plane x = 0. We use: 
i|r (x = 0) = i|/0 (1 - (1 - e)y

3 - ey 4), where e s: 0 is a parameter 
and \|/0 is known once the total plasma current and the plasma 
boundary along y = 0 are given. These equilibria are like a 
belt pinch, with finite current at the plasma edge. Setting 
e = 0 yields a monotone decreasing current density peaked on 
axis with an elliptical boundary, 0 <e £ 1 yields more rectangle
like outer boundaries; and e>l produces non-monotone profiles 
peaked off axis in the y-direction with doublet-like outer 
boundary. 

We have examined a large class of the above equilibria for 
stability to modes described by eq. (1). Our aim is to compare 
the stability behavior of several realistic belt pinch profiles. 
In all cases shown we have held the total plasma current fixed; 
in our ordering this is equivalent to specifying a constant 
safety factor at the plasma edge. 

In all cases examined, the variation of the growth rate uu 
with toroidal wavenumber "k" follows the usual pattern noticed 
earlier [9,10,11]; that is, the entire k-axis is unstable for 
large enough total current and plasma wall separation. Further
more, wall stabilization is only effective for very small plas
ma wall separation except for sufficiently large doublet-like 
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current density and plasma boundaries (e^2). For example, 
profiles withes 10 show a very strong stabilizing wall effect 
for finite"k" and wall positions of as much as 20% the minor 
radius. Our results indicate that such profiles can be made 
positively stable (uu2 >0) for only moderately close wall posi
tions. Limitations due to computer size forbid our making ab
solute stability predictions but this stable tendency is very 
pronounced and, we believe, real. 

A summary of our most significant results to date are pre
sented inj_figs 5 and 6 . Here we plot growth rate versus 
c= (2/6a)2 for two wal 1 pos it ion s; in fig. 5 the wal 1 is re
moved, in fig. 6 the wall is brought to within 10% of the 
minor radius. Increasing c carries a given profile uniformly 
into the constant current case retaining the original plasma 
boundary. The effect of plasma shape alone is most strongly 
demonstrated in fig. 6 , where it is seen that for large c the 
e = 2 (doublet-like) case is more stable than the profiles with 
e < 2 . Further,, the effect of concentrating the current near 
the plasma center is shown in both figures for small values of 
c. In fig. 6 a very strong stabilizing tendency is shown for 
moderate doublet-like shapes with peaked current density pro
files. Bringing the wall even closer to the plasma results in 
significant reduction in growth rate. 

To conclude, the results have shown that both plasma cross-
section and current density profile significantly affect the 
linear stability of high-p belt pinch plasmas. A peaked doub
let-like profile with reasonable wall separation appears advan
tageous. These investigations will next be applied to a class 
of profiles which combine current peaking with the vanishing of 
the current at the plasma edge. 
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R.S. PEASE: Can you confirm that, so far, all your stability calculations indicate instability 
of your model configurations? 

R.A. GROSS: The NYU stability analysis has not been used to search for stable configurations 
but rather to study the parameter trends of unstable modes in highly elongated belt configurations. 
The important thing to observe is the trends that are shown, in particular the fact that current 
shaping and bringing the wall close to the plasma have decreased the instability growth rates by 
an order of magnitude. 
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Abstract 

MAXIMIZING 0 IN A TOKAMAK WITH FORCE-FREE CURRENTS. 
It is shown here, in two separate calculations, that a layer of force-free current surrounding the main 

plasma core can lead to large increases in the maximum possible 0 in a tokamak. The first calculation is a study 
of diffuse MHD-equilibria with circular cross-section. It is found that an appropriate layer of force-free current 
could increase /? by as much as a factor 10 over the conventional tokamak. The second calculation is an investiga
tion of external kink-mode stability using a sharp boundary model. In this case force-free currents lead to gains 
between 3 and 10 in the maximum /?, depending on the cross-section, over that in a circular high-/? tokamak 
surrounded by vacuum. 

1. INTRODUCTION 

Two separate studies have been made with the aim of deter
mining some method for increasing the theoretical limit for the 
maximum 3 in a tokamak. The first investigation concerns MHD-
equilibria in diffuse tokamaks, and the second a study of 
external kink-mode stability using a sharp boundary tokamak 
model. Both studies indicate that a layer of force-free current 
surrounding the main plasma core can result in large increases 
in the maximum value of 8, in agreement with experimental 
observations in.screw pinches [1]. 

2. EQUILIBRIUM STUDIES 

A study has been made of ideal MHD-equilibria in the toka
mak geometry. Our goal is to maximize 3 subject to a set of 
suitable constraints. In particular, we have investigated the 
effects of force-free currents flowing outside the main core of 
the plasma. 

There has been a large effort aimed at maximizing the 3 in 
a tokamak by appropriately shaping the cross-section [2-4]. 

* Work supported by FOM, ZWO, Euratom and USERDA. 
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However, from the point of view of equilibria, difficulties 
arise (which are discussed below) in formulating the appropri
ate set of constraints over which the maximization is to occur. 
Therefore, our equilibrium studies so far have considered only 
circular cross-section configurations. Nevertheless, we have 
shown that large gains in the maximum 3 are possible by suit
ably adjusting the toroidal current profile. 

2.1. Constraints 

The basic procedure is to numerically solve the well-known 
"Grad-Shafranov" equilibrium equation 

A*4> = -(uop
2p' + II') (1) 

for a variety of functions p(^), I(^). In attempting to maxi
mize 3, we impose the following constraints on the equilibrium. 
First, the shape factor associated with the pressure p(ty) is 
held fixed, and 3 varied by scaling the amplitude of p(^). 
Second, the toroidal current distribution is varied by changing 
the actual function I (ip) itself, but always subject to the sim
plified stability constraint 

q(0) = 1 (2) 

where q(^) is the safety factor [5]. This is intended to mock 
up stability against internal modes [6]. It is a fairly 
restrictive condition and, in many cases of interest, is prob
ably sufficient to ensure stability against external kink modes 
as well [6]. Finally, we allow plasma to extend to the conduct
ing shell (which has been assumed circular) and require the 
pressure and the toroidal current density to vanish on this 
surface. 

The difficulty with studying non-circular equilibria is 
that there is no known simple analog, either theoretical or 
experimental, to the condition q(0) = 1. Maintaining q(0) = 1 
as the constraint leads to very optimistic answers. On the 
other hand, some theories [7] predict unfavourable stability 
properties for the internal kink mode in elongated geometries 
and imply that there may be no gain in 3. This sensitivity of 
the results on the value of q(0) is the source of difficulty 
for studying non-circular equilibria. 

In the numerical results presented here, the inverse aspect 
ratio e = a/R (with a the plasma radius and R the major radius 
to the geometric center) is fixed at e = .4, a very tight torus 
to further help maximize 3- The code computes a variety of 
quantities of physical interest: the safety factor at the sur
face q(a), the toroidal shift 6, the mean square plasma radius 
<a2>, the toroidal current I, the poloidal beta 3p, and the 
average toroidal beta <3>. It is this last quantity which is 
of primary interest, and its precise definition is 

<B> " "P JdT- (3) 

o ' 
where dx represents the plasma volume and BQ is the toroidal 
field at the vertical midplane 8 = TT/2 with no plasma present. 
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2.2. Conventional tokamak 

The first case, which serves as a reference calculation, is 
the conventional tokamak. By this we mean a configuration which 
is neither paramagnetic nor diamagnetic with respect to the 
toroidal field. In this regime 3 D ~ 1 and the maximum value of 
<3> is expected to scale as <S> ~ £ 2. The conventional tokamak 
configuration is realized by choosing p(40 and I(^) as follows: 

P(1>) V* 
ra ym 

I2(ip) B 2R 2 = constant (4) 

where \l>a is the flux at the boundary, tym the flux at the mag
netic axis, and p 0 is a scaling factor. The parameter v p is a 
profile factor which we have set equal to 2 in the cases pre
sented. This corresponds to a reasonably broad pressure pro
file, such that p ~ (1-r 2) 2. Since I = const, B^ ~ 1/p, imply
ing that the toroidal field is a vacuum field. (Here we use p 
and r to denote the major and minor radial coordinates respec
tively. ) 

Under the above conditions it follows that Eq. 
a unique value of <3> given by 

(1) leads to 

<3> = .0174 (5) 

We see that a conventional tokamak, even with a tight aspect 
ratio e = .4, can support only relatively low values of <3> when 
q(0) = 1. 

2.3. High-3 tokamak 

As a first attempt to maximize 3, we altered the function 
I (t/0 (leaving p(^)/p0 fixed) to correspond to the high-3 toka
mak regime [8]. In this configuration a small diamagnetic well 
is formed in the toroidal field. The well should be capable of 
supporting a pressure <3> ~ e. Thus, a potential gain on the 
order of 1/e in the value of <3> over the conventional tokamak 
should be possible. In this case we choose I (iJO as follows: 

I2(<H = B 2R 2 1 -Ci 
ra Y 

Ya rm 
(6) 

The second term in Eq. (6) represents the diamagnetic well, and 
Ci is a parameter which can be varied to maximize <3>- The fact 
that the exponent Vp is chosen the same as for the pressure 
implies that the width of the current and pressure profiles is 
the same; that is, there are no substantial force-free currents 
flowing outside the plasma core. The results for this case are 
illustrated in Fig. 1. Here we plot <3> vs 6, the toroidal 
shift normalized to the plasma radius a. (Plotting vs 6 is more 
convenient and is equivalent to plotting vs C]_, since the two 
are uniquely related to each other.) The dot represents the 
conventional tokamak, C^ = 0. 
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FIG. 1. (0> versus toroidal shift 6 for a high-fi tokamak without force-free currents. The dot corresponds to the 
conventional tokamak. 

An interesting feature of the equilibria is that by requir
ing q(0) = 1 the maximum value of <8> does not correspond to 
the maximum shift 6 (or, equivalently, the maximum 8p). The 
existence of an optimum 6 is associated with the fact that to 
maintain q(0) =: 1 as 6 increases requires a decrease in the 
toroidal current I. After a certain point, the current can no 
longer support the same total pressure in toroidal equilibrium. 

The most striking feature of the results is that the dif
ference in <B> between the conventional and optimum high-B 
tokamak regime is quite small, going from <B> = .0174 to 

<8> = .0188 (7) 

This is a gain by a factor 1.1, much less than the anticipated 
1/e. The small gain is undoubtedly associated with the tight 
aspect ratio e = .4. Much larger relative gains are obtained by 
using smaller e. However, in this case the absolute values of 
<8> are uninterestingly low. These results point out the need 
for further modification of the current profile to maximize <B>. 

2.4. High-B tokamak with force-free currents 

We show here that surrounding the plasma with a layer of 
force-free current can produce a large gain in the maximum <B>. 
Intuitively, we expect such currents to be useful for the fol
lowing reason. The addition of force-free currents outside the 
plasma core has little effect on the value of q(0) which is 
determined by the internal current. However, the external cur
rent should be able to support a higher total pressure by pro
viding more flux for the plasma to compress against the shell. 

The force-free currents are added by a further modifica
tion of the function I{\\>) , again leaving p(^)/p0 unchanged. 
The new form is given by 

2»2 i2(ijj) = B£R V* 
ra rm 

+ C-
[V* 1 

VJ [V* ] 
l*a-*mj 

V 

(8) 
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FIG,2. Plot of (a) local fi, (bj toroidal current density, (c) diamagnetic well versus radius r in the midplane 
8=0. The major axis is to the left. 

where C2 and Vj are two additional parameters for adjusting the 
amplitude and width of the force-free current layer. The extra 
term vanishes near the magnetic axis and near the wall, so 
that it has its main contribution somewhere in between. Since 
our pressure profile is reasonably broad, we set Vj = 1.9, i.e. 
slightly less than Vp = 2. This ensures that the force-free 
currents flow almost entirely outside the plasma core. The best 
results are obtained for reasonably large C2 ~ 20 in order to 
boost the amplitude of the force-free currents. 

A wide variety of cases have been run, for various C]_, C2, 
Vp, Vj. Although we have not yet been able to define a clear-
cut optimum, there is a reasonably broad range of parameters 
over which there is a large gain in the value of <6>. Such an 
example is illustrated in Fig. 2. Here we plot the local 
B(r) = 2)J0P/BQ, the toroidal current density Tra

2J(r)/I, and the 
well in the toroidal field (pB<j> - RBQ) /PB0 vs the radius r, in the 
horizontal symmetry plane (9=0). 
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We see from Fig. 2a that the pressure profile is peaked and 
shifted outward to 5 = .38. The peak 6 = .42 is very high. The 
average 8 is found to be 

<8> = .163 (9) 

i.e. a gain of almost a factor 10 over the conventional tokamak. 
Fig. 2b shows that this high value of <3> is held in equilibrium 
by a large amplitude layer of force-free current flowing outside 
the plasma. The profile is analogous to a surface-current dis
tribution. Similar high-6 profiles have been found recently by 
Clarke [9], who approached the problem from a different point 
of view, that of the flux-conserving tokamak. 

Fig. 2c illustrates that the configuration is diamagnetic 
near the magnetic axis, but paramagnetic on the outside. Similar 
behaviour was found in earlier straight cylindrical models of 
screw pinches.[10]. Notice the small scale on the vertical axis, 
implying that the plasma has only a small influence on the main 
toroidal field. 

For the case shown, the q(i[») profile is nearly constant 
across the plasma (i.e. nearly constant pitch). The value of 
poloidal 6 is (3p = .78. This value is lower than might be 
expected, because of the definition of 3p, which includes the 
force-free currents flowing in the outer regions. 

We conclude that the addition of force-free currents flow
ing outside the plasma core can lead to large increases in the 
value of <3> for fixed q(0) = 1. 

3. STABILITY STUDIES 

As a first step in understanding the effects of force-free 
currents on high-B tokamak stability, we have calculated the 
critical B for external kink-mode stability. The stability 
study combines the features of earlier calculations which have 
treated force-free currents in straight cylinders [11] and 
toroidal effects in high-8 tokamaks [12]. 

The investigation is carried out using the sharp boundary 
surface-current model. In this model the pressure is assumed 
constant and all plasma currents flow only on the plasma sur
face. The effects of force-free currents are included by sur
rounding the main plasma with a region of pressureless plasma, 
in which 

V x 1 = aB (10) 

For simplicity we treat the case a = constant. The force-free 
region is assumed to extend from the plasma core to a conduct
ing shell. In the stability results presented below the con
ducting shell is ignored. Thus our results are slightly pessi
mistic, since wall stabilization is neglected. 

The calculation is greatly simplified by using the high-8 
tokamak expansion [8], which assumes 3 ~ £, 3p ~ 1/e and q ~ 1. 
The force-free currents have their most interesting effects 
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when a is ordered such that aR ~ 1. In the analysis, the con
tribution of the force-free region to the stability is formu
lated in terms of the perturbed magnetic field S^, rather than 
the plasma displacement £. Thus, resistive as well as ideal 
modes are included. 

The stability studies have been carried out for a variety 
of cross-sections, including the circle, the ellipse and the 
racetrack. In each case stability is tested against perturba
tions of the form 

£ = exp (-in<{>) ££ exp(imG) (11) 

where E, is the normal component of plasma displacement evaluat
ed on the plasma surface, <j) is the toroidal angle, 0 is the 
poloidal angle, and the £ m are unknown coefficients over which 
6W is to be minimized. The problem thus reduces to that of 
deriving the potential energy matrix and finding its eigen
values. Because of the azimuthal dependence of the equilibrium, 
there is strong coupling between the £m (i.e. the matrix is 
non-diagonal). In practice the matrix is truncated, keeping 
between 30-80 £m. The critical 8 is determined numerically and 
corresponds to the condition that the lowest eigenvalue of the 
energy matrix is zero. 

The point of view which we adopt is that of exploring the 
relative gain in external kink-mode stability as a function of 
elongation and amplitude of force-free current. Because of the 
ideal nature of the sharp boundary model, an absolute compari
son of the stability criteria will always be open to question. 
Despite the uncertainties, we have attempted such a comparison 
in the final section of the stability studies. 

3.1. Sharp boundary parameters 

In this section we define the notation in terms of which 
the sharp boundary results are presented. 

The plasma is assumed to have a constant pressure p, minor 
radius a, and inverse aspect ratio e = a/R. For non-circular 
cross-sections the height of the plasma is denoted by b. The 
toroidal 8 is defined as 

2yoP 

Bo 

In the sharp boundary model the concept of q(0) has no signi
ficance, since Bp0i = 0 everywhere inside the plasma. Instead, 
we define a quantity q*, such that 

C^ B 

o 

where I is the toroidal surface current, and C is the circum
ference of the cross-section, q* is inversely proportional to I 
and reduces to q(a) in the low-8 limit. Our results indicate 
that it is q* which characterizes the external kink mode, and 
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that q(a) has little if any significance. In particular, at 
high 3 ~ e, q(a) -*- °° and yet the m = 1 kink mode can be very 
unstable. 

The quantity which measures the amplitude of the force-free 
currents is defined as 

r = -aRq* (14) 

and it is this parameter over which we want to optimize the 
stability, r = 0 corresponds to the vacuum case. 

3.2. Circular results 

A set of stability diagrams for the circular cross-section 
case is illustrated in Fig. 3a-c. Plotted here are curves of 
3/n2e vs nq* for three values of r. The curves labeled "equi
librium" correspond to the limit q(a) -> °°, the situation where 
the separatrix moves onto the inside of the plasma. It can be 
shown analytically that the condition q(a) ->- °° can be expressed 
as 

(3/e)q*2 = TT2/16 (15) 

and solutions must be beneath this curve for equilibria to exist, 

The curves labeled "stability" are numerically computed 
curves of marginal stability. The unstable region which is 
shaded separates two stable regions and for T ¥= 0 the marginal 
modes are predominantly m = 1. In the limit 3/e -»• 0, the two 
critical values of q* are given by 

q* = 1 (16) 

q* = r/2 (17) 

The second root lies to the left of q* = 1 for V < 2 
(Fig. 3b) and,in fact, this stable region completely vanishes 
for the vacuum case (T = 0) when the wall is at infinity (Fig. 
3a). For r > 2 the second stability region lies to the right of 
q* = 1 (Fig. 3c). 

The region of stability at low nq* is misleading. If a low 
q* is chosen, modes with sufficiently high n can be found 
which lie in the unstable region. For values of q* not too low, 
narrow windows of stability can be found in some cases. 
However, we shall disregard these optimistic regions as being 
too sensitive to the model. In particular these regions are 
likely to be unstable with respect to internal kink modes in a 
diffuse model. Thus, our prescription for determining stability 
is to consider only the right-hand region and in this case n =1 
is clearly the worst case. 

An interesting feature of the right-hand region is that 
there is an optimum toroidal current (~ 1/q*) for achieving the 
maximum 3/e. At higher currents the stability condition becomes 
more severe. At lower currents the equilibrium condition deter
mining the maximum pressure which can be contained becomes more 
severe. The optimum 3/e occurs where the equilibrium and right-
hand stability curves intersect. 
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We take as a reference case, upon which to base our compa
risons, the circular high-B tokamak surrounded by vacuum [12], 
r = 0, shown in Fig. 3a. In this configuration the optimum con
dition corresponds to q* = 1.71 and 

6/e = .21 (18) 

The influence of force-free currents is illustrated in 
Fig. 4, where the optimum 6/e is plotted vs V. This curve also 
has a maximum ' and at the optimum point r = 2, q* = 1, we have 

.62 (19) 6/e 

The fo rce - f ree c u r r e n t s inc rease the c r i t i c a l 6/e by a fac to r 
of 3 over the vacuum case . The condi t ion r = 2 corresponds to 
approximately cons tan t p i t c h in the equi l ibr ium force - f ree 
f i e l d s in the l i m i t 6/e -> 0. 

As in the equi l ibr ium case , the add i t ion of fo rce - f ree cur 
r e n t s produces a l a rge gain in the maximum poss ib l e 6 aga ins t 
ex t e rna l kink i n s t a b i l i t i e s . 

3 . 3 . E l l i p s e and Racetrack 

A s imi l a r s e t of s t ud i e s have been made for two d i f f e r e n t 
non -c i r cu l a r c r o s s - s e c t i o n s , the e l l i p s e and the r a c e t r a c k . The 
equation desc r ib ing each c r o s s - s e c t i o n i s given by 

1) The d e t a i l s of the curve r i g h t in the v i c i n i t y of T = 2 a re q u i t e com
p l i c a t e d and w i l l be p r e sen t ed in a f u t u r e p u b l i c a t i o n . 
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§2" + £ T = 1 ellipse 

^T + fe" + M x 4 - 6x2y2 + y4) = 1 racetrack 
ao o 

For the racetrack a£ = a2/(l-Aa) and b£ = b2/(l-Xb1+). The quan
tity A = A(b/a) is a form factor which is adjusted as a func
tion of elongation to produce a cross-section most resembling a 
racetrack. For such a curve the tips are much more rounded than 
for the ellipse. We would expect this to improve stability 
since the concentration of bad curvature has been decreased. 

For each value of b/a, a set of curves similar to Figs. 3 
and 4 are obtained for the ellipse and the racetrack. The re
sults of many such stability scans are summarized in Fig. 5. 

Plotted here is B/e vs elongation b/a. Each point on the 
curve corresponds to the maximum B/e obtained by varying r (as 
in Fig. 4) at the optimum q* (as described in Fig. 3). 

For the ellipse we see that there is an optimum elongation 
b/a « 3.8. At this point r = 4.0, q* = 2.0, and the value of 
B/e is given by 

B/e = 1.17 (20) 

This should be compared with the elliptical high-B tokamak sur
rounded by vacuum, r = 0 [4], where the optimum condition is 
b/a = 2.2, q* = 2.2, and B/e = .37. We see that the force-free 
currents improve the maximum B/e for the ellipse by a factor of 
about 3. The combination of force-free currents and ellipticity 
give an overall gain of almost 6 over the circular high-B toka
mak surrounded by vacuum. 

As expected, the racetrack is even more stable than the el
lipse. In the cases treated so far we have not yet found the 
optimum elongation, although Fig. 5 indicates a trend towards 
reaching such a maximum. The results indicate that at an elon
gation of 4, the maximum B/e is given by 

B/e = 2.50 (21) 

representing a further increase of a factor 2 over the ellipse 
and an overall gain of 10 over the reference case. We see that 
the possible gains in B are quite large. Most of the gain in 
the racetrack is due to the force-free currents. This follows 
because the vacuum case, r = 0, has a clear-cut optimum for the 
racetrack given by b/a * 3.5 and B/e = .50. This value of B/e 
is much lower than that for the case including force-free cur
rents and is in qualitative agreement with stability results 
calculated for doublet type cross-sections [14]. 

3.4. Comparison with diffuse systems 

Because the sharp boundary model is a highly idealized 
model, it is not straightforward to apply the results to a 
realistic diffuse system. What is required is a prescription 
for converting the sharp boundary parameters into a corres
ponding set of parameters for the diffuse system. We have 
chosen to do this1 as follows. 
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TABLE I 

Critical <6>'s for the sharp boundary model with 
(a) /a = .6 and a/R = .4 

Case 

Circle, vacuum (ref. case) 

Ellipse, vacuum 

Racetrack, vacuum 

Circle, force-free currents 

Ellipse, force-free currents 

Racetrack, force-free currents 

r 

0 

0 

0 

2 

4 

3.5 

q* 

1.7 

2.2 

2.7 

1.0 

2.0 

1.5 

b/a 

1 

2.2 

3.2 

1 

3.8 

4.0 

(B/e)s 

.21 

.37 

.50 

.62 

1.17 

2.50 

<3> 

.018 

.032 

.043 

.054 

.101 

.216 

We identify the sharp boundary radius a with the average 
radius of the diffuse system; that is (a)s = [<a2>] 2, where s 
stands for sharp boundary and <a2> is defined by iTp0<a

2> = 
= /p(r,6)rdrd9, with p 0 the peak pressure. 

The force-free region is assumed to extend from (a)s to a 
conducting shell at radius a. Here a has the same significance 
as in the diffuse case. 

Since <3> in the diffuse case is defined as an average over 
the whole plasma, it follows that <3> = [(a)s/a]

2(3)s with 
(3)s corresponding to the sharp boundary toroidal 8. Likewise, 
we note that e s = [(a)s/a](e) with e the inverse aspect ratio 
of the equivalent diffuse system. 

In making absolute comparisons, we assume e = .4 and 
(a)s/a = .6 in analogy with the equilibrium studies. The 
results are given in Table I, where we compute <B> for the 
equivalent diffuse system for a variety of sharp boundary cases. 

These results indicate that the value of <0> is quite low 
for the reference case, even for a tight torus with a broad 
pressure profile. A proper combination of elongation and force-
free currents is required to obtain interestingly high values 
of <B>. 

4. CONCLUSIONS 

We have presented results of two separate studies aimed at 
raising the <£> in a tokamak. The first was an investigation of 
diffuse MHD-equilibria in circular cross-section configurations. 
The second, a study of external kink-mode stability using a 
sharp boundary model and treating several cross-sections. The 
results from both sets of calculations predict that a layer of 
force-free current flowing outside the plasma core can lead to 
a large increaise in the maximum possible value of <6>, by per
haps a factor of 3-10. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 22 

G.H. WOLF: Have you any estimates of the electron drift velocities that would be required 
to carry the force-free currents outside the plasma region, with respect to the electron thermal 
velocity and the ion sound velocity, in a typical high-/? plasma? 

J. REM: We have made estimates for the Spica experiment. Assuming that the low-density 
plasma has a density equal to 1% of the density in the central plasma and a temperature of 20 eV, 
we find VD/V the « 0.1 and VD / V S « 3. If the density is 5% of the central density, these values 
are lower by a factor of 5. 

B.J. GREEN: The search for the maximum (3 of axisymmetric toroidal configurations in terms 
of MHD equilibrium and stability is important; that point is also made in papers IAEA-CN-35/E 8 
and E 22. Nevertheless, investigators usually assume a class f configurations which fit a particular 
ordering scheme, or which have a fixed outer shape or a fixed functional form for the current 
density profile. Less stringent constraints (e.g. flux conservation as studied at Oak Ridge) may 
allow significantly higher values of j3 to be obtained. Maximum |3 values arising from such calcula
tions should therefore always be quoted together with the particular constraints applied. 

J. REM: Let me emphasize that no ordering scheme was employed in our study of high-jS 
diffuse equilibria. As far as the choice of profiles is concerned, the approach we use — making a 
special choice for pj3^ — is no more restrictive in a mathematical sense than the flux conservation 
approach. Physically, one approach is justified for experiments where force-free fields in the 
outer region play an important role. If we match our results with those obtained under the flux 
conservation approach, we find comparable values of j3 for a given shape of cross-section. 
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Abstract 

HELICAL EQUILIBRIUM AND STABILITY EXPERIMENTS IN A THETAPINCH AT LOW 
COMPRESSION RATIO. 

Equilibrium and stability of a helical ( 2=1) thetapinch have been studied at low compression ratios in 
view of the wall stabilization of the m = 1 instability. A helically shaped coil of 700 cm length and 38 cm diameter 
is used. To achieve low compression ratios the parameters of the pinch (line density «* 3 X 1016 cm -1, electric 
field at the tube surface 230 Vcm" 1 , maximum magnetic field 2 kG) have been chosen in such a way that shock 
heating is strong and adiabatic compression negligible. Satisfactory results have only been obtained if the initial 
degree of ionization was high. Two cases have been investigated in detail: case (1) with linear compression ratio 
b/a «= 3.5 and initial degree of ionization a «» 50%, case (2) with b/a «= 2 and a «* 90%. In both cases a high-/} 
(|3 « 1, T «* 400 eV) plasma is produced initially, and /3 decays slowly, probably partly due to charge-exchange 
energy losses, partly due to anomalous diffusion. In case (1), an oscillation around the equilibrium position is 
observed before a motion to the wall due to an m = 1 instability occurs. The instability is damped out before the 
plasma touches the wall, and no significant energy losses are observed. In case (2), a stable non-oscillating 
equilibrium is reached already at current maximum and no instability is observed during about ten m = 1 growth 
times (as derived from the sharp-boundary theory). The discrepancy between this model and the observations 
is discussed. 

1. Introduction 

One of the crucial problems of the high-R-stellarator is the suppression 

of the m = 1 instability predicted by theory /1/ and observed in the Scyl-

lac /2/ and Isar T1 /3/ experiment. For its solution wall stabilization 

which should become effective at low compression ratios seems to be the 

most promissing method. However, experimental evidence that the compression 

ratios (b/aa=-2) required for a high-ft-stellarator of reasonable dimensions 

/')/ can be realized and that the theoretically predicted wall stabilization 

will be effective is still missing. At Jiilich a long helical (1=1) theta

pinch (HELIX) has been specifically designed /4/, /5/ to allow the study~of 

these problems. 

For the choice of the design parameters it was essential that the adiabatic 

compression of the plasma resulting in high compression ratios is avoided 

and that the plasma is heated to the required temperatures mainly by shock 

waves. The first requirement has been met by adjusting the shock compression 

time to the rise time of the magnetic field. As a consequence the value of 

the magnetic field and the plasma energy density are relatively low. 
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The second requirement has been satisfied by choosing a high voltage U 

at the compression coil and a low line density N (shock heating is propor-
-1/2 

tional to U-N ). However, a lower limit for N is given by the critical 

line density N , at which the plasma radius "a" becomes smaller than a 

sheath width c/co . below which strong anomalous field diffusion occurs /4/ 

and the production of a high Q> plasma is prevented. 

Experimentally there is another lower limit for N. Previous investigations 

/4/, /5/, /6/ have shown that the production of an initial plasma of low 

density and with a high degree of ionization a is difficult to realize. On 

the other hand a high value of a is important for the achievement of a low 

compression ratio, since at a low a energy losses by charge exchange neutrals 

cause an additional compression. Therefore, as a compromise, line densities 

of about ten times N have been used and in consequence a low compression 

ratio could be established. The results of detailed measurements on the 

plasma equilibrium and the stability under these conditions are reported 

in this paper. 

2. Apparatus and diagnostics 

The plasma is produced in a straight discharge tube of 900 cm length and 

30 cm inner diameter which is surrounded by a coil of L = 700 cm length and 

2b = 38 cm diameter. The coil can be shaped to a helix of 2.5 cm helical 

amplitude and a wavelength A = 2iT/h variable between 50 and 200 cm. For the 

work presented here we chose A = 100 cm. As usual the coil was connected to 

a preheater as well as to the main capacitor bank, which provided the com

pression field. 

The preheater system by which a highly ionized initial plasma could be gene-
_3 

rated at the desired filling pressure of 1-10 Torr D? required a special 

study. The following procedure gave sufficiently good results: Preionization 

was performed by photoionization followed by an inductively coupled RF pulse. 

Preheating occurred by subsequently switching first a weak and 30 ps later a 

stronger electrodeless ring discharge on the coil. The voltage at the coil 

was 4 kV and the frequency 150 kHz. To obtain reproducible breakdown and up 

to 90°& ionization about M carbon had to be added to the deuterium. This is 

not detrimental to the main discharge, since thermal conduction energy 

losses still dominate over radiation losses and limit the electron tempera

ture. 
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The characteristics of the electrical circuit of the main discharge are: 

electric field at the tube surface 230 V/cm, maximum magnetic field 2 kG, 

quarter period 1.5 ps, decay time of the crowbarred current t. , = 40 us. 

The following diagnostic methods have been employed: Thomson scattering of 

laser light to measure the electron density n and electron temperature T 

and radiation measurements on charge exchange neutrals to determine the ve

locity distribution of the ions /4/; magnetic probes to determine the magne

tic field profile as function of time in radial as well as in axial direc

tion. From the magnetic field distribution the ft-value, the motion of the 

plasma, and the properties of the sheath are derived. The axial positions of the 

probes in the coil are indicated in Fig. 2. In the midplane of the coil three 

probes are used in an arrangement as shown in Fig. 1 to determine the posi

tion of the plasma axis as function of time. 

3. Results 

The aim of the experimental investigations reported here was to study the 

properties of a helically shaped plasma at low compression ratios. We will 

discuss two cases: (1) radial compression ratio b/a «3.5, initial electron 

density n 

xe1 6-10l3cm"3, 

13 -3 =3*10 cm , degree of ionization a 50% and (2) b/a « 2 , 

a = 90°6, 
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FIG.4. T\ + Te as function of time from pressure balance, pa= 1 m ton- D2, nei = 6 X1013 cm'3, b/a = 2. 
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FIG. 5. Electron density on the tube axis as function of time, p0'= 1 m ton D2, nei =6 X 1013 cm'3, b/a = 2. 
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F/G. 7. Growth rate as function of time, p0 = 1 m ton D2, «ei = 3 X 7013 cm"3, b/a = 3.5. 

3.1 General properties of the plasma 

The observations indicate that plasma heating by the fast magnetic compres

sion is not influenced by the superimposed helical fields. Immediately after 

the fast compression a plasma is observed with similar properties as in cor

responding straight thetapinches. We find T « T, and T. < T. /5/. T is 

typically 50 eV. It is controlled by thermal conduction, and scales as pro

posed by Morse /8/ for thetapinches. The ion temperatures at the beginning 
-1/2 

of the implosion phase are consistent with the scaling T. ~ U-N known 

from straight 9-pinches, i.e. about 400 and 300 eV, resp. for the two cases 

discussed here. 

In both cases a ft « 1 plasma is generated at the time of maximum current, cf. 

Fig. 2 and 3. The observed energy losses occur in both cases predominantly 

in radial directions. A decay of ft due to end effects is only detectable 

about 50 cm away from the ends of the coil (cf. Fig. 2). This effect is ob

served after roughly one transit time of a thermal ion. 

The time dependence of the temperature T. + T is shown for case (2) in Fig. 

4. Charge exchange processes can account for the surprisingly high energy 

loss rates. The decrease of ft as a function of time is nearly independent 
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FIG.8. Displacement of plasma centre as function of time, p0 = 1 m ton D2, nei =6 X1013 cm'3, b/a -2. 

of the axial position and significantly faster for the higher compression case 

(1) than for the low compression case (2), cf. Fig. 3. Classical diffusion 

can be neglected. The conditions v d < cg and T e « T^ (vd = azimuthal drift 

velocity, c = ion sound speed) are fulfilled in the sheath, suggesting that 

turbulent electric fields are generated in the sheath from unstable lower 

hybrid drift waves /9/, /10/. The observation that the normalized sheath 

thickness a/(c/uy .) is smaller in case (1) than in case (2), i.e. «2 and 4, 

respectively, may partly explain the result that the decrease of R>mx (t) is 

faster in case (1) than in case (2). A determination of the experimental 

diffusion coefficient is difficult, because the magnetic field pro

file is simultaneously influenced by magnetic field diffusion, adiabatic ex

pansion due to the decay of the external magnetic field, and the energy 

losses. Taking all these effects into account the diffusion coefficient of 

the magnetic field is estimated to be DLj = 3-10 cm /s. The quoted value for 

EL. is by two orders of magnitude larger than the classical one. 

The time development of the density on the tube axis for case (2) is shown 

in Fig. 5. At current maximum the electron density is about four times the 

initial density. This compression ratio is in good agreement with the value 

derived from the radial magnetic field profiles, if the plasma radius a 
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is defined as the half width of the ft profile. Whereas the magnetic probe 

measurements show that the plasma radius remains about constant, the electron 

density increases after current maximum. This phenomenon is attributed to the 

influx of neutrals into the plasma after desorption from the wall. The ob

served increase of the electron line density by a factor of about two above 

the value derived from the filling pressure corresponds to about 20% of a 

monolayer of deuterium on the wall. 

3.2 Equilibrium and stability 

Concerning the equilibrium and stability properties of the plasma helix du

ring the quasistationary phase, we observe significant differences for the 

two cases: For case (1) with the compression ratio b/a « 3.5, regular oscil

lations of the plasma around the equilibrium position are observed (cf. Fig. 

6a and 6b). This is expected, if the compression coil has helical and the 

initial plasma has cylindrical geometry. The measured frequency us = 2.2 MHz 

agrees with the theoretical value u> = /2-ft hv. =1.9 MHz if the maximum 

values of ft, n and B are used. This agrees with the results of /3/. The heli

cal excursion of the equilibrium position is by 301 smaller than calculated 

using the sharp boundary model. The excursion predicted by a diffuse boundary 

model /11/ is even larger, cf. Fig. 6b. Except for the first few microseconds, 

the plasma shape is helical with the wavelength equal to that of the coil and 

an amplitude independent of the axial position. 

The equilibrium becomes unstable, cf. Fig. 6 and 7, after about two theore

tical growthtimes of the m = 1 instability. In Fig. 7 the theoretical m = 1 

growth rates from the sharp boundary model and from a diffuse boundary model 

(using rigid rotor profiles) /11/ are shown. These growth rates are practi

cally equal for our experimental parameters. The measured growth rate for the 

displacement of the plasma helix towards the wall shows only order of magni

tude agreement with the values calculated from linear theories. But detailed 

magnetic probe measurements show that the motion cannot be described by 

€=£ exp y t with y constant in time, i.e. the existing linear theories do 

not cover the observed experimental situation. But fitting the experimental 

curve to an exponential function with y dependent on time, we obtain y (t), 

as shown in Fig. 7; it decreases rapidly. 

During the unstable motion the plasma radius and the rate of decrease of 

ft are about constant,. there is no abrupt change. One concludes that the 
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decrease of y (t) is sufficiently strong to limit the amplitude of the un

stable motion to such a value that significant energy losses to the wall do 

not occur. 

For case (2) with a compression ratio b/a & 2, the helical oscillation of the 

plasma is strongly damped and the equilibrium position is reached already at 

the time of maximum current, cf. Fig. 8. The collisionless damping of Alfven 

waves propagating in nonuniform plasmas has been investigated in similar 

experiments, but with significantly higher compression ratios /12/. From 

these investigations the same damping rate would be expected for case (2) as 

for case (1). Possibly, the observed high damping in case (2) can be ex

plained by the effect of induced currents in the nearby conducting wall. The 

amplitude of the plasma helix is - as in the first case - smaller than pre

dicted by theory and approaches the value for a low Q> plasma, cf. Fig. 8. 

The observed equilibrium is stable for the period of observation which 

amounts to about ten m = 1 linear growth times according to the sharp-boun

dary model. This result has to be compared with that of case (1) where the 

equilibrium becomes unstable after about two growth times. 

Observations show that a plasma with low compression ratio is, generally 

speaking, more stable than predicted. From the m = 1 growth rate formula /1/ 

Y* 1 = ( ^ f (ha)262fl2 

m 
UzSUML (ha,2 . (.]' 

L 8fi (1-fi) 
(2-ft)(kvA)2 

(a = plasma radius, 6.a = helical amplitude, v. = Alfven velocity) 

we find that the wall stabilization term is only about 10% of the destabi

lizing term. 

If the perturbation has a finite wave length the kink term can lead to a 

stabilization. However, from the magnetic field measurements we find ksa 0. 

If, nevertheless, a finite wave length would be imposed by the length of 

the coil e.g. 2iT/k = 2 L, the growth rate would decrease by no more than 

25%. Furthermore, regarding the ft dependence of the stabilizing and desta

bilizing terms, the plasma would remain for a longer time in the unstable 

regime for case (2) than for case (1) because of the faster decrease of 

R (t) in case (1). This would suggest a stability behaviour just opposite 

to the observed one. 
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One may remark that wall stabilization is predicted /11/ to be sligthly more 

effective for a plasma helix with a diffuse profile than for a plasma with 

a sharp boundary. Because the numerical results /11/ do not cover our experi

mental conditions a detailed comparison seems not to be justified. 

In conclusion, the tentative explanation may be that existing linear theories 

do not properly account for the wall stabilization when the unstable pertur

bation is finite as in case (1) or that wall stabilization is in fact more 

effective than predicted by theory. 

In both cases there is no experimental evidence that unstable m = 2 modes 

are excited. The criterion of /13/ predicts that these modes are stabilized 

by the finite Larmor radius effect for the present experimental conditions. 

4. Conclusions 

It has been demonstrated that low compression ratios (b/a a* 2), desirable for 

wall stabilization can be generated by the fast magnetic compression. The 

helically shaped plasmas attain equilibria approximately as predicted. The 

equilibria are observed to be more stable than expected from existing theo

ries. End effects seem to be of no significance during the observation time. 

Further theoretical studies seem to be necessary to come to a better under

standing of the stability. A severe problem is given by the energy losses due 

to charge exchange processes. The values of the sheath thickness are rather 

large (>c/o3.). Nevertheless, the diffusion coefficient of the magnetic field 

is found to be two orders of magnitude larger than the classical one. 
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DISCUSSION 

ON PAPER IAEA-CN-35/E 23 

G. BERGE: Have you checked your experimental density profile against the theoretical 
rigid-rotor profile (Ref. [11] of your paper)? . 

K. HOTHKER: NO, I have not. At the time of maximum current there may be reasonable 
agreement between the experimental profile and the rigid-rotor profile, but at later times there is 
in fact no agreement: slow radial oscillations develop in an irreproducible way on the mean 
profiles. 

G. BERGE: I should think that the theoretical results given in Ref.[ 11 ] of your paper might 
well be sensitive to the value chosen for the plasma radius. 

F.L. RIBE: Am I right in thinking that you attribute the stabilizing effect in the case with 
b/a = 2 to wall stabilization? 

K. HOTHKER: With reference to the m = 1 growth rate formula for a plasma with a sharp 
boundary (Ref.[ 1 ] of our paper), one would expect wall stabilization to be insignificant for the 
experimental conditions in cases (1) and (2). End effects could in principle explain the stabilization, 
but there is no experimental evidence that they play a role during the observation time. If end 
effects were nevertheless assumed to be efficient, one would expect a plasma more stable in 
case (1) than in case (2) (comparing d/3/dt and the transit times from the ends for the two cases). 
However, this conflicts with the actual observation. For these reasons wall stabilization seems 
to be the most likely explanation for plasma behaviour which is more stable than that predicted 
by existing theories. 

F.L. RIBE: In the LASL staged 0-pinch (STP) experiment we shall have about 100 times 
the density of your experiment. We look forward to repeating your interesting results. 

W. KOPPENDORFER: Did the compression ratio b/a = 3.5 stay constant during the course 
of the discharge in case (1), or was there expansion? 

K. HOTHKER: During the first 5 /us the plasma radius shrinks by about 20%, but during 
the subsequent period of observation the plasma expands again to approximately the initial 
radius. 
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Abstract 

RECONNECTION OF FIELD LINES AND DISRUPTIVE INSTABILITY IN TOKAMAKS. 
It is well known that the disruptive instability in tokamaks is a rapidly developing process involving a re

distribution of current over the column cross-section with a decrease in poloidal field energy and an expulsion 
of part of the poloidal flux beyond the boundary of the column. In the present paper, this process is interpreted 
as a sequence of reconnections of field lines inside the column. The reconnection process by the m = 1, n = 1 
mode, previously described by the author for an internal disruptive instability, is extended to a disruptive 
instability of general form, in which there may be no helical symmetry. It is shown that in the field line 
reconnection process, an invariant exists which is similar to that previously introduced by J.B. Taylor. If the 
reconnection process is free, the drop of the poloidal field energy for the case Bz &• Bg (the tokamak condition) 
leads to a uniform distribution of the current density j z = const. Part of the poloidal flux may be ejected beyond 
the limiter, corresponding to a negative spike on the voltage. Thus, the free reconnection process in a tokamak 
resembles MHD turbulence in a diffusion pinch, turbulence which in the latter case leads to a force-free field 
distribution. As compared to zeta plasma, the tokamak plasma is in a state of intermittence, so that the turbulence 
flares up only during the disruptive instability. Actually, the reconnection process in a tokamak does not develop 
with complete freedom since only a limited number of modes can be excited. A qualitative examination of the 
mode interaction mechanism shows that the most probable start for the development of disruptive instability 
are the interacting m = 1 and m = 2 modes which build up simultaneously. 

1. INTERNAL DISRUPTION 

Reference [ 1 ] proposed a mechanism for the so-called internal disruptive instability in 
tokamaks. Argued in purely qualitative fashion, it was subsequently confirmed by detailed 
numerical calculations [2—4]. This mechanism is based on the process of reconnection of field 
lines which has been known for a long time in astrophysics; the case under consideration involves 
reconnection of the magnetic-field component transverse to a helical perturbation of the form 
f(r, 0 - a Z ) in the cylindrical co-ordinate system r, 0, z. This component has the form 
B* = Bĵ  - cvrBze0, where Bĵ  is the transverse component of the magnetic field, BZ is the longitudinal 
component, and e# is the azimuthal unit vector. At a point where B# = CYTBZ, i.e. the field line 
pitch is the same as the pitch of the helical instability, B*g vanishes. If we consider the so-called 
safety factor q = rBz/RB^ (where R is the major radius of the torus), a may be written as a = 1 /Rqs, 
where qs is the value of q at the point where the pitch of the perturbation coincides with that 
of the field line. 

Let us now recall the reconnection process in an internal disruption. Figure la shows the 
patterns of field lines for the auxiliary field B* in the initial state of equilibrium. We see that 
the field is zero on the dashed line, r = rs, where q = qs, and has opposite signs on the two sides 
of this line. The flux function t// corresponding to the field B», defined by 

B, = e z X ^ (1) 

has a maximum at the point rs, as is shown in Fig. 2b. 
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FIG. I. Auxiliary field B* in a column in the initial state (a), when the inner surface touches the outer surface (bj, 
during rcconnection due to finite resistivity (c) and after reconnection (dj. 

dr{ rs drdrz rQ 

FIG. 2. Azimuthal magnetic field fa) and flux function (b) in the initial state (I) and after reconnection (2). 
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When the internal region shifts, oppositely directed fields face one another and begin to 
reconnect (Fig. 1 b, c). A new plasma column formed in region A pushes the inner column along 
the line a b towards the oppositely directed field until complete reconnection occurs (Fig. Id). 
After reconnection, which covers the region from 0 to r0, where i//(r0) = \p(0), the energy of the 
magnetic field B* in this region decreases substantially, so that this process is energetically 
favoured. It is easy to see that lines of force with the same values of \j/ are involved in the 
reconnection process, so that the total helical flux between these two lines is zero. The two 
regions, inner and outer, with the same di// after the reconnection merge into a single annular 
region, so that after the reconnection \jj has the form shown in Fig. 2b. 

In incompressible flow, two small rings with areas 27rr,dr,, 27rr2dr2 merge into a single 
ring with an area 27rrdr = 27rr]dr1 + 27rr1dr], which immediately makes it possible to find i//(r) 
after the reconnection. Hence, and this is of major importance, it also follows that the value of 
f\jjdS, where S is the cross-section, is conserved. 

For the simple special case of a parabolically distributed current density j = j 0 ( l - r2/a2), 
the function q"1 = RB^/rBz also turns out to be parabolically dependent on r, and all the 
calculations are simplified [ 1 ]. Namely, before the reconnection, q - 1 = qJj'C 1 - f2/2 aj), so that 
r2 = (1 - q0) 2 aj , where q0 is the value of q at the centre of the column. The reconnection region 
is given by r = r0, with x7

0- 2r2, so that at the boundary of this region q = qrQ = q 0 / ( 2 q 0
_ 1). 

Hence it is obvious that when q0 < 2/3, the reconnection region encloses the point q = 2. 

After reclosing, 

q ' = 1 -
4q0 

so that at the boundary point r0 the quantity 

q = 2 q 0 / ( 3 q 0 - l ) < q r o 

i f i < Q o < l -
We shall consider an azimuthal flux per unit column length 

/ 

and a longitudinal flux 27np = /B z dS (so that \p is the longitudinal flux divided by 2ir). 
It is easy to see that 

\jj = X~<Xf (2) 

If we also include compressible displacements of the plasma, then, as is evident from Fig.2b, 
longitudinal fluxes corresponding to the same \p should combine when the two regions merge, 
i.e. dv? = dip, + d(^2. Thus, in the general case, the quantity conserved during helical reconnection 
should be 

/ ' 
WV = — / *B zdS 
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Since the flux liry inside the reconnection region is always conserved, it is easy to see that 
the quantity 

/ * * - / K a = / Xd*>= / i ^ + | « p 2 (3) 

is also constant. 

2. FREE RECONNECTION 

To clarify the logic of further discussions, we shall introduce the concept of free reconnection. 
For this purpose, we imagine that, instead of a toroidal column, we have an infinitely long 
cylindrical column and assume that arbitrary helical displacements of the plasma that are in no 
way related to the longitudinal periodicity can take place in this column. This will immediately 
simplify the process of development of helical MHD instabilities. 

We shall again assume that the plasma conductivity is very high, so that the final conductivity 
is only important in a thin layer of reconnection. In addition, we postulate that the processes of 
development of helical modes do not extend beyond a cylinder of radius r = b, which can be 
achieved by selecting perturbations with singular points rs lying sufficiently close to the axis. 
Let the current density be inhomogeneous in the initial state, so that q(r) depends on the radius. 
Then, selecting a certain value qs = q(rs) and the corresponding a = 1 /Rqs, we can perform the 
disruption mentioned above. During this disruption, the energy of the magnetic field B* drops. 
The state obtained may be treated as the initial state for the new disruption mode, etc. This 
sequence of reconnections may be continued until the state with q = const is reached in the 
entire region 0 < r < b. 

This process, which steadily proceeds in the direction of a decrease in magnetic field energy, 
will be called free reconnection. For tokamak conditions, B z > B^, the longitudinal field may 
be assumed constant. Therefore the energy of the auxiliary field 

e*={[<W2dS = l- J (VX) 2 -« rB z ~ + « 2 r 2 B | | d S = *- J B2 dS + const (4) 

decreases together with the energy of the poloidal field e. We can now determine more concretely 
the final state to which the process of free reconnection should lead. Since the quantity Ka= fxty 
remains unchanged in each reconnection, the final state can obviously be determined by minimizing 
e with the additional condition Ka = const; or, using Lagrange's method, we have for a tokamak, 
i.e. B, = const: 

J ^(Vx)2 + Xx - ( V x ) 2 + Ax|dS = 0 (5) 

whence we find 

j = Ax = X = const (6) 
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FIG.3. Magnetic field of the current in the initial state (1) and after free reconnection (2) inside the region 
0<r<b. 

Thus, the final state corresponding to the complete dumping of excess energy of the poloidal 
magnetic field in the tokamak by the process of reconnections is the state with homogeneous 
longitudinal current. The field Bg should vary linearly with the radius, so that, with the condition 
/xdS = const, it should have the form shown in Fig.3, i.e. it is smaller than the initial field in the 
inner region and greater than this field near the boundary r = b. At the point r = b itself, the 
field jumps, which corresponds to a negative surface current. 

This idealized picture adequately covers the main features of a disruptive instability. 
Actually, it naturally leads to the effect of expansion of the current channel and decrease in 
magnetic energy, observed during the disruption. Moreover, as is evident from Fig. 3, the process 
of free reconnection pushes the azimuthal flux towards the periphery of the column (shaded 
area), and if a limiter were placed at the point r = a < b, the excess flux outside r = a would be 
ejected beyond the boundary of the plasma column. This ejection would be observed as a 
negative peak on the circumference voltage. 

Thus, the reconnection process on the m = 1 modes in the region r < b, not constrained 
in any way, leads to a disruptive-instability-type phenomenon and is associated with a decrease 
in the magnetic field energy. Under actual tokamak conditions, such a free reconnection process 
cannot take place since the singular points rs can be located only at rational values q = m/n, and, 
in addition, the mode number m must be greater than one if q > 1 in the entire column region. 
Hence, the fundamental problem in describing a disruptive instability is to find the real way 
of reconnection and decrease of the poloidal field energy for a finite number of modes, which 
is only approximately simulated by the process of free reconnection. However, before turning 
to this question, we shall digress slightly and discuss the MHD activity in diffuse pinches. 

3. ANALOGY WITH A DIFFUSE PINCH 

In a diffuse pinch (e.g. in a zeta device), q < 1, and the line reconnection process should 
be similar to the free process since the points q = m/n for m = 1 fill the entire region of the 
column fairly densely. In free reconnection, the value of Ka should be conserved, and the 
longitudinal magnetic field energy should be taken into account. Thus, considering that 
Ka

 = / 4> (d</>/dS)dS, we arrive at the variational problem 

«/l>-5($-*£h'> (7) 
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whence we find 

A X = J Z = A — = AB2 

- — I - — I - - - J 0 - - A — - - - - B ^ (8) 
r dr \ r d r / r rdr r 

In other words, we obtain a force-free distribution of the magnetic field j - XB. This result and 
the method of discussion leading to it actually repeat the contents of J. Taylor's paper [5], 
which gave a theoretical explanation of the force-free current distribution in diffuse pinches. 
There was only a slight difference in the fact that instead of Ka, he used 

/ B • A dr = 2irr / Odx - xd^) 

which differs somewhat from Ka and, strictly speaking, is not conserved during the process of 
reconnection with displacement of the magnetic axis. However, this difference does not play 
any role in the variational problem (7). 

Drawing an analogy with the turbulence of a fluid, we can state that the plasma of a diffuse 
pinch is always in the state of MHD turbulence: the process of reconnection of field lines is 
continuously sustained in the column, so that the field distribution is similar to a force-free 
distribution. In a tokamak plasma, MHD turbulence appears only during a disruptive instability, 
and in this sense we are more likely dealing with a process of intermittence, when the medium 
is quiescent for a long time, and turbulence appears only in short time intervals. The high stability 
of a tokamak plasma compared to a diffuse pinch is unquestionably due to the limitation imposed 
by the discreteness of the perturbation modes and to the barriers for the poloidal magnetic field 
energy. To understand what these barriers represent and how they can be overcome or bypassed 
in a disruptive instability, it is necessary to examine more closely the geometry of the magnetic 
fields involved in reconnection. 

4. MAGNETIC SURFACES AND THEIR "TAILORING" 

If the conductivity is very high, the field lines may be considered frozen into the plasma 
everywhere except the regions where the current density approaches infinity. Therefore, the 
magnetic surfaces with the field lines lying on them are conserved during reconnection; they 
can only be cut and "rejoined" along the specific lines where the line reconnection takes place. 
This appreciably simplifies the pattern of fields during reconnection. 

Let us re-examine the simple helical reconnection of the type of Fig. 1 by the m = mode 1. 
Figure 4 shows more clearly how the inner (i) and outer (e) surfaces come into contact with 
each other along line AB (Fig. 4a). They are then cut and rejoined along this line (Fig. 4b) and 
after unrolling, we obtain a patchwork cylindrical surface (Fig. 4c). After a second reconnection 
on a mode with a different pitch length, a four-patch surface is obtained (Fig. 4d), etc. Thus, 
in free reconnection, the surfaces are quickly converted into "patchwork carpets" made up of 
pieces of the original magnetic surfaces. 

The form of the final surface depends on the order of reconnections. Actually, surfaces i 
and e (Fig. 4a) may merge, since the helical flux between them is zero, but if the "snake" CD 

passes through them before their merging and leaves a certain flux between them, their merging 
along the previous line AB ,will become impossible. 
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FIG.4. Magnetic surfaces in simple (a, b, cj, repeated (d, e) and unsymmetric (f) reconnection. 

In helical symmetry, the contact and rejoining of the surfaces take place immediately along 
the entire line AB. However, it is obvious that this is not a necessary requirement, and the 
reconnection may take place unsymmetrically, as is shown, e.g. in Fig. 4f, where the cut is made 
on both sides of the initial point D. More distant surfaces can come into contact through the 
"opening" formed, so that the configuration of Fig. 4f with surfaces connected by necks will 
be obtained. If this connection has taken place properly, i.e. the same surfaces i, e as in Fig. 4a 
were connected, then, as the cut continues further from the point D of Fig. 4f, exactly the same 
reconnection as in symmetric contact will take place on both sides along line AB. 

There is still another possibility: in the absence of symmetry, the surfaces may come 
together along a line slightly inclined relative to AB, and in this case other surfaces will come in 
contact, so that the cut will run along the line where q_1 is not equal to an integer. Then, after 
the cut goes all around the torus, it will not close; in other words, a helical flux different from 
zero will remain between the surfaces of reconnection. This flux will throw the reconnection of 
surface i over to another surface, so that the total residue of the helical flux will become zero. 
This means that after such a reconnection, a structure of the type of Fig. 4f with necks will form 
by itself. Subsequent reconnections may fragment these necks, and, therefore, in the general case 
of a sequence of unsymmetric reconnections, we can expect a complex structure of magnetic 
"patchwork" surfaces connected by necks. The greater the deviation from helical symmetry, 
the "longer" the necks that can be formed. 

5. MAGNETIC BARRIERS 

We shall now return to the simple reconnection of Fig. 1. This process is energetically 
favoured, and a decrease in magnetic energy may result. Perhaps most clearly this is seen from 
the fact that.after the reconnection, the field lines become shorter. For example, in Fig. lb, 
two small rings with the same flux di// approach one another. The magnetic energy of these 
rings is 
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m 0 0 

FIG.5. Reconnection by the m = 2 mode. 

FIG. 6. Reconnection in the presence of two surfaces with equal q. 
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where £, is the length and Aj is the width of ring number i. After merging, the two rings become 
a single one with a total area 2A = 2, A, + £2 A2, so that the energy becomes 

Ae2 = - ( d ^ ) 2 - < ( — ) Ae, (9) 

Hence it is obvious that when the field line is shortened from the total length 9.x + £2 to 
S. < £ , + £2, the magnetic energy decreases. 

Let us now consider the reconnection of m = 2 symmetry. For simplicity, we shall assume 
the same initial state as in Fig. la, so that the pair of numbers m = 2, n = 2 will now correspond 
to a perturbation with qs = 1. Let us assume that we artificially begin to bring the inner and 
outer layers closer to the two points K, L on the line B* = 0, as is shown in Fig. 5a. Then 
reconnection will begin at these points, and islands will form, as is shown in Fig. 5b, c. The 
islands of Fig. 5c have opposite fields at the centre, and on reconnection (Fig. 5d), they will 
merge (Fig. 5e). As a result, we obtain exactly the same final state as in Fig. I. Thus, at the 
end of the process, the magnetic field energy has decreased, but along the way we have to go 
through the stage with longer field lines, Fig. 5c, i.e. we have to climb the "hill" of the magnetic 
field energy. If the mode under consideration does in fact correspond to the case of qs = 1, 
m = 2, n = 2, and the transition to m = 1, n = 1 is not forbidden, the islands (Fig. 5b, c) will 
prefer to roll down the "hill". Actually, it is easy to ascertain that the islands attract each other, 
and their approach (Fig. 5f) causes the field lines to shorten and the magnetic energy to decrease. 

An analogous (Fig. 5) reconnection process can take place with any higher mode, m = 3, 4, ..., 
but in this case the magnetic barrier on the way to the final state increases. It may be stated that 
the reconnection prefers to follow the lowest allowable mode. 

Let us now consider the course of reconnection in the presence of two points with the 
same value of q. The initial slate with two dashed circles B* = 0 is shown in Fig. 6a. If we take 
as an example m = 2, one of the possible reconnections may start as shown in Fig. 6b. Two inner 
and two outer islands are thus formed. In striving to assume a circular cross-section, the islands 
push the field lines apart somewhat, and promote further reconnection. The islands then encounter 
the same field line (Fig. 6c), the reconnection continues further, and, eventually, the entire region 
with the reverse field disappears (Fig. 6d). If the width of this region 5 ^ r/m, the field lines are 
shortened almost monotonically on the m-mode, i.e. the process proceeds almost without any 
barrier, and for greater m > r/5, the magnetic barrier must be overcome. 

6. INTERACTION OF THE m = l , m = 2MODES 

Let us consider a typical situation for a tokamak, when q is close to or slightly less than 
unity at the column centre, equal to two somewhere in the inner region, and is certainly more 
than two at the edge of the column. When q = 2, we have a singular surface for the m = 2 mode; 
here the corresponding B* becomes zero. Let us assume that we have a small perturbation m = 2, 
which should be in the form of two islands near the point q = 2. For simplicity, instead of a 
torus, we shall consider a cylinder section with identified ends so that the islands are in the form 
of two helical strands (Fig. 7a). These strands are known to have a tendency to attract each 
other, but the symmetry (i.e. q = 2) does not permit their uniform approach. 

It is easy to see that an energetically favoured deformation of the columns may occur in 
the presence of the inner m = 1 mode, as was demonstrated analytically [6, 7] in a lower-order 
approximation in perturbation amplitudes. Actually, if a helical displacement of the plasma by 
the "soft" m = 1, n = 1 mode occurs inside the column, the m = 2 strands may distort (see 
Fig. 7b), and this may be favoured energetically: the helical m = 2 strands come closer together 
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FIG. 7. Interaction of the m = 2 mode with the inner m = 1 mode. 

in section 1, section 2 is simply displaced to the side as a whole, while in sections 3, the m = 2 
strands remain in place, and the energy change of the soft m = 1 mode is small. Thus, the 
m = 2 mode and inner m = 1 mode may excite each other. Moreover, if the energy released is 
sufficiently high (as, e.g. when B* is sufficiently large near q = 2, i.e. when dq/dr is sufficiently 
large near q = 2), a complete reconnection and rearrangement of the magnetic configuration will 
occur in section 1 (Fig. 7b), as in Fig. 1, and the excess helical flux near section 2 will lead to 
the creation of a neck between the surfaces, as discussed above. 

7. DISRUPTIVE INSTABILITY 

We can now propose the following probable qualitative picture of disruptive instability. 
As a rule, a disruptive instability begins with a weak resistive instability of the m = 2 mode. 
If the amplitude of this mode becomes sufficiently large, i.e. B* in the islands near q = 2 is 
sufficiently large, these islands begin to live their own life, tending to come closer together and 
to excite the inner m = 1 mode. Apparently, this process may sometimes lead to the rapid 
formation of a helical structure, concealed inside the column, of the type of the m = 2 mode 
and inner m = 1 mode. This effect apparently manifests itself as the so-called "pre-disruption", 
i.e. a process resembling disruption, but not associated with a large ejection of the poloidal 
magnetic field or a strong interaction of the plasma with the walls. 

If, however, the conditions for strong reconnection are met, e.g. when there is an abrupt 
change in q near q = 2, caused, in particular, by an inner disruption which developed before 
q = 2, the process of build-up of the m = 1, m = 2 modes may change to a stage of strong 
reconnection and rearrangement of the entire inner structure. In addition, rearrangements of 
the type discussed above, with two equal rational values of q, may appear near the column 
boundary. 
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In this case, the process may develop almost up to free reconnection, i.e. it should lead 
to a re-distribution of the current resulting in a uniform distribution over the cross-section of 
the column and outward expulsion of part of the poloidal flux. 

A more accurate picture of the phenomenon described can, of course, be obtained by an 
actual analysis of experimental data and simulation of the process by computer. 

8. CONCLUSION 

The mechanism of field line reconnection is proposed as the most natural explanation of 
the disruptive instability in tokamaks. This mechanism adequately accounts [1 ] for the internal 
disruptive instability, assuming that only the m = 1 mode develops. We extend it to the case 
where two or several modes are present. When there is a large number of allowed modes, one 
can speak of free reconnection, which, according to Taylor [5] leads to a force-free magnetic 
field in a diffusion discharge. In a tokamak, Bz 5̂> BQ, free reconnection leads to a uniform 
distribution of the current over the column cross-section and to expulsion of part of the poloidal 
flux beyond the edge of the limiter. It may be stated that the disruptive instability in a tokamak 
is an MHD activity that flares up for a short time and is permanently present in a diffusion column. 
The geometry of magnetic surfaces during reconnection has been analysed, and qualitative 
arguments are given to show that disruptive instability begins to develop as a result of the 
interaction of the m = 2 mode with the inner m = 1 mode. 
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H.P. FURTH: Your agreement is in terms of energetics, with the constraint of gross flux 
conservation. What about the time scale of the disruptions? In particular, what causes the 
sudden change in field-line reconnection rate, from the slow initial island growth phase to the 
phase of violent disruption? Does this perhaps represent the onset of a resistivity anomaly at 
the reconnection points? 

B.B. KADOMTSEV: The transition from the slow phase to the fast phase sets in when 
the effective island magnetic field B° becomes sufficiently large and the island begins strongly 
to perturb the plasma around it. The time scale of reconnection can be very small — inertial 
in fact. 

R.S. PEASE: Toroidal pinches can be varied continuously from high q to very low q 
(as in the Zeta case). What, in your theory, determines the boundary value of q which divides 
discharges that you call continuously turbulent from those you call discontinuously turbulent? 

B.B. KADOMTSEV: The boundary between continuous and intermittent turbulence lies 
somewhere around q = 1. 

R.S. PEASE: As we reported in 1968, experiments on Zeta demonstrated that very-low-q 
discharges can show only discontinuous turbulence. How is this fact interpreted by your theory? 

B.B. KADOMTSEV: I use the expression "continuous turbulence" only as a convenient 
descriptive term. In fact, the phenomenon observed may be a succession of individual bursts of 
turbulence. 

H. FLEISCHMANN: In many experiments (at Garching and elsewhere), actual large-
scale disruptions appear to occur whenever magnetic connections are established either to the 
limiter or to cold plasma at the plasma surface. I wonder whether the fast change in time scale 
which Dr. Furth referred to, and also changes in the island behaviour, could be associated with 
the change in plasma resistivity brought about by the resultant plasma cooling. 

B.B. KADOMTSEV: The reconnection time scale may be weakly dependent on the 
electrical conductivity of the plasma, and in this sense a change in resistivity is not a direct 
cause of reconnection. 

W.H. BOSTICK: First let me make a brief historical comment. The pinch effect was 
observed to exhibit disruptive instabilities (voltage spikes, X-rays, neutrons) about 25 years ago. 
It was about 15 years later, or ten years ago, that a "fine structure" of plasma islands or filaments 
was observed in the current sheath of the pinch effect (the plasma focus). Some, at least, believe 
that the recombination and/or decay of these filaments is the key to understanding the X-ray 
and neutron production of the plasma focus. Early on arguments were adduced1 to show that 
this process is the laboratory embodiment of the solar flare process. It could be said that the 
tokamak programme is now at the stage where the plasma focus was 10 years ago. So it would 
be useful to consider how we can improve communications among plasma physicists who work 
on "different kinds of machines"; we can then recognize that these phenomena all belong to the 
same realm of physics, and in doing so we shall help each other to understand them better. 

B.B. KADOMTSEV: Frankly, I feel that all the ideas we have and all the experimental 
results we obtain do acquire unity in plasma theory. 

1 BOSTICK, W.H., PRIOR, W., GRUNBERGER, L.( EMMERT, G., Phys. Fluids 9 (1966) 2079. 
BOSTICK, W.H., NARDI.V., GRUNBERGER, L., PRIOR, W., IAU Symposium on Solar Magnetic Fields 
(Paris, Sep. 1970) D. Reidel, Dordrecht, Netherlands, 512; Proc. Conf. on Cosmic Physics (ESRIN) (Frascati, 
Sep. 1971) Plenum Press, New York 175. 

567 





IAEA-CN-35/B2-1 

NON-LINEAR TEARING MODES IN TOKAMAKS* 

R.B. WHITE, D.A. MONTICELLO 

Plasma Physics Labora tory , 

Princeton University, 

Princeton, New Jersey 

M.N. ROSENBLUTH, B.V. WADDELL1" 

The Inst i tu te for Advanced S tudy , 

Princeton, New Jersey, 

United States of America 

Abstract 

NON-LINEAR TEARING MODES IN TOKAMAKS. 
Numerical codes have been developed for the description of the non-linear evolution of tearing modes in 

tokamaks. The m =1 mode is observed to continue rapid growth in the non-linear regime, producing significant 
changes on a time scale consistent with the experimentally observed minor disruption. The double tearing mode 
associated with a hollow current profile also continues rapid growth in the non-linear regime, and thus may play 
a significant role in the anomalous current penetration during the early stages of a tokamak discharge. Single 
magnetic islands with m > 2, on the other hand, cease exponential growth upon entering the non-linear regime 
and saturate shortly thereafter. A model for the saturation processes is presented. Modifications due to thermal 
transport are discussed. 

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

T h e n o n l i n e a r e v o l u t i o n of t e a r i n g m o d e s i n t o k a m a k s i s i m p o r t a n t 

i n d e t e r m i n i n g m a g n e t i c i s l a n d s t r u c t u r e a n d i n p r e d i c t i n g t h e l a r g e - s c a l e 

M H D d i s t o r t i o n of t h e p l a s m a b e l i e v e d t o b e a s s o c i a t e d w i t h i n t e r n a l a n d 

e x t e r n a l d i s r u p t i v e i n s t a b i l i t i e s [ 1 ] . W e h a v e c a r r i e d o u t a n u m e r i c a l a n d 

a n a l y t i c a l a n a l y s i s o f t h e f u l l n o n l i n e a r b e h a v i o r of t e a r i n g m o d e s u s i n g 

t h e c y l i n d r i c a l a p p r o x i m a t i o n a n d h e l i c a l s y m m e t r y t o a l l o w t h e r e d u c t i o n 

of t h e p r o b l e m t o a t w o - d i m e n s i o n a l o n e . W e m o d e l t h e t o k a m a k b y c o n 

s i d e r i n g a h i g h l y c o n d u c t i v e p l a s m a of u n i f o r m d e n s i t y , w h i c h f i l l s a 

c o n t a i n e r b o u n d e d b y a c o n d u c t i n g s h e l l , a n d w i t h a n i m p o s e d e l e c t r i c 

f i e l d a t t h e w a l l . 

W e t r e a t t h e c a s e of c i r c u l a r c r o s s - s e c t i o n w i t h t h e u s u a l t o k a m a k 

o r d e r i n g B » B „ , w h i c h e l i m i n a t e s f a s t A l f v e n w a v e s . I n t h i s a p p r o x i -
z \j 

m a t i o n m a g n e t i c i s l a n d s , b u t n o t e r g o d i c f i e ld l i n e s , c a n o c c u r . A l l 
q u a n t i t i e s t h e n b e c o m e f u n c t i o n s of T = mQ + n z / R , r a n d t on ly . H e r e 
m and n a r e t h e p o l o i d a l a n d t o r o i d a l m o d e n u m b e r s and R i s the m a j o r 
r a d i u s of the t o r u s . H e l i c a l s y m m e t r y a long w i t h V* B = 0 i m p l i e s t h a t 
the m a g n e t i c f i e ld c a n b e r e l a t e d to a s c a l a r )//, the h e l i c a l f lux t h r o u g h 

B" = V V X z - — B 0 + B z (1) 
m z z 

and lj/ i s r e l a t e d to t h e v e c t o r p o t e n t i a l t h r o u g h l// =A - ( k r / m ) A . In a 
z t) 

p r e v i o u s p u b l i c a t i o n [ 2 ] w e h a v e d e s c r i b e d t h e r e s u l t i n g s i m p l i f i c a t i o n 

* Work supported by USERDA, Contracts E(l l-l)-3073 and E(l l-l)-3237. 
t Present address: Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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of the MHD f lu id e q u a t i o n s t o l o w e s t o r d e r in k r / m . F r o m F a r a d a y ' s l aw 
and O h m ' s l aw we find 

dxl/ 
d f = - 1 j J + E (Z) 

where d /d t is the convective der ivat ive, 77 the res is t iv i ty , and E the 
imposed e lec t r ic field at the tokamak wall, this t e r m reflecting the 
boundary condition \f/ = 0 on the wall. The z component of the current , 
J , can be writ ten as 

2kB 

through Ampere ' s law. Writing the velocity in t e r m s of a sca la r A 

VA X z , the equation of motion can be writ ten 
i 

p ~ v f A = - z . (V1//X V , V 2 ^ ) (4) 
a t 1 1 1 

where s , the ra t io of the two charac te r i s t i c t imes appearing in these 
equations, the res i s t ive t ime (T = a /rj), and the MHD time ( T U = 

m p R / n B ) , is of the order of 10 for p resen t -day tokamaks. 

We are considering three phases of complexity of the problem. 
In phase A we ignore effects due to the rmal diffusion and kinetic theory 
cor rec t ions . The dynamics of the p lasma are then governed by Eqs. (2) 
through (4). By choosing various cur ren t profi les , the full nonlinear 
behavior of simple and multiple tearing modes can be followed. P h a s e B 
consis ts of the addition of Ohmic heating and electron heat t r anspor t to 
the code of Phase A. With these additions a more rea l i s t i c t rea tment of 
p lasma res i s t iv i ty is possible . This is important since the resu l t s of 
phase A show that the nonlinear behavior of the tear ing mode is dependent 
on the model chosen for the res is t iv i ty . In addition, the effect of t he rma l 
conductivity on the more rapid m = l tearing mode can be studied. Phase C, 
which has not been implemented at this writing, consists of the inclusion 
of finite gyroradius effects to Ohm's law. Also planned is a modification 
to allow the t rea tment of ax i symmetr ic noncircular si tuations, such as 
would a r i se in PDX equil ibrium and t r anspor t s tudies . Finally, we a re 
hoping to be able to introduce l inear ized three-d imens ional per turbat ions , 
so as to t r e a t the stability of helical equil ibria to per turbat ions of a 
different helicity. 

Phase A 

The l inear ized form of equations (2)-(4) gives r i se to the cyl indr i 
cal vers ion of the tearing mode t rea ted by Fur th , Killeen and Rosenbluth 
[3] . The magnetic island is t rea ted as a na r row boundary layer and the 
exter ior solution is independent of res i s t iv i ty . The growth ra te is de te r 
mined by the discontinuity A* in dl///dr a c r o s s the magnetic island and 

2/3 2/5 
scales as s / T for the fas tes t growing modes and as s / Tn for 

R R 
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FIG.3. Flux surfaces at various times for m = 1, rs= 0.4. The final configuration exhibits almost complete 
flattening of the flux profile inside the singular surface. 
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those modes for which the discontinuity in \p itself ac ross the island is 
negligible (the constant xj/ approximation). 

Rutherford [4] has argued that for those modes for which constant 
l// is a good approximation the appropriate t ime scale during the nonlinear 
stage is 1 / T P • This stage is reached when the size of the island equals 
the size of the tear ing layer . If the mode is to slow its growth to the r e s i s 
tive t ime scale, we see from Eq. (4) that iner t ia should be unimportant , 

i . e . V l ^ X V ( V ty)~ ° o r 

VjV = f (lM (5) 

Introducing the average along a flux line (\jj = constant) through 
( F ) = £ (dl/v ,WF/§> (dJl/v^) and noting that (v*« V ^ ) = 0, we find from 
Eq. (2) 

< - | ^ > = - < n > J (I//) + E (6) 

This, together with Eq. (5), gives a full descript ion of the system once the 
island width is g rea te r than the tearing layer , providing the conditions 
leading to Eq. (5) a re satisfied. 

Two major numer ica l codes have been wri t ten. The f irs t , r e fe r red 
to as the m a s s code, in tegrates Eqs (2) - (4) and thus advances the fluid 
velocity in t ime . It is an Euler ian code with an Alternating Direction 
Implici t scheme used to stabilize the diffusion pa r t of Eq. (2). It is capable 
of descr ibing the init ial l inear growth as well as the subsequent nonlinear 
behavior of the modes . The second, r e fe r red to as the m a s s l e s s code, 
in tegra tes Eqs (5) and (6), and has been descr ibed e lsewhere [5 ] . It is 
applicable for single is lands with m > 2 whose width exceeds the tear ing 
layer . Its major advantage is that in these cases it allows a much la rger 
t ime step than the m a s s code does, since the time step is l imited by con
s iderat ions of accuracy ra ther than by numer ica l instabil i ty. 

The r e su l t s of the numer ica l advancement in t ime of these codes 
for m > 2 is summar ized in F ig . 1. Both codes reproduce a reg ime in 
which the island grows l inear ly in t ime, the socalled Rutherford reg ime [ 4 ] . 
The m a s s code also reproduces the t ransi t ion from the initial exponential 
growth to the Rutherford regime when the island reaches the tear ing layer . 
Shown in Fig . 1 a re the resu l t s of using three models for the res is t iv i ty , 77. 
Clear ly the nonlinear behavior is strongly dependent on this modelling. 

Saturation of the mode is observed for m > 2 with the res i s t iv i ty 
of the form 77 J = constant. This model is physically significant in that the 
zero-order c u r r e n t profile is constant in t ime . The nature of the s a tu ra 
tion is through the quasi l inear development of the pr incipal mode ra ther 
than through a mode coupling p roces s and can be descr ibed analytically [6] . 
Making use of the fact that at saturat ion the flux i// is very well descr ibed 
by a sma l l number of harmonics , and modelling the cu r r en t in the island 
in ter ior , Eq. (5) and Eq. (3) pe rmi t s one to solve for the magnetic is land 
state given the island width. Equation (6) can then be used to advance this 
state in t ime. Resul ts of advancing such a code are also presented in Fig . 1. 
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To study saturat ion phenomena it is sufficient to re ta in only the fundamen
tal (cosmfl) and the zeroth harmonic , and to model the cu r r en t in the island 
in ter ior as a l inear function of \(/. In this case , Eq. (5) can be integrated 
analytically, and one obtains a quasi l inear extension of the work of Ruther 
ford; 

—— m v [ A' (w) - a w ] (7) 
dt 

where a is given in t e r m s of gradients of the cu r r en t and of the res i s t iv i ty 
evaluated at the singular surface , and is also logar i thmical ly dependent on 
the island width. This equation can be di rect ly used to pred ic t saturat ion 
values in the case ?] J0= constant, as the exter ior solution, and hence the 
discontinuity in dl/ / /dr for finite island width, A' (w), is constant in t ime. 
Analytically obtained saturat ion widths a re shown in F ig . 2 for this case , 
along with points obtained by numer ica l ly advancing the m a s s code. 

If, instead, the res i s t iv i ty is assumed to be spatial ly constant, 
island growth has been followed until the island width is a large fraction of 
the tokamak minor rad ius . This behavior is qualitatively understood 
through the analytical model . Constant 77 gives a value of a which de 
c r e a s e s the tendency for saturat ion. 

F o r poloidal mode number m = l the constant \p approximation is 
not valid [7] . This mode demons t ra tes much faster growth and l a rge r d i s 
tor t ions of the cu r r en t profile [8] . In this case the mode is dr iven so s t rong
ly that it does not enter a Rutherford r eg ime . It continues to grow exponen
tially at approximately the l inear growth ra te until it flattens the toroidal 
cu r ren t inside the singular surface and inc reases the safety factor to unity 
at the p la sma center [9] . The t ime sca le for this p r o c e s s is s ' Tr, a-nd 
is in ag reement with the experimental ly observed t ime for the internal d i s 
ruption. In F ig . 3 is shown the resul t ing distort ion of the flux surfaces , 
and in F ig . 4 the flattening of the cu r r en t profile observed as the m = 1 
island grows. 

A second case of magnetic island development that does not 
possess a Rutherford reg ime of growth is that of coupled modes . A skin 
cu r ren t profile, with the safety factor assuming the same ra t ional value 
at two values of the minor rad ius , gives r i s e to a pai r of coupled mag
netic is lands with the same helicity. F o r s values of ~10 , typical of the 
skin phase, the constant ty approximation is not valid for these modes 
and they consequently have very large growth r a t e s . They continue their 
rapid growth well into the nonlinear reg ime and until the two islands m e r g e , 
with an associa ted flattening of the flux between the two singular sur faces . 
This produces a mixing of the two is lands and a complicated flux topology, 
as shown in F ig . 5, which should strongly affect r ad ia l heat t r anspor t . 

Phase B 

To obtain a more r ea l i s t i c model for the res i s t iv i ty than that used 
in P h a s e A, we have taken the res i s t iv i ty to have the c l a s s i ca l dependence 
on e lec t ron t empera tu re , JJ <x T " .The m a s s code has been extended to 
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T= 1.07x10" 

FIG.5. The time history of a pair of coupled magnetic islands. No Rutherford regime is observed, rapid 
exponential growth being observed until the two islands merge. 

advance the electron tempera ture by using the e lect ron heat conduction 
in the form 

3 dT v „ K . , v „ T + v iV v iT + ^ (8) 

where V,, = B* V / | B | , and n is the electron number density. Fo r present-
day devices the para l le l t he rma l conductivity KM is enormous compared 
to the perpendicular t he rma l conductivity K, . We have, at this writ ing 
computed only one limiting case ; that of K = 0, K,, l a rge and constant, 
and no Ohmic heating. The mass code advances Eq. (8) d i rec t ly using an 
implici t scheme for the rapid the rma l flow along field l ines . Fo r the 
m a s s l e s s code we note that in this l imit Eq. (8) becomes 7] = rj {ip) and 
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( dr]/dt) = 0. The r e s u l t s of the t w o c o d e s a g r e e for m = 2, and a r e d i s 
p l a y e d in F i g . 1. On ly t h e q u a l i t a t i v e f e a t u r e s of t h e s e r e s u l t s s h o u l d be 
t r u s t e d f o r e i t h e r c o d e f o r i s l a n d wid th g r e a t e r t h a n « 0. 2. T h i s c a s e h a s 
a l s o b e e n fo l lowed for m = 1, and s h o w s n o s i g n i f i c a n t d e v i a t i o n f r o m the 
r e s u l t s s h o w n in F i g . 3 and F i g . 4 . T h e t e m p e r a t u r e p r o f i l e f l a t t e n s and 
the t e m p e r a t u r e b e c o m e s a func t ion of \p a s e x p e c t e d . 

Wi th the i n c l u s i o n of f i n i t e ( p o s s i b l y a n o m a l o u s ) K . and O h m i c 
h e a t i n g we shou ld s h o r t l y h a v e a f a i r l y c o m p l e t e d e s c r i p t i o n of i s l a n d 
e v o l u t i o n in the c l a s s i c a l r e g i m e . T h e p r o p o s e d P h a s e C i n c l u s i o n of 
t he d r i f t t e r m s in O h m ' s l a w shou ld t h e n i n d i c a t e w h e t h e r i s l a n d b e h a v i o r 
s h o u l d be e x p e c t e d to s i g n i f i c a n t l y d i f f e r in t h e h i g h e r t e m p e r a t u r e k i n e t i c 
r e g i m e . 
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NUMERICAL STUDIES OF RESISTIVE INSTABILITIES* 
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Garching bei Munchen, 
Federal Republic of Germany 

Abstract 

NUMERICAL STUDIES OF RESISTIVE INSTABILITIES. 
Linear and non-linear properties of the m = 2 tearing instability are investigated. The growth rate 7 is 

obtained for finite values of the resistivity 7?. It is found that even for T? ~ 10 -6, y may be substantially smaller 
than predicted previously. The non-linear behaviour is studied for different models of the resistivity. Stabilization 
of island growth occurs for d-q-Jdip < 0 (i?; is the resistivity within the islands) as produced, e.g. by the thermal 
conductivity KX> while no saturation is found for di?j/9i// > 0. In addition, the interaction of rotating tearing 
modes with a weak external resonant field is investigated. 

I) INTRODUCTION 

Magnetic oscillations observed in tokamaks have mode rational 

surfaces located well within the plasma column. However, internal 

MHD kink modes, if unstable at all, have very small free energy and 

hence would saturate at low amplitudes. Therefore the observed 

oscillations appear to be caused by resistive instabilities, which 

may grow to large amplitudes, though at a smaller growth rate than 

MHD instabilities, owing to the absence of the constraint of flux 

conservation, and lead to the formation of magnetic islands. 

In the present paper, we investigate the linear and nonlinear properties 

of resistive tearing modes by numerically integrating the simplified 

set of equations which is described in detail in Ref. 1. The plasma 

is treated in the cylindrical approximation to lowest order in the 

usual tokamak ordering B « B . We further assume incompressible 

plasma motion and constant density. To make the problem 2-dimensional, 

we restrict ourselves to one helicity, i.e. all functions depend only 

on r and m9 - k z. In this approximation, the system is described 

by three functions only, the helical flux $, the stream function 

<j), and the resistivity n, which obey the following equations: 

a 1 , 2k B 

(1) Jf- W - V 4 * = n ( V ^ + — | - ^ ) - EQ 

* This work was performed under the terms of the agreement on association between the Max-Planck-
Institut fur Plasmaphysik and EURATOM. 
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(2) | f + v " V£ - (V* x V V 2 ^ ) / 
ot z 

v 2* = 5 . t - v v * . v . ( i , i i ) 

_^ k B r 
B = t x Vip + e" Z Z + e" B , B = cons t 

z 8 m z z z 

m, n = k R az imu tha l , t o r o i d a l mode numbers, 

rB 
z 

q(r) = ^ ,. safety factor 

(3a) f - 0 

(3b) |H. + v* • vn = o 

(3c) n = TjOp.t) - T" 3 / 2 

The equations are written in dimensionless form, units being the 

radius r of the conducting wall confining the plasma, a typical 

poloidal field B and the corresponding Alfven time t = r /p~~ /B . 

In these units n = S , where S is the usual ratio of resistive skin 
2) 3) 

time to Alfven time . Previous investigations have shown that 

the nonlinear behaviour of the tearing mode strongly depends on the 

assumption about the resistivity. We investigate three different 

models, given in eq. (3). Model (3c) is the most realistic one; the 

equation for the temperature T(^,t) may include ohmic heating and 

perpendicular heat conduction. As initial conditions we usually 

choose a resistive equilibrium n (r) j (r) = E , adding a small 

perturbation ty « cos m 6. 

II LINEAR STABILITY PROPERTIES FOR FINITE n. 

The linearized problem obtained from eqs. (1) , (2) has been considered 
A) . . . . 

in the limit of small resistivity , where the plasma is divided into a 

resonant resistive and an outside MHD region. The growth rate obtained 

from the matching condition between the two regions is a function of 

A', the usual difference of the logarithmic derivates. 

In systems of physical interest ri is small, ranging for present-day 
-4 . . -6 

tokamaks from 10 (initial phase, outer regions) to 10 (center). 



IAEA-CN-35/B 2-2 581 

10"c 

ROUNDED MODEL, m=2 

ONVECTIVE 

10 10" 10 10" 10 

FIG. 1. Growth rates versus T?s for three resistivity models. The parameters chosen are s - 0.66, rs-0.5 
(q(lj = 4.34). The dashed line gives the scaling, not the absolute value of the theoretical growth rate. 

We will, however, show that even at such small values significant 

deviations from theory exist, particularly for small r . In addition, 

knowledge of the linear growth rates for finite n is very useful to 

control the accuracy of the nonlinear simulations, described in III, 

where for numerical reasons we cannot use realistic values of n. 

We therefore solved the linearized equations for finite values of n, 

neglecting secular changes of the equilibrium quantities. Then the case (3c) 

becomes identical to (3a), which we therefore call the conductive case, 

while (3b) is called the convective case. In addition to the self-consistent 

equilibrium n (r)j (r) = const, we also consider the case of homogeneous 
^ o o 
resistivity r\ «* const. We use the current profiles given in Ref. 4, the 

o 

rounded model 

(4) J„ = 
(s + r ) 

and the peaked model 

(5) i ~ 
r 2 2,2 
(s + r ) 

where s characterizes the width of the current channel. 

The linearized equations are solved with some arbitrarily chosen initial 

perturbations ij>, <j>. As the instability develops the mode with the largest 

growth rate dominates. It is found that in all cases considered the most 
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10" 

ROUNDED MODEL. s=0.66 
m =2 

• rc =0.66 

_ i — i — i i i 1 1 1 1 i i ' i . . 1 1 1 ' i i i i i i i 

10"2 10-3 10"4 10'5 t| 10'6 

FIG. 2. yfrij for the conductive case for two positions of the resonant surface rs. 

unstable mode is a purely growing one, Re(o)) = 0, which previously had been 

shown only for the convective case 2) The theory of the tearing instability 

n (r ), for m = 2 for the three resistivity 
o s 

for m >_ 2 predicts the scaling y « n , v = 0.6, with ty ̂  const in the 

singular layer and (j> an odd function around r . Figure 1 shows numerical 

results of Y(n )> ng 

models. For n > 10 all models have growth rates considerably below the 
s 

theoretical value with correspondingly small v. While the convective 
-4 . . . 

case approaches the theoretical result for n < 10 , the other resistivity 
models require n < 10 

The discrepancy between the actual growth rate for finite n and the 

theoretical value is the larger the smaller r . Figure 2 shows y(nc) for 
S _/• » 

two locations of r . For r = 0.4 we find that even for n = 10 the scaling 
s s s 

exponent is v = 0.49, which is still significantly below the theoretical limit 

v = 0.6. The reason for this behavior is the increasing curvature of the 

magnetic surfaces, which for decreasing r requires a smaller n to ensure 

that the singular layer width is small compared to r . For small r , 
-6 . 

r < 0.2 for n = 10 , the modes are stable, in contrast to the theoretical 
s ^ s ' 

2/5 -1 

prediction y « r for the rounded model and y a r even,for the peaked 

model . In Figure 3 the eigenfunctionsijj , <j> are plotted for the same n 

but different location r . Only for the larger radius do these 
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FIG. 3. Eigenfunctions <p, \p for two positions of the resonant surface, using the rounded model with s = 0.66. 
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functions resemble the theoretical tearing modes, while for the smaller 

r they are more similar to typical cylindrical modes such as the m = 1 

resistive kink mode. We also investigated the m = 1 mode. Though for large 
. . . . 1/3 

values of n there are deviations from the small n prediction y <* r\ , the 

growth rates approach the theoretical value much sooner than for m = 2 

and for n < 10 are practically identical to it. 

II) NONLINEAR PROPERTIES OF m = 2 TEARING MODES 

To determine the amplitude an unstable tearing mode reaches, the nonlinear 

equationsO )~(3) have to be solved. We have treated these equations numerically 

keeping the inertia term, in spite of the multiple time scale problem, 

because the equations are more general and the basic algorithm is simple 

enough to allow many time steps in a typical computer run. 

We first consider the nonlinear development of the m = 2 mode for the 

resistivity models (3a,b). We then investigate the interaction between 

rotating tearing modes and a weak resonant external field. Finally, we 

treat the case (3c), n (^»t), which should give the most adequate description 

of the nonlinear behavior of the m = 2 tearing mode within the present 

framework. 

1) Equations (1) and (2) were integrated in time with either of the profiles 

(4), (5) as initial current distributions and constant E . While for the 

convective case (3b) no saturation of island growth occurs until the islands 

touch the center and the plasma convection flow becomes singular, the 

assumption (3a) leads to a finite island size in agreement with results 
3) . 

obtained previously , depending on the current distribution and the 

location of the singular surface r , and to a certain extent on the magnitude 

of the resistivity. A small viscosity term was addied to eq (2). Compared 

with the exact growth rate this term reduces the linear growth rate by at 

most 5%, and has the additional effect that a stationary island size is reached 

after a modest overshoot, while in the absence of the viscosity term the 

linear growth rate agrees with the exact value within 1%, but the final 

state is somewhat: oscillatory. Somewhat surprisingly, the overshoot tends 

to become larger for smaller n . The very slow decay of the islands for 
-3 n > 10 hardly noticeable for the times of the computer runs, is not due to 

viscosity but to a slow change of the current distribution, which is only 

stationary to lowest order. 

Figure tj shows the island size A. for the two current models and different 

r . Note that for the rounded model A. may become quite large. This may not 
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0.2 0.4 0.6 0.8 

FIG. 4. Stationary island size of the m=2 mode using a temporally constant resistivity rj0 (r) a /o_1-

only enhance thermal losses of the plasma, since the temperature would 

essentially be constant across the island, but also enhance the m = 1 mode 

because of the rather strong ellipticity of the plasma inside the q = 2 

surface, produced by the strong inside-outside asymmetry of the islands. 

Increasing the radius of the wall r has no noticable influence on the island 
w - 4 - 4 

size. A. increases somewhat when decreasing n from 7 x 10 to 1.5 x 10 
l s 

but remains unchanged for still smaller n . The reason appears to be that 
-4 , . s 

for n > 10 Alfven and resistive time scales are not sufficiently 
S . 7) 

separated. For instance, no Rutherford regime of island growth , A. « t, 
-4 1. 

can be distinguished. This regime is clearly seen for n < 10 , which 

implies that for these values the development of the islandsoccurs on the 

resistive time scale, and that the stationary state should become independent 

of the magnitude of n. 

In the case of a symmetric plane current sheath, the prototype used in 
2) 

tearing mode theory , no island saturation occurs for either the case (3b) 
g\ 

or (3a). This is in agreement with a recent theory , predicting saturation 
only for very weakly unstable modeswith 1-k L << 1. Only the case of a 

. . . . y -4 

homogeneous resistivity is practically stable for n > 10 because of the 

change of the background distribution. If this change is artificially 

suppressed by assuming an x-dependent applied electric field E (x) = n j (x), 

tearing modes also grow in this case without saturating. 
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FIG.5. Critical amplitude i//R(, of external m-2 field for transition from rotating to stationary tearing modes. 
7? s =7Xi(T 4 . 

2) It has been observed experimentally that a small external resonant field 
9) 

may strongly influence the behavior of the m = 2 mode . If this field 

exceeds a threshold, the m = 2 oscillations are nearly suppressed; it may 

also trigger or retard the appearance of a disruptive instability. Here we 

only consider the first effect. To simulate the rotation of the modes 

(not the plasma), which is observed to occur at roughly the electron 

diamagnetic velocity, we have phenomenologically introduced a phase 
3 3 3 

velocity by replacing -r— by -rr + Q -rr in eqs. (1), (2), where ft could 

be a function of r, but was taken as constant for simplicity. Without 

external perturbation the mode is unchanged apart from its rotation. We 

then add a spatially fixed m = 2 perturbation ij>R to the previously 

constant boundary values of ^. We find that for a certain amplitude the 

rotation of the mode is inhibited and a standing island configuration 

is seen. If ty„ approaches the critical amplitude for this transition to 
R 

occur, the rotation of the mode becomes slower and the magnetic field 

oscillations measured at some point are no longer sinusoidal, but 

sawtooth-like. If \J>_ exceeds the critical amplitude, the rotation velocity 

vanishes. The tearing mode is locked to the external m = 2 field. In 

fact, the island size is such that the total (m = 2)i|> component is nearly 

the sum of the tearing mode amplitude i|> and the amplitude \J> of the 
fc s 

external field at the resonant radius. It could be regarded as a stationary 

solution to the given boundary conditions, the inherent phase velocity ft 

being of little influence for ̂ R clearly exceeding the critical amplitude. 
The dependence of the critical amplitude ij>_ on ft is indicated in Figure 5. c 

In this limit ft, r\ « 1, i.e. rotation period and skin time long compared 
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F/G. 6. Temporal behaviour ofm=2 island size for the convective case, the K g = °° case without and with 
perpendicular heat conduction K L. The quantity i?'i refers to the change ofT} going from the x-point into the island. 

with the Alfven time, ip should only depend on the ratio fi/n. In the 
C . 2 3 

simulations this ratio is about 10, while in the experiments it is 10 - 10 . 
Extrapolation from the numerical points to the experimental values would lead 

-3 -2 
to unreasonably large !(/„ . We suppose that for n • 10 and ft > 10 as 

C 
used in the computations ty^ still depends also on the Alfven time through 

«C 
V i V— 1 

some fractional power n T. in a similar way as the growth rate of the 

tearing mode. The behavior for smaller n and £2 remains to be investigated. 

Although these computations show a threshold-like suppression of the m «* 2 

magnetic oscillations by an external resonant field, a number of details 

are still in disagreement with the experimental observations. 

3) Since the nonlinear properties of the tearing modes depend rather sensitive

ly on the behavior of the resistivity as seen in 1), it is necessary to 

refine the resistivity model, taking into account ohmic heating and heat 

conduction. Since the time scale for heat transport parallel to the magnetic 

field is so much shorter than those connected with tearing mode growth or 

perpendicular heat transport, we assume K„ = °° , i.e. n W• In the 

computations this is achieved by averaging n over the flux surfaces every 

few time steps. As compared with the solution of the heat diffusion equation, 

the present technique has the double advantage that the numerically 
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induced perpendicular diffusion is not dependent on the anisotropy K„ /.KJ. 

(and is in fact very small), and that the remaining transport 

equation 

(6) fv = | r i J 2 + Kx v2T " P(r,t) 

is particularly simple,since it is not necessary to include the convective 

transport "v . VT ( < v«V T(i|0 > = 0) nor to split off the parallel part of 

the V operator. P(7, t) may account in a phenomenological way for 

nonconductive energy losses. Since we allow for major changes of the back

ground current distribution, we introduce the constraint of constant total 

current instead of constant E , which is closer to experimental conditions. 

We first consider the case KX = 0, neglecting ohmic heating. We find that 

this case is somewhat similar to the convective case (3b). Although the 

islands grow more slowly, no saturation at moderate amplitude, A. < 0.3, 

occurs. If we include perpendicular heat conduction, however, the island 

growth does saturate, Figure 6. 

Since the way the resistivity behaves in time determines whether the 

islands saturate at a moderate size or not, let us consider the behavior 

of the resistivity within the islands. For the convective case (3b) hot 

plasma is flowing outside across the x - points, while cold plasma is 

flowing inward across the island. This leads to a state where the resistivity 

is larger inside the island than at the x - point. For the temporally 

constant resistivity case (3a), the opposite is true. Because of the 

asymmetry of the island shape, the 0-point is at a smaller radius and hence 

smaller value of n than the x - point. For the K„ = <» , icx = 0 case we 

find that inside the island 9n./3^ = 0, i.e. x - point and 0 - point have 

the same revalue. For finite K X , however, the temperature is higher in the 

island than at the separatrix, i.e. 3in. /8TJJ < 0. It appears that the case 

with 3rj - /9n = 0 is the marginal case, that %r\./dty > 0 is destabilizing* 

while 9n./8iJ> < 0 leads to saturation. 

This picture is confirmed by a computer run, where in the first phase we 

artificially impose the condition 

(7) Di 0|0-ng " <* 0|i-i|>g) 

where ty , n are the time dependent values at the separatrix, and a is 

taken to be the average ! 9n / 3iJ; | observed in a typical Kj_ - run. After 

saturation the islands tend to decay. We then release this constraint 

on n. (ijO leaving the system to further develop with K„ = <» , KX = 0. 
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As the x - point sweeps inward sampling lower n - values, the ri. 0j>) -

profile is flattened, 3n • / ty ^L °» and- growth of the islands restarts. 

The selfconsistent interaction indicated in Eq.(7) for different 

types of anomalous heat conduction laws K ( T ) is presently under 

investigation• 

IV CONCLUSIONS 

We have studied the linear and nonlinear properties of m = 2 tearing 

modes using various models of the resistivity. For the linear growth rates 

we find that the deviation from the small-n theoretical prediction becomes 

the larger the smaller r . For r < 0.5 the actual growth rates are far 
s s -6 

below the theoretical value even for "realistic" values n ̂  10 .In 

particular there is a certain stable region around the center. The non

linear amplitude, i.e. the island size, strongly depends on the resistivity 

model. If the resistivity grows within the island there is no saturation, 

at moderate island size < 0.3, while for decreasing n as produced for 

instance by perpendicular heat conduction, stabilization occurs. Stationary 

islands have to date only been seen for a temporally constant resistivity 
-4 

profile n (r) j (r) = E . For n < 10 the island width no longer depends 

on the value of n • For a peaked current distribution the maximum island 

size is about 10% of the plasma radius, while for a more square shaped 

distribution it may be as large as 30%. 

The present model should be improved in two respects: To determine stability 

boundaries and growth rates finite Larmor radius effects and more realistic 

equilibrium configurations should be considered; for the nonlinear behavior 

investigation of the coupling to the m = 1 mode is of particular interest. 
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Abstract 

NUMERICAL SIMULATION OF MHD PROCESSES IN TOKAMAKS. 
The motion of plasma in tokamaks is studied by numerical solution of two-(2D) and three-dimensional (3D) 

systems of MHD equations. The 2D model is based on the simplified Kadomtsev-Pogutse system of equations, 
which describes kink motions of incompressible plasma with finite conductivity in a strong longitudinal magnetic 
field. For the m = 1 kink mode the dynamics of internal disruption is considered, for the mode m = 2, the 
appearance and evolution of magnetic islands is studied. The 3D model uses the full system of MHD equations 
which includes effects of compressibility. The motion of individual modes in cylindrical and toroidal plasma 
has been studied. Some preliminary results on the interaction of different kink modes have been obtained. 

1. NON-LINEAR KINK WAVES IN 2D MODEL 

It was shown in Ref.[l ] that the kink motions of a plasma in a finite-conductivity tokamak 
can be described by the following system of MHD equations: 

dv* „ -* - » • - * • - » • _ » . _ » . 
p—- = - V p + F , F = (HV)H-p(v*V)v^ 

dt 

- ^ + (v>-V)^ = KAi/ / -2aH 0 ) , Ap = divF (1) 

at 

H = [Vi//, e*z], p = const 

Here H = H^ - a r H 0 e ^ , v ={ vj_, 0}, H0 = const is the longitudinal magnetic field, a = 2ir/L, L 

is the length of the kink perturbation, v — ??/vAa, rj = c2/4na, a is the plasma conductivity, a is 
the radius of the plasma column. The parameters a, vA = H±(a)/ y/4irp, tA = a/vA, 
Po = H|(a)/47r are used as units of length, velocity, time, and pressure. In this paper, we consider 
the plasma to be placed inside a conducting shell T for which the following boundary conditions 
hold: 

v 1 r = 1 = 0 , i M r = , = 0 (2) 

The initial distribution of the magnetic field is given by 
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FIG.l. Level lines of function i// (magnetic surfaces) when the m = 1 mode is excited at the instant t = 4 for velocity 
amplitude when V — . * 0.05 and v = 0.005 

where q(r) = arH0/H^(r), q0 = q(a). This form of the i^-function corresponds to a parabolic 
profile of the current j = 4( 1 —r2). The position of the resonant surface rs, where q(rs) = 1, is 
determined by the equation i//'(rs) = 0. In the case described by the distribution (3), this equation 
has the form rf = 2—q0. If 1 < q0 < 2, the resonant surface is placed inside the plasma. The 
type of perturbation is determined by the initial velocity distribution: 

vrl t = 0 = U(r) sinnup 

m 9r 

1 3 
Vt = o = i : T ; ( r U ) c o s m * > (4) 

Two variants of initial velocity profiles are used: 

U(r) = A ^ - ^ l - r 2 ) 

r m - l 
U(r) = A ( J - r 2 ) ( r f - r 2 ) 

(5a) 

(5b) 

For problem (1) — (4), a numerical simulation of the internal disruption in the first mode 
(m = 1) and the magnetic-island evolution in the second mode (m = 2) was performed. Pre
liminary results of calculations for the first mode were published in Ref. [2]. For the solution 
of the system (1), we used a rectangular non-uniform difference mesh of 30 X 30. The correct 
choice of the parameter v describing the finite resistivity of the plasma plays an essential role 
in simulating the real process. In conditions of the physical experiment, this parameter is too 
small to be used in computations (usually, v ~ 10~6). In numerical simulations of kink motions, 
this parameter has to be increased. But care should be taken to ensure that the model be adequate 
to the experiment. 

The following simple arguments yield the boundaries for the choice of the parameter v in the 
numerical simulation. The initial conditions (3) for \jj have a characteristic size of A£ ~ 1/3. 
The initial velocities at which non-linear effects begin to take place are of the order of vm a x ~ 0.3. 
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FIG.2. Level lines of function \j/ when the m = 2 mode is excited according to formula (5a), v m a x = 0.125, 
r=0.7,v= 10~3, (a) t=2,(b)t= 4, (c) t=8. 
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FIG. 3. Level lines of function \j/ when the m = 2 mode is excited according to formula (5b), v m a x = 0.12, 
rs=0,7,v = 10~3, (a) t = 2,(b)t= 61 (c) t = 8. 
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FIG.4. Level lines of function ty when them—2 mode is excited according to the formula (5), vmax = 0.54, 
rs = 0.5, v= 3X10~\ (a) t=l,(b)t= 4, (c) t = 8. 
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After the development of a linear instability, the maximum velocities would have similar values. 
The upper boundary for v is determined by the condition of "idealness" during the time interval 
At ~ 1 /v m a x for motions with a spatial scale of A£: 

v<— (6) 

The finite size of the difference mesh cell determines the lower boundary for v. The value of 
this boundary depends on the properties of the difference scheme. For a simple scheme with 
second-order accuracy, we have 

h3 

v>— (7) 
A£ 

In our case, h ~ 1/30, M. ~ 1/3, the conditions (6) and (7) lead to 10"4 < v < 10~2. 
Let us, first, consider the results of calculations for the m = 1 mode. We use q0 = 1.5 so 

that the resonant surface is placed at point rs = 0.7 and i//(0) = 0. The initial velocity is chosen 
in the form (5a), and A = 0.1. In Fig.l, the level lines \jj = const are drawn for t = 4 and 
v = 5 X 10"3. As is seen, the reconnection of the magnetic surfaces leads to fast motion of the 
central part of the plasma towards the periphery. At t = 4 near the reclosing region, x ~ 0.7, 
the component vy is high so that the fast plasma is ejected from this region and the current is 
distributed more uniformly inside the surface r = rs. With chosen values of the initial velocities 
a monotonic distribution of i// is established during a time interval of t ~ 8. Further on, the 
motion is of oscillatory character. Thus, the computational results prove the quality picture of 
plasma motion and the reconnection of magnetic surfaces described in Ref.[3]. 

Now we shall examine the calculations for the m = 2 mode. Note, first, that the number 
of magnetic islands after reconnection could be different, according to the radial profile of the 
initial velocity ((5a) or (5b)) and the position of point rs. In case (5a) and for rs = 0.7, four 
islands have appeared. The other case, (5b), leads to two islands. In Fig.2 a, b, c, the level lines 
\p = const are drawn at the instants t = 2, 4 and 8, for the initial distribution (5a) and A — 0.5 
(vm a x = 0.125), v = 10"3. The process develops in the following way: After the moment t~ 1, the 
reconnection of the magnetic surfaces begins near the points Mi 2(lx| = 0.7, y = 0) and 
M3 4 (x = 0, |y| = 0.7) and by the moment t ~ 2, four islands are formed. They are placed 
symmetrically with respect to the origin (in all figures, the first quarter of the circle is shown). 
It is seen that, for t > 2, we have some finite-amplitude oscillations. The central part of plasma 
displays substantial "elasticity". It maintains the topology of the magnetic surfaces. The island 
width increases slowly in time. The velocity of this diffusional increase depends on the value 
of v. Note that in our calculations this parameter did not depend on time or space. It is possible 
that the large values of conductivity in the central part of plasma led to a stabilization of the 
island sizes. The doubling of the initial velocity amplitude, A = 1, does not qualitatively change 
the motion described. The kinetic energy of oscillation is too small to enable the islands to 
transfer to the plasma centre and secondary reconnection to take place. 

We shall now turn to profile (5b). In Fig.3 a, b, c, the level lines of \jj are shown for t = 2, 6 
and 8, q0 = 1.5, A = 0.5 (vm a x = 0.05), v = 10"3. In this case, the reconnection occurs only at 
points Mj 2 ( M = 0.7, y = 0) and during the interval 0 < t < 2 two islands appear. For t > 2, 
as in the previous case, we see finite-amplitude oscillations. 

If rs decreases (q0 increases), then the depth of a "potential" hole drops so that the con
ditions for island confluence in the central region become simpler. In Fig.4 a, b, c the results of 
calculations are shown for q0 = 1.76 (rs = 0.6), A = 1.5 (vm a x = 0.54), c = 3 X 10~4. We see 
that islands arising (4a) move towards each other and compress the central part of the plasma (4b). 
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FIG.5. Profiles of current j,(x) and parameter q(xj for different functions jJ^J. 

By the moment t = 8, the magnetic surfaces separating the islands are reconnected and a one-axis 
magnetic configuration arises (4c). This corresponds to the internal disruption of the m = 2 mode. 

If q0 decreases, then the resonant surface rs moves towards the plasma boundary. For 
parabolic current distribution when q0 < 1.5 (rs > 0.7) there is a magnetic surface where 
\p = <// (1) = 0. This surface determines an inner boundary for island increase. In this case, island 
confluence through the centre is impossible because the islands come earlier to the outside plasma 
boundary. When the outer magnetic surfaces are reconnected and the islands move towards the 
plasma boundary, the force which holds the islands in the plasma drops and the inner pressure 
throws them out to the limiter or the shell. This picture provides some mechanism for the under
standing of disruptive instability. 

2. 3D MODEL OF PLASMA MOTION 

Experimental studies of the disruptive instability show that in the final stage of the process 
the interaction between different modes could play an essential role [4]. The study of this inter
action in the cylindrical and toroidal cases requires the full three-dimensional MHD system. 
This chapter describes some results of 3D calculations. 

The system of equations used is given by: 

3p 

at 
+ div(pv>) = 0, 

3v* 

m 
3t 

rot [t, H] = J>AH 

(8) 

P — +P(v -V)v = - Vp - [H, rot H], p = fto 
at 
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VX(X,0, k) 

FIG. 6. Initial distribution of velocity for m = 1 mode (5) (dotted line) and distribution of velocity at the 
instant t— 5 (continuous line) close to the profile of eigenfunction for the m = 1 mode. 

The units are the same as those used in the previous part. It is supposed that the plasma reached 
the ideal conducting shell T with a square cross-section. The boundary conditions on the shell are 

v l r = 0, H | r =H| r,t= o (9) 

The calculations have been performed for the cylindrical and toroidal cases. The initial 
equilibrium values of p and H have been found analytically or by numerical solution of the 
equilibrium equation for the potential of the poloidal field \j/. The given initial velocity distribution 
has excited the plasma oscillation. 

2.1. The square cylinder 

If the longitudinal current is proportional to <// then the solution of the equilibrium equation 
has a simple form: 

7rx 7ry 
\b = cos — cos —, 

2 2 
if 

P = Po +-^W2 

Hi = [v*,rzi, 

(10) 

HZ= vfaS+y(i-W 

Here x, y are co-ordinates in the cross-section plane. The origin is in the centre of the square 
T, the axes are parallel to the square sides, z is a co-ordinate along the cylindrical axis, and H0 

is the longitudinal field on the shell I\ 
It is useful to introduce q(x) = xH0/R0H (x,0) (L = 27rR0 is a perturbation period along 

the cylindrical axis). The resonance surfaces are formed by field lines with the period (m/n)L. 
These surfaces cross the x-axis at points xswhich are approximately determined by equation 
q(xs) = m/n. For the equilibrium state (10), the ratio q(l)/q(0) = 7r/2 is rather small. This 
implies that for n = 1 and m = 1 or 2 no more than one resonance surface can exist in the plasma. 
To study the case with several resonance surfaces it is necessary to choose a sharper current 
distribution than (10). In Fig.5, graphs of two functions jz(x,0) are drawn. One of them 
corresponds to the equilibrium (10) (curve 1), the other one (curve 2) corresponds to another 
equilibrium where 

Jz ¥' q(l) = 2.47, R 0 = 4 (11) 
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FIG. 7. Growth rate versus amplitude of initial perturbation A for the m = 1 mode, rja = 0.42. 

In the same figure, the graphs of the functions q(x) for both cases are shown by dotted lines. 
In the second case, (11), q(l)/q(0) = 3.45, so that there are two resonance surfaces which 
cross the x-axis at the points x = xs «* 0.42 and x = xs «* 0.84. 

The initial velocity distribution in the first calculations was chosen in the following way: 
in a cylinder of radius r0 = 1 we used formulas (4) and (5) with the substitution of m<p - (n/R0)z 
for m</>; in corner regions outside this cylinder the velocity was taken equal to zero. For the 
current (10), such a velocity distribution is close enough to the eigenfunction of the linear problem. 
But for current (11), this initial velocity distribution excited many different modes. So, the 
analysis of the results was difficult. For this reason, it was very useful to expand the solution in 
a sum of eigenfunctions of the linear problem corresponding to the equilibrium under consideration 
and to investigate the time evolution of the Fourier coefficients. So it is necessary to find the 
eigenfunctions of the 3D linear problem, especially for the low m = 1 and m = 2 modes. 

It is rather simple to find eigenfunctions for unstable modes. In the case where the m = 1 
mode is excited by the initial velocity distribution (4) and (5), the motion for t ^ 2—3 is a 
superposition of many different radial modes. But for t ~ 5—6, the amplitude of the main mode 
sufficiently exceeds the other amplitudes. The integration of system_^8) was stopped at this 
moment. Then, we restored the equilibrium distribution of p , p and H, chose the velocity 
distribution found as the initial one and continued the process of integration of system (8). 
The calculation showed that one or two of such interruptions were enough to find an unstable 
eigenmode with an accuracy of several per cent. 

The determination of the main eigenfunctions corresponding to stable modes was done by 
an analogous procedure, but the interruption was adjusted with the maximum of the kinetic 
energy, E k . In this case, also two or three interruptions were enough to separate radial modes. 
The higher modes could be picked out by means of the orthogonality conditions. 

In Fig.6, the velocity profile at the instant t = 5 after an interruption is shown. The dotted 
line corresponds to the initial velocity distribution. The continuous line is close to the eigenfunction. 

After the eigenfunction had been found, we studied the dependence of the growth rate on 
the velocity amplitude and on the other parameters. If the amplitude increases, the influence of 
the non-linear terms increases, too, and the growth rate decreases. In Fig.7, we show the growth 
rate versus the velocity amplitude for the equilibrium (11) and the m = 1 mode. It is seen that 
non-linear effects restrict the instability evolution to a level of v m a x ~ 0.3—0.4. 



600 DANILOV et al. 

FIG.8. Level lines 4/* 
A = 0.2, t = 3. 

const when the m = 1 mode is excited in the 3D model for q(l) = 1.3, v — 10 

FIG.9. Distribution of longitudinal current jz(x) for different instants of time during excitation of m = 1 mode 
(A = 0.2) and m = 2 (A = 0.34), conductivity v = 5 X 10'4; rs and rs are positions of resonance magnetic 
surfaces at t = 0. 

Let us now discuss the non-linear motion. To cut down the computer time, we choose the 
initial velocity amplitude high enough, only 1.5-2 times less than v m a x . It is clear, from Fig.7, 
that this choice of initial condition enables us to model completely enough the transition of 
linear processes into non-linear ones. 

Let us compare the results of 2D and 3D models concerning the reconnection of magnetic 
surfaces. Thus, we should remember that, because of the chosen chape of the shell - a square - , 
the motion excited by the initial velocity v"lt = 0 = v"(r, m<p - (n/R0)z) will not possess exact 
helical symmetry. So, in our 3D model, there is no exact scalar potential even in the case of special 
initial exitement. Furthermore, the two-dimensional equations (1) used the incompressible 
hydrodynamic model (div v* = 0). All these facts make a quantitative comparison of the 2D and 
3D models difficult. 
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FIG.10. Profiles of equilibrium current density jjr) in torus (R/a = 4) for different functions jJty), I = const. 

Nevertheless, in the central part of plasma, these facts play an unimportant role. The following 
function can be introduced for the 3D model: 

= - / H*dr H* = H, S7H°v r = v*2 + y (12) 

This function approximately describes the behaviour of the magnetic surfaces in this region. 
Function (12) imitates the potential of the two-dimensional model. The first term in expression (12) 
is the poloidal field H^ which maintains its helical nature when the velocities in the corner region 
are low. The accuracy of the second term in expression (12) is determined by omitted terms of 
the order r4cos <ty>. In Fig.8, the result of a calculation of the plasma motion for equilibrium (10), 
q( l ) = 1.3, v = 0.001, is given when an m = 1 mode is excited with a velocity amplitude of 
A = 0.2. Level lines \p* = const for t = 3 are here shown. Comparison of Figs 8 and 1 shows 
their proper quantitative correspondence. The natural development of the instability in the 3D 
model brings about a reconnection of the magnetic surfaces as well as intermixing and the formation 
of a configuration with a flatter current distribution. 

To study mode interaction, let us excite the motion by means of the initial velocity: 

v (r, y, z, 0) "I A m v m ( r > V>> Z) (13) 

1,2 

where vm is an eigenfunction, constructed by the procedure described above and normalized 
by amplitude maximum vm = 1. The initial distribution of fields and pressure can be found by 
means of equilibrium (11). In spite of the existence of the second resonance magnetic surface, 
the m = 2 mode is stable. It is in accordance with both Suydam's local criterion and the calculations 
contained in Ref.[5]. 

The calculations showed that for initial velocity amplitudes At and A2 ~ 0.2, the connection 
of modes is too weak to provide appreciable energy transition during t ~ 10, but during a period 
t ~ 5, with i' = 5 X 10~4, reconnection and intermixing in the m = 1 mode and formation of 
islands in the m = 2 mode take place. Figure 9 illustrates these effects qualitatively. The current 
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FIG. 11. Time evolution of kinetic energy of toroidal plasma (R/a = 4) when m = 1 mode oscillations are excited. 

distribution j z on the x-axis for t = 0, 1 and 3 is shown here. The motion of the central part of 
the current towards the left-hand boundary of the plasma, the formation of a current minimum 
and plateau behind the central hump, and a gradual smoothing of the profile inside the region 
|x | < xs ~ 0.42 are worth being noticed. Unfortunately, the rough difference mesh (16 X 16 X 10) 
does not enable us to consider the thin structure in the reconnection region (x 0.42). It is 
only seen that the derivative 3jz/3x here changes its sign. The same picture is typical for the region 
near the second resonance surface, xs ~ 0.84. 

2.2. The torus 

The equilibrium for the torus was constructed by means of a numerical solution of the 
equation 

9r r a J + 9z* " r d* r H ^d^ ( r H ^ (14) 

Here r, <p, z are cylindrical co-ordinates connected with the main axis of the torus, and R0 is the 
major radius of the torus. Figure 10 illustrates the profiles of longitudinal current j(-(r, z = 0) for 
equilibrium determined by the following relations: 

rH^, = const (ft = 1); p' ~ \}J, \p2, i//3; R0 = 4,1 = const (15) 

(I is a total current). The parameter q = 2nji, for these equilibria, accordingly changes through 
the plasma cross-section by 1.5, 3 and 8 times, (t is the angle of rotational transform.) 

The oscillations v/ere excited by initial velocity distributions which were similar to those 
given by (4) and (5). In Fig.l 1, the kinetic energy of the m = 1 mode oscillation for equilibrium (15) 
is shown as a function, of time. In spite of the presence of a resonance surface approximately in 
the middle of the plasma radius, the kink oscillations are stable. This is in accordance with 
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Mercier's local criterion. The growth rates of the resistive instabilities for v ~ 5 X 10~4 are small 
and their determination requires a rather subtle analysis of the calculations involved. 

The authors are grateful to B.B. Kadomtsev for posing this problem and discussing with 
them the results of these calculations. 
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DISCUSSION 

ON PAPERS IAEA-CN-35/B 2 - 1 , B 2 -2 ,B 2 - 3 

B. COPPI: In your presentation, as in Kadomtsev's, the assumed model was a simple 
resistive fluid. In reality, for a thermonuclear plasma resistivity plays a role in a reconnection layer 
where kinetic effects (finite drift wave frequency, finite gyroradius and ion-ion collisions) are 
important. When a comprehensive theory of these is devised it will be possible to explain, among 
other features, the frequency of the fluctuations superimposed on sawtooth oscillations, the 
change in the time scale with which the reconnection process occurs, and so on. 

D. BISKAMP: I agree that for the linear stability properties the inclusion of kinetic effects 
is very important — for instance, to explain the slow, rising phase of the sawtooth oscillation. 
The present non-linear computations describe only the fast disruption process for which the 
simple resistive fluid model seems to be quite adequate. 

W. STODIEK: Is it necessary, from a theoretical point of view, to assume coupling between 
m = 1 and m — 2 modes to produce large disruptions? 

D. BISKAMP: The present numerical computations yield no explanation of the major 
(m = 2) disruption, nor does there exist, to my knowledge, any generally accepted theoretical 
model of this process. Hence the question cannot be answered at present. 

K. LACKNER: You showed that the asymptotic behaviour of the m = 2 island is strongly 
dependent on the thermal conductivity model. Could the observed influence of resonant external 
windings be explained by the effect of the interaction between the intrinsic and the externally 
produced islands on the evolution of the conductivity profile? 

D. BISKAMP: The computations of the interaction of rotating m = 2 tearing modes with 
an external resonant field (IAEA-CN-35/B 2 - 2 ) assume a temporally constant resistivity profile. 
Investigations of this process under more realistic conditions are being carried out at present. 

A. SAMAIN: From the calculations in papers IAEA-CN-35/B 2 - 1 and B 2 - 3 , 1 gather that 
the total current within the q = 1 surface is decreased while the magnetic configuration outside 
remains unperturbed. How do you reconcile that with the Ampere law, taking into account the 
short duration of the disruption? 

D. BISKAMP: The computations I reported describe the process of internal disruption 
which occurs with constant applied electric field E0 . Probably the constraint of constant total 
current is more appropriate. This is used in the Garching computations, but they have not been 
applied to the m = 1 instability. 
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Abstract 

INTERNAL (m = 1, n = 1) AND (m = 2, n = 1) RESISTIVE MODES IN THE TOROIDAL TOKAMAK WITH 
CIRCULAR CROSS-SECTION. 

A linear analysis is presented of the toroidal coupling between the internal resistive modes (m = 1, n = 1) 
and (m = 2, n = 1) in the tokamak with circular cross-section. The resistive and diamagnetic effects are included 
in the singular layers where the safety factor q takes respectively the values one and two. By expanding the 
MHD equations in powers of e, the local inverse of the aspect ratio, a system of two coupled equations is obtained 
for the harmonic amplitudes. When the shear is finite on q = 1 the toroidal coupling is negligible. In the opposite 
limit, one can explain (a) the experimental behaviour of the (m = 1, n = 1) mode before the internal disruption, 
and (b) the simultaneous observation of the modes (m = 1, n = 1) and (m = 2, n = 1) before the main disruption. 

1. INTRODUCTION 

In a previous publication [ 1 ] the stability criterion and linear growth rate of the internal 
kink mode (m = 1, n = 1) have been given in toroidal geometry for a standard tokamak configu
ration (circular cross-section). 

The growth rate y has the usual cylindrical scaling [2]: ( V ^ / R Q ) e2 where VA is the Alfveii 
speed in the toroidal field B 0 , and R0 is the major radius of the magnetic axis. Nevertheless the 
stability criterion is different from Shafranov's result because the cylindrical and the toroidal 
curvature effects are of the same order for q = 1. The toroidal kink has mainly a (m = 2, n = 1) 
"harmonic" of order e: for a perfectly conducting fluid, the linear perturbation ^ 2 of the 
poloidal magnetic flux has the graph shown in Fig. 1. \^2 (r) is continuous with a discontinuous 
derivative for r = r j and vanishes for r > r2. 

The MHD theory is not sufficient to account for the experimental observations. The rotation 
frequencies are explained by the diamagnetic effects [3] and the mode (m = 2, n = 1) being observed 
on the plasma boundary (where q > 2 is a resistive tearing mode [4] with a finite ^( r 2 ) ) . Moreover, 
the internal disruption has a time scale much faster than the internal kink and is in agreement with 
the "tearing'' (m = 1, n = 1) [5]. Finally, the two modes (m = 1,2; n = 1) may have the same 
rotation frequency in the laboratory frame (this observation can be explained by the toroidal 
mode coupling). 

In fact, following our analysis, two toroidal modes are found. Each of them has two compo
nents (m = 1,2; n = 1) with a different amplitude ratio. When the shear is finite on rj (q = 1), the 
first toroidal mode has a large m = 1 component and a negligible m = 2 (the second toroidal mode 
has the opposite property). In the opposite case of a small shear on r t (and consequently an 
average flat current profile for r < r ^ the modes are fully toroidal. 
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^ A 

FIG.l. (a) Radial displacement and perturbed magnetic flux for the toroidal internal kink, 
(b) Profile of the safety factor q. 

y=7r£26W1W"|1
/V/2CT-1 

- 1 0 

FIG.2. (a) Stability diagram for the first toroidal mode. 
(b) Growth rate of the first toroidal mode ifbWi vanishes. 
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Shear and curvature effects are now comparable for the first toroidal mode (which has never
theless a main m = 1 component) and we obtain different new scalings for its growth rate (Fig.2). 
Our results give a continuous description of the mode between an ideal kink [ 1 ] and resistive kink-
tearing [5] behaviour. 

The second toroidal mode has two large components (m = 1,2) with the same rotation 
frequency (characteristic of the singular layer in r2). Our theory completes the previous work 
[6,7] which was limited to the toroidal effects in the singular layer. The new toroidal coupling 
effect between the harmonics (m = 1,2) appears to be very important when the first toroidal 
mode is close to marginal stability. 

Our theory can easily be generalized to the toroidal coupling between the tearing modes 
(m = 2) and (m = 3) when those modes are allowed by the current profile. 

2. EQUATIONS FOR THE TOROIDAL MODES 

The toroidal modes are conveniently defined by the two functions Yi ) 2 = X J ; 2 exp(pt - iy? + im.6) 
with m = 1,2 and 

r x i = r?irMr=0) 

I X2 = yr = r 2 ) 

In cylindrical geometry ^ ( r ) is the displacement of the internal kink (Fig. 1) and ^ 2 ( r ) the flux 
function of the tearing mode. $ is the toroidal angle and p the complex growth rate (p = ico + 7). 
By matching the solutions of the ideal MHD equations through the singular resistive and inertia! 
layers (r = rly2) the following two coupled equations are obtained: 

r [^(p) + 6Wt3 x1 + 6Wc x2 = 0 

\ CK2(p) + 6W2] X2 + 6Wc X1 = 0 

5W2 is the potential energy of the cylindrical tearing mode and 5WC the potential energy of the 
internal kink (Ref. [1], formula 4). 5WC is the toroidal coupling coefficient; K1)2, the dissipated 
energies, is the singular r1)2 layers. The symmetry follows from the self-adjoint property of the 
MHD equations for neighbouring equilibria. 

With the chosen normalization of Xi ; 2 , 8WC, 8W1; 5W2 are of zero order in e. This is 
convenient if one remembers the potential energy of the internal kink mode is of order e2 with 
the usual ordering. The new quantity 5WC is given by 

6Wc = 2 a [ A 1 + 3 / 4 + b A ^ 

where a = ^ ( r J / ^ O r ^ , ^ ( r 2 ) being the flux function for the cylindrical tearing m = 2 mode; 
Aj is the value at r = r, of the coefficient A for the toroidal modulation of the poloidal magnetic 
field; A + 3/4 = 0p + s; b and s [ 1 ] are related to the current profile for r < ri (if the current 
profile is flat: b = s = 0); j3D scales as a poloidal jS and reads: 

2 t i o ( R 2 q 2 / r 4 B ^ ) j r • 2 ( d p / d r » ) d r » 
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The two functions Ki,2(p) are explicitly computed by standard mathematical treatment of the 
resistive singular layers: for K2 one can make the constant ^ approximation [4]. For Kx the 
constant ^ approximation breaks [5] but the equations can nevertheless be integrated analytically. 

Growth rates and frequencies are normalized to the value of VA/R0 on the magnetic axis. 
Let us define the following dimensionless local parameters involved in K l j 2 : e"1 = R0/r, the aspect 
ratio; to R , the plasma rotation frequency; coe the diamagnetic electron drift frequency; 
a = i?/erVA the normalized resistive time. The shear parameter Q = dLnq/dLnr; the apparent 
inertia a = (1 + 2q2) p(r) /p0 ; the factor 2q2 is driven by the toroidal component of the 
displacement [6]. Ki and K2 now read: 

V P ) = 
f 2 - 2 A 3 / 2 f «qp(P* i°» R ) 1 1 / 4 ^ i H*T\ 

\ (p+ituR+i(o e)J P- r ( ] i±3] e Q 

where 

P- = cr / Q" a " [ p ( p + i« ) R ) (p + iouR + i c u ^ ) ] 1 / 2 

T is the gamma function. 

R 

K, , (p ) = 2 , 1 a 1 / 4 Q ~ l / 2 a - 3 / 4 [ p ( P + i a ) D ) ] 1 / 4 [ p + iwD + i d ) J 3 / 4 G(p) 

The toroidal correction in the singular layer (formula 88 of Ref.[7]) introduces a factor G(p); 
including the rotation and diamagnetic effects: 

H n 1/2 G(p) = 1 -— DR a Q [ a p ( p + icuR)(p + iu) + iu> ) ] - 1 / 2 

with 

DR = 

2v- r d p / d r 

Q2 B 2 

o 

-Cq - 1 + q Q (A + D ] 

In the limit ju -> 0 one must also introduce the corresponding factor in K(. The determination 
of Ki ) 2 is unique and is obtained by continuity from the approximation cj e = 0 [8]. 

3. NEW RESULTS WITHOUT TOROIDAL COUPLING (5WC = 0) 

If we neglect the toroidal coupling coefficient (8WC = 0) we can already complete the 
previous work [1,5—7] and prepare to understand the complete solution. 

3.1. Let us start with the tearing m = 2: X2 =£ 0, X ^ O 

For large values of DR one recovers the published results [7]. In the opposite limit which 
corresponds to TFR experimental conditions [9] 
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the diamagnetic effects are destabilizing; the new and more severe criterion for marginal stability 
reads: 

-6W2 < 0 ,73 U2 ^/ol/2 | o ) e ( ^ e + o o R ) | | 

r = r 2 

Just above threshold, the tearing mode is rotating with the diamagnetic electron frequency [3] 
and is slowly growing: 

/ 6 W 2 | 1 / 2 / l + i £ \ f 3 2 , 1 1 / 3 

2 r = r 2 

The standard fluid result [4] holds in the limit of a large resistivity. 

3.2. The m = 1 internal mode (X2 = 0; X1 =£ 0) 

As previously shown [l].the potential energy 8W! in toroidal geometry may have either 
sign; if the shear is sufficiently small for r < r{ (but finite for r > r j , 5Wt is negative mainly 
because of the contribution of ^ 2 (F ig- l ) : SW, ~ -/3p. 

In the opposite case of a rounded current profile and a finite shear, SWj > 0 if /3p < 1 [1]. 
Let us now comment on the results given in Fig. 2, where the stability of the m = 1 mode 

is discussed for different possible values of Qi and SWj (six different domains). 
The ideal internal kink (/x -»• °°) is found in domain © with the complex frequency: 

2 p = - k o R 1 +{(27re?5W1/QIa{/2)2 - cjj^j}1/2 and the corresponding condition for stability. 
The domains ® and © correspond to the internal resistive kink, / i S l . (In the limiting 

case, n = 1 (5Wj = 0), the growth rate is given in Fig. 2 as a function of the shear parameter.) 
In © the growth rate is small as compared with the frequency: p = _ icjRi + a iQ 2 /a i IcoR j coejI 
and larger than the frequency p = [a iQ 2 ] 1 ' 3 in © which corresponds to the known result [4]. 
The m = 1 mode is always rotating in the plasma direction but in the previous cases (5Wi < 0) 
the frequency of rotation increases with the shear parameter Qj . 

In the domains ® and © where 5Wj > 0, the mode is a usual tearing mode (/z -* 0, NF constant 
in the singular layer). In ® the frequency is close to the electronic diamagnetic frequency: 
co = — (coe + COR)I . When the shear increases, with a given 5 W!, the frequency decreases and 
becomes smaller than the growth rate: p ~ otfs Qi(ef S W ^ - 4 ^ in ©. For small enough 
values of fx, large enough rotation frequencies, and 5W! > 0, there is a domain of stability ©. 

Contrary to the tearing m = 2, the toroidal effects in the singular layer are found to be 
negligible for the tearing m = 1: the toroidal curvature vanishes (q = 1) and the local aspect 
ratio is large. 

4. DISPERSION RELATION FOR THE TOROIDAL MODES 5WC =£ 0 

In general, 8WC does not vanish and we have to solve the toroidal dispersion relation: 

,2 
(6W + K 1 (p ) ) (6W + K ( p ) ) = 6Wj 
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Two singular layers (r1; r2) with different plasma parameters are now linked together by the 
"toroidal mode coupling". Following the previous results, we expect two roots of different 
orders of magnitude, one of the tearing m = 1 type (with a large growth rate and a small toroidal 
coupling) and one of the tearing m = 2 type (with a small growth rate and a strong toroidal 
coupling). Owing to the numerical complexity of the dispersion relation we limit our discussion 
to plasma parameters typical of the TFR tokamak [9]. Within the limit of validity of our theory 
(Qi > e i ) the toroidal coupling appears to be negligible for the first mode: 5Wi + K t = 0 , and 
the mode has mainly a m = 1 component: X2IXx < 1. 

If the shear is finite on r ("rounded" current profile for r < r ^ 1 >Ch > |coR2 + coe2l3/2,X 
a.]1'2), the toroidal coupling is also small for the second toroidal mode. If the shear is small on 
r! (flat current profile for r < r i ; Q t < IWR2 + coe2l3/2 «T1 /2) we have a strong coupling with 
two consequences: if we increase the coupling (5WC ~ j3p i t ; Ki ~ Q! I ) for a given 
Qi(Qi < e i8W1 / |coR2 + coe2D t n e r e is a reduction of the growthrate when j3pl increases; for 
QY -*• 0 the coupling is stabilizing if SWi < 0 and vice versa. 

The second consequence, which deserves a new linear analysis, is a very strong coupling of 
the m = 1 and m = 2 amplitudes (XjX2 ~ ^ when Ch -*• 0). Detailed numerical results are not 
given here. 

5. CONCLUSION 

The first toroidal mode (essentially an m = 1 component) has many different possible linear 
regimes (Fig. 2). When the shear Qi is finite the mode has a large growth rate and may explain 
[5,10] the internal disruption [9]. Its stabilization or a reduction of the growth rate would 
follow the decrease of Q! (which results from the non-linear evolution of the m = 1 mode [10]). 
Then the temperature peaking (0 t ) would restore, with a time delay, the internal current profile 
(rp < r t ) and the shear (Q! t ) and subsequently, in the last part of the process, the fast mode. 

The main disruption is usually associated with a tearing mode m = 2. Our theory makes a 
detailed comparison possible in toroidal geometry with the essential result that both large 
m = 1 and m = 2 components should be observed, in agreement with experiments. We have 
essentially explained why a large m = 1 mode may also be driven through geometrical coupling 
by a "tearing" m = 2 mode and consequently have the same frequency. 

We thank Professor G. Laval for his constant help and interest. 
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DISCUSSION 

ON PAPER IAEA-CN-35/B 3 

J.D. CALLEN: At Oak Ridge, Waddell, Hicks, Jahns and I recently constructed a model 
of internal disruptions of the type you suggested in your talk, and we find good agreement with 
ORMAK data. Specifically, we use a model with Ohmic heating causing the linear electron 
temperature rise with time (t) at the plasma centre and thereby, through a magnetic diffusion 
equation, causing the shear to increase as t2 . We find then that the growth of the m = 1 precursor 
oscillations in ORMAK agrees very closely with the m = 1 precursor oscillations in ORMAK agrees 
very closely with the m = 1 tearing mode theory when the drift frequency corrections you discussed 
(which have also been calculated by Rosenbluth and co-workers) are taken into account 
(i.e. 7 ~ jj/co^.). We also find good agreement for the internal disruption time, which we 
estimate from the model to be the time when the island due to the m = 1 mode has grown 
sufficiently to encompass the plasma centre. 

H.P. FURTH: Before we leave the subject of disruptive instabilities I would like to make 
a general comment. Disruptive instabilities are of great physical interest, but tokamak experiments 
can readily be operated in a way that avoids gross disruptions, and this is the normal operating 
mode. Furthermore, as was reported in the PLT paper, there are discharge regimes that are 
entirely free of both major and minor disruptions, and indeed of any kind of marked MHD 
activity. From a theoretical point of view this can be explained by introducing finite-temperature 
stabilizing terms into the resistive MHD theory. In addition, it has been shown recently that 
there exist altogether stable special tokamak profiles, even without the benefit of finite-temperature 
stabilizing terms. 

W.H. BOSTICK: During the study of plasma filaments and islands which were observed in 
plasma crossing a magnetic field and in the plasma focus, it was conjectured that vorticity would 
be present — and this conjecture was in fact verified experimentally. It is now well recognized 
that vorticity is important in imparting stability and integrity and sharp boundaries to the 
filaments. But I have waited in vain so far to hear the word "vorticity" introduced into the 
tokamak drama as it unfolds. 
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Abstract 

THE KINETICS OF NEUTRALS PRODUCED DURING THE INJECTION OF AN ATOMIC BEAM INTO 
THE PLASMA IN A TOKAMAK REACTOR. 

The behaviour of charge-exchange neutrals produced in a tokamak plasma during the injection of an atomic 
beam was modelled by using the Monte-Carlo method. Steady-state conditions for the injection of a neutral beam 
into a toroidal plasma were considered; the plasma ions and electrons exhibit a Maxwellian velocity distribution 
at the same temperatures which are dependent on the co-ordinates. The kinetics of the neutrals were determined 
by averaging over a large number (— 10s) of individual trajectories which were calculated by using a random number 
generator. Allowance was made for resonant charge exchange with plasma ions, ionization by electrons and ionization 
of neutrals by plasma ions. The calculations were performed for the injection of neutral deuterium into a 
deuterium plasma with parameters comparable to those of a reactor (a = 160 cm, Ro = 640 cm, n m a x = 1014 cm -3 , 
T m a x = 20 keV). The following characteristics were obtained for different injection energies: (1) radial distribution 
of average fast ion density, (2) radial distribution of average charge-exchange neutral density; (3) energy spectrum 
of charge-exchange neutrals both inside the plasma and escaping to the walls; (4) proportion of beam particles and 
energy transferred to the walls by the neutrals; (5) distribution of escaping neutrals over the walls. From the 
results of the investigations it follows that the injection of deuteron beams with energies in the range currently 
envisaged in a tokamak reactor results in local liberation of charge-exchange neutrals to the chamber walls. At an 
injection energy of 80 keV the proportion of neutrals escaping to the walls is 10% of the total number of injected 
particles which may give rise to considerable sputtering of the wall material. If the injection energy is increased 
to 200 keV, the flux of charge-exchange neutrals to the chamber walls is considerably reduced. 

INTRODUCTION 

In recent years interest has been aroused in neutral injection in tokamaks. On the one hand, 
this is a method of providing additional plasma heating [ 1 ] and, on the other hand, this is a means of 
producing a non-equilibrium ion distribution function for a two-component regime [2]. The 
effectiveness of these methods depends on the interaction of the neutral beam with the plasma, 
i.e. on the extent to which the beam penetrates the plasma, where.it releases its energy, and on the 
proportion of particles and energy escaping outwards as a result of multiple charge-exchange 
processes. From the point of view of a reactor, the distribution of charge-exchange neutrals inside 
the plasma, the energy spectrum of the neutrals escaping from the plasma and their distribution 
over the walls are also of interest. 

In the present paper, the steady-state injection of neutrals is modelled directly by using the 
Monte-Carlo method [3]. This method enables the requisite injection characteristics to be obtained 
correct to ^10%. Although the Monte-Carlo method requires a large amount of computer time, 
its application is justified in the present case as it enables reliable results to be obtained even in 
a toroidal geometry. 

The physical statement of the problem is given in Section 1, the calculational method is 
described in Section 2 and the re'sults are presented in Section 3. 
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1. PHYSICAL INJECTION MODEL 

The injection of a beam of neutral atoms into a tokamak is considered and only the neutrals 
will be analysed. Ionization is interpreted as the absorption of a neutral atom by the plasma and 
charge exchange as the scattering of a neutral atom with variation in the energy. By adopting 
this approach, information can be obtained on the escape of neutrals to the walls, the distribution 
of neutrals in the plasma etc. To analyse the effectiveness of the various injection regimes completely, 
allowance must clearly also be made for the escape of fast ions produced during charge exchange 
and ionization of the neutral beam. This problem is not within the scope of the present investigation 
although we note that, in accordance with Ref. [ 1 ], if the direction of injection is sensibly chosen, 
a large proportion of the ions remains in the plasma. 

Steady-state injection of deuterons into a plasma consisting of deuterium ions and electrons 
is considered in the present paper. Calculations are performed for a monoenergetic filament 
beam of neutrals as a beam of finite width and energy scatter can be represented as the sum of 
filament beams of this type entering the plasma at various angles. The plasma ion and electron 
distribution functions:are taken as Maxwellian with the same temperatures Tj = T e = T. 

It will be assumed that the ions and electrons move over magnetic surfaces with curcular 
cross-sections. In this case the plasma parameters depend only on the co-ordinate r which is the minor 
radius of the torus. The plasma density n and temperature T were taken as simple parabolic 
functions of the radius in these calculations: 

where a is the minor radius of the chamber, and n, T are the average density and temperature. 
The behaviour of the neutral component depends on the following elementary processes: 

resonant charge exchange with plasma ions, ionization by ions and ionization by electrons. 
Secondary emission of neutral gas from the walls as a result of bombardment by neutrals was 
not considered. 

The quantity r(r) (s-cm -3), which is the average time spent by a neutral in an element of the 
volume, was determined to calculate the neutral density. In this case, the neutral density is 
given as n°(r) = T(r) I where I is the injection rate in s"1. 

2. METHOD OF CALCULATION 

The method used in this paper may be briefly described as follows. 
We define the effective interaction cross-section for a neutral 

2 0 = n « a v > e x + <ov>fi +<av> f c) (2) 

where the subscripts ex, ii and ie, respectively, denote charge exchange, ionization by ions and 
ionization by electrons; averaging is carried out over the appropriate distribution function. As 
the plasma is inhomogeneous, 2 0 depends on r. We introduce the "fictitious collision", where 
a neutral is not absorbed or scattered, with the effective cross-section 

20(r ,v°) = S ( v ° ) - 2 o ( r , v 0 ) (3) 

where 

2 ( v ° ) > sup 2 0 ( rv° ) 
0 < r < a 
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injection 

FIG.l. Geometric diagram of injection. 

The total interaction cross-section 2(v°) is now independent of r, which enables the mean free 
path of a neutral before collision, including the fictitious collision, to be determined: 

« = • 

2(v°) 
(4) 

where v° is the neutral velocity. 
The initial velocity and the direction of the neutrals depend on the injection conditions. 

The neutral path before collision is developed by means of a random number generator and its 
new co-ordinates are calculated. If these are found to be outside the chamber, the next neutral 
is considered, if not, the type of collision is developed. If ionization takes place, the neutral is 
lost and the next neutral is considered. If charge exchange takes place, the new directions and 
velocity of the neutral are developed, then the path, etc. In the case of a fictitious collision, the 
neutral velocity is assumed to be as before, a new path is developed, etc. The contribution of a 
given neutral to the statistical characteristics of the process is determined in passing. By tracing 
the trajectories of a sufficiently large number of neutrals in this manner, results correct to 
approximately 10% can be obtained. The standard deviation of this process is proportional to 
N" ̂ "where N is the number of tests and, therefore, if the error is to be halved, approximately a 
fourfold increase in the computer time is required. It is doubtful whether a high degree of cal
culation accuracy is advisable in the present statement of the problem, as the effects for which 
allowance has not been made, such as the anisotropy of the distribuion function in the velocity 
space or the secondary emission of neutrals from the walls, may have a comparable effect. 

The direction of the beam is defined by the dimensionless impact radius 

R,- = 
R o ~ R i i 

a0 

(5) 
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FIG.2. Density distribution of a beam along its trajectory as a function ofr, for injection energies of 80 keV 
and200keV. 

(Fig. 1). The beam density along the trajectory is defined by the expression 

N(x) = N0 exp •[-J (2-Z^dx} 

where x is the co-ordinate parallel to the trajectory and N0 is the beam density on entry into the 
plasma. The density of the ionizing events and the charge exchange of primary neutrals with one 
beam atom are also considered. This characteristic constitutes the volume density of the sources 
of neutrals and hot ions (at a given injection rate) averaged over the angular co-ordinates in 
accordance with our statement of the problem. The integral injection characteristics, i.e. the 
proportion of particles escaping from the plasma and the energy removed with these particles, 
were determined by direct calculations. In this case, 100-200 escaping particles are sufficient 
to achieve satisfactory accuracy. The differential characteristics such as the energy spectrum of 
the escaping neutrals and their distribution over the walls require the development of approximately 
ten times as many trajectories. 
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FIG.3. Density of ionization ( ) and charge-exchange ( ) events for one beam atom at different injection 
energies Eo (cm ~3). 

All these characteristics are obtained in the form of histograms. The neutral energy spectrum 
f (v) is normalized: 

/ 
f (v) dv = N/N0 (6) 

where N/N0 is the proportion of escaping neutrals. 
The histogram giving the distribution of the escaping neutrals over the chamber walls describes 

the average neutral incidence density for one injected atom per cm2 surface for various regions. 
If these values are multiplied by the injection intensity, the average particle incidence intensity 
at the walls is obtained in cm-2 •s"1. A histogram showing the distribution of the continuous 
charge-exchange neutral density is obtained similarly and from this we obtain the distribution of 
r in cm"3s. The histogram of the charge-exchange neutral distribution F (v,r) is normalized 
as follows; 

/ F(v,r)dv = r(r) (7) 
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r / a 

FIG.4. Proportion of beam particles and energy removed by charge-exchange neutrals as a function of the 
injection energy. 

Approximate analytical expressions for the particle interaction cross-sections given in Refs [4, 5] 
are used in this paper: 

aie = 3.5 X10"16g| 
\ 3.6, 

, , 1 / x - l V 2 

g(x) = xl7TT 
l+l (1--^) ln<2-7+>/*3"1) 

(8) 

3.6 X I O - ^ E ' 1 l g [ - ) E > 1.5 X105 

IQ -0.8712 (IgE)2 + 8.156 lgE - 34.833 E < 1.5 X 10S 

6.937 X1(T1 5(1 - 0 . 1 5 5 lgE)2 

1 + 1.112 X 10-15E3-3 

(9) 

(10) 

where E is the energy (in electron volts) of the electron (ion) with which interaction takes place 
in a system of co-ordinates related to the neutral. We note that the cross-section aie is given 
incorrectly in Ref. [5]; we therefore used the original source [4]. 

3. RESULTS OF CALCULATIONS 

The calculations were performed for the following parameters: plasma radii R0 = 640 cm, 
a = 160 cm, density at the centre n0 = 1014 cm -3, temperature T0 = 20 keV, and direction of 
injection Ri = 0.5 (Fig.l). Figure 2 shows the density distribution of a beam along its trajectory 
as a function of r for various injection energies. At an injection energy of 80 keV, the majority 
of the energy is clearly released in the peripheral layer of plasma and the central region is scarcely 
heated at all. Beams with higher energies (> 200 keV) penetrate further into the plasma and 
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transfer — 40% of their energy to the central region (r/a < 0.5) as compared with 10% for 
E0 = 80 keV. Figure 3 shows that at E0 = 200 keV the beam ionization rate is more than an order 
of magnitude greater than the charge-exchange rate whereas at 80 keV these rates are virtually equal1. 

Figure 4 shows the proportion of particles and energy removed from the plasma by the 
charge-exchange neutrals. These characteristics determine the energetic efficiency of the injection 
if allowance is not made for the escape of ions. In this case, comparison also favours 200 keV. 
Figure 5 shows the energy spectrum of the neutrals escaping from the plasma. To facilitate 
comparison, the spectra for injection energies of 80 keV and 200 keV are given on different scales 
such that their peaks coincide. From Fig. 5, it can be seen that in both cases the peaks are observed 
in the same range of energies from 5—10 keV. If the average energy required for one escaping 
atom, (E0 e/e0)/(N/N0), is determined from Fig.4, we obtain «* 12 keV for E0 = 80 keV and 
« 17.4 keV for E0 = 200 keV. This discrepancy can be attributed to the presence of a hot "tail" 
in the spectrum (Fig.5) which makes a considerable contribution to the removal of energy. Beams 
with different energies penetrate to different depths (Fig.2) and the energy "tail" in the spectrum 
of the escaping neutrals also varies 2. Figure 6 gives the distribution of q which is the average 
neutral incidence density at the walls in various regions. These regions are located on the surface of 
the chamber along the major circumference of the torus. Each of these regions occupies an angle 
of 0.033 rad on the major circumference and n/4 on the minor circumference. The point of 
injection of the beam was taken as the angle reference point. Figure 6 gives an idea of the load 
on the walls during bombardment by neutrals. Firstly, almost all the neutrals are incident in a 

The singularity observed at r = 0 in Fig.3 is due to the cylindrical geometry and does not have any physical 
meaning. On integrating over r with the weighting r, this singularity disappears. 

For our parameters with a radius r/a = 0.5 (T = 15 keV), approximately 2% of the charge-exchange 
neutrals immediately escape to the walls. 
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FIG. 7. Radial distribution of average charge-exchange neutral density for E0 = 80 keV ( j and 
E0 = 200keV( ) . 
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small region near the point of injection. Secondly, the power released to the walls by the neutrals 
in the region of injection is defined by the following expression: 

Wwaii = q 
eo)/ \ No 

W ^ (W-cm"2) 'Ulj (ID 

where Wjnj is the injected power (W). For E0 = 80 keV, the maximum value of Wwau — 2.4 X 10 6 

(W-cm"2) and for E0 = 200 keV, W w a u^8 .7 X 10~8 (Wcm - 2 ) . For an injected power of 
Wjnj = 100 MW, this will give a load of Wwau — 240 W-cm -2 on the walls for an injected energy of 
80 keV which may cause substantial local sputtering of the walls and vigorous penetration of 
impurities into the plasma in a tokamak. A limitation is, therefore, imposed on the injection 
power with the maximum permissible power for E0 = 200 keV being approximately 30 times 
higher than that for 80 keV. 

Figure 7 shows the charge-exchange neutral-density distribution over r. This distribution is 
clearly very similar to the density distribution of charge-exchange events (Fig.3). This is easily 
understood if we recall that, for the conditions under consideration, the mean free path of a thermal 
neutral in the majority of the plasma is approximately 20 cm. 

Histograms of the charge-exchange neutral energy distribution inside the plasma are given 
in Fig.8. A certain increase in the more energetic tails of the spectrum can be observed on transition 
from E0 = 80 keV to injection with E0 = 200 keV. This, together with the non-Maxwellian 
spectrum of the escaping particles, can be attributed to the fact that high-energy beams penetrate 
further into the plasma, where hotter neutrals are produced which then flow to the cooler regions. 
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4. SUMMARY 

The results obtained enable the magnitude and distribution of the flux of charge-exchange 
neutrals escaping from the plasma to the chamber walls to be assessed. Under reactor conditions, 
the deuteron injection energy should clearly be higher than 160 keV to prevent the local release 
of power to the walls from resulting in the so-called injection instability, when bombardment 
of charge-exchange neutrals in the injected region causes vigorous sputtering of the wall material 
and penetration of impurities into the plasma. This, in turn, gives rise to a reduction in the depth 
of penetration of the atomic beam into the plasma and more marked localization of the charge 
exchange neutrals on the chamber surface. 

The spectrum of neutrals escaping to the walls given in the present paper enables the processes 
which will take place at the walls of a thermonuclear reactor during bombardment by fast 
atoms to be analysed. 
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 

FACTORS FOR CONVERTING UNITS TO SI SYSTEM EQUIVALENTS* 

SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K) , candela (cd) and mole (mol). 
[For further information, see International Standards ISO 1000 (1973), and ISO 31/0 (1974) and its several parts] 

Multiply by to obtain 

Mass 

pound mass (avoirdupois) 
ounce mass (avoirdupois) 
ton (long) (= 2240 Ibm) 
ton (short) (= 2000 Ibm) 
tonne (= metric ton) 

Length 

statute mile 
yard 
foot 
inch 
mil (= 1 0 - 3 in) 

1 Ibm 
1 ozm 
1 ton 
1 short ton = 
1 t 

1 mile 
1 yd 
1 f t 
1 in 
1 mil 

4.536 X 10 _ 1 

2.835 X 101 

1.016 X 103 

9.072 X 102 

1.00 X 103 

1.609 X 10° 
9.144 X 10" 1 

3.048 X 10" 1 

2.54 X 1 0 - 2 

2.54 X 10" 2 

kg 
g 
kg 
kg 
kg 

km 
m 
m 
m 
mn 

Area 

hectare 
(statute mile)2 

acre 
yard2 

foot 2 

inch2 

Volume 

yard3 

foot 3 

inch3 

gallon (Brit, or Imp.) 
gallon (US liquid) 
litre 

1 ha 
1 mile2 

1 acre 
1 y d 2 

1 f t 2 

1 i n 2 

1 yd 3 

1 f t 3 

1 in 3 

1 gal (Brit) 
1 gal (US) 
1 I 

= 1.00 X 104 

= 2.590 X 10° 
= 4.047 X 103 

= 8.361 X 10" 1 

= 9.290 X 10~2 

= 6.452 X 102 

= 7.646 X 1 0 - 1 

= 2.832 X 10 - 2 

= 1.639 X 104 

= 4.546 X 10 - 3 

= 3.785 X 10"3 

= 1.00 X 10"3 

m 2 

k m 2 

m 2 

m 2 

m 2 

mm' 

m3 

m3 

mm" 
m3 

m3 

m3 

Force 

dyne 
kilogram force 
poundal 
pound force (avoirdupois) 
ounce force (avoirdupois) 

Power 

British thermal unit/second 
calorie/second 
foot-pound force/second 
horsepower (electric) 
horsepower (metric) (= ps) 
horsepower (550 f t - Ibf /s) 

1 dyn 
1 kgf 
1 pdl 
1 Ibf 
1 ozf 

1 Btu/s 
1 cal/s 
1 f t - Ib f /s 
1 hp 
1 ps 
1 hp 

= 1.00 X 1 0 - 5 

= 9.807 X 10° 
= 1.383 X 10" ' 
= 4.448 X 10° 
= 2.780 X 10" 1 

= 1.054 X 103 

= 4.184 X 10° 
= 1.356 X 10° 
= 7.46 X 102 

= 7.355 X 102 

= 7.457 X 102 

N 
N 
N 
N 
N 

W 
W 
W 
W 
W 
W 

Factors are given exactly or to a maximum of 4 significant figures 



Multiply by to obtain 

Density 

pound mass/inch3 

pound mass/foot3 
1 lbm/ in 3 

1 lbm/ f t 3 
2.768 X 104 

1.602 X 101 
kg/m3 

kg/m3 

Energy 

British thermal unit 
calorie 
electron-volt 
erg 
foot-pound force 
kilowatt-hour 

1 Btu 
1 cal 
1 eV 
1 erg 
1 f t - l b f 
1 kW-h 

= 1.054 X 103 

= 4.184 X 10° 
=* 1.602 X 10"1 9 

= 1.00 X 1 0 - 7 

= 1.356 X 10° 
= 3.60 X 106 

J 
J 
J 
J 
J 
J 

Pressure 

newtons/metre2 

atmosphere3 

bar 
centimetres of mercury (0°C) 
dyne/centimetre2 

feet of water (4°C) 
inches of mercury (0°C) 
inches of water (4°C) 
kilogram force/centimetre2 

pound force/foot2 

pound force/inch2 (= psi)<> 
torr (o°C) (= mmHg) 

1 N/m2 

1 atm 
1 bar 
1 cmHg 
1 dyn/cm 2 

1 f t H 2 0 
1 inHg 
1 inH 2 0 
1 kgf/cm2 

1 lb f / f t 2 

1 lb f / in 2 

1 torr 

= 1.00 
= 1.013 X 10s 

= 1.00 X 105 

= 1.333 X 103 

= 1.00 X 10"1 

= 2.989 X 103 

= 3.386 X 103 

= 2.491 X 102 

= 9.807 X 104 

= 4.788 X 101 

= 6.895 X 103 

= 1.333 X 102 

Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 

Velocity, acceleration 

inch/second 
foot/second (= fps) 
foot/minute 

mile/hour (= mph) 

knot 
free fal l , standard (= g) 
foot/second2 

Temperature, thermal conductivity, energy/area- time 

Fahrenheit, degrees —32 
Rankine 
1 Btu- in / f t 2 -s- °F 
1 B tu / f t - s - °F 
1 cal/cm-s-°C 
1 Btu/ f t2 -s 
1 cal /cm2-min 

1 in/s 
1 ft/s 
1 f t /mi n 

1 mile/h 

1 knot 

1 f t /s2 

T - 3 2 
3R 

2.54 X 101 

3.048 X 10"1 

5.08 X 10~3 

4.470 X 10 _ 1 

1.609 X 10° 
1.852 X 10° 
9.807 X 10° 
3.048 X 10"1 

5 
9 

5.189 X 102 

6.226 X 101 

4.184 X 102 

1.135 X 104 

6.973 X 102 

mm/s 
m/s 
m/s 
m/s 
km/h 
km/h 
m/s2 

m/s2 

W/m-K 
W/m-K 
W/m-K 
W/m2 

W/m 2 

Miscellaneous 

foot3 /second 
foot 3 /minute 
rad 
roentgen 
curie 

1 f t 3 / s 
1 f t 3 / m i n 

rad 
R 
Ci 

= 2.832 X 10 - 2 

= 4.719 X 1 0 - 4 

= 1.00 X 10~2 

= 2.580 X 10"4 

= 3.70 X 1010 

m3/s 
m3 /s 
J/kg 
C/kg 
disintegration/s 

3 atm abs: atmospheres absolute; 
atm (g): atmospheres gauge. 

6 lb f / in 2 (g) (= psig): gauge pressure; 
lb f / in 2 abs (= psia): absolute pressure. 
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